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Preface

Rafael J. Tamargo, MD Judy Huang, MD

Guest Editors

Brain arteriovenous malformations (AVMs) and du-
ral arteriovenous fistulas (DAVFs) are rare and
formidable lesions. The prevalence of AVMs in
modern radiographic series is only about 0.2%.1

Theprevalence ofDAVFs—which are characteristi-
cally difficult to image on CT or MRI and therefore
difficult to identify in screening studies—is even
more challenging to ascertain, but DAVFs are
probably even less common than AVMs.2 By
contrast, intracranial aneurysms have an estimated
prevalence of about 3%,3 whichmakes aneurysms
15 times more common than AVMs. The rarity of
AVMs and DAVFs has frustrated any attempts to
study their treatment in prospective randomized
trials.4 Over the past century, however, neurosur-
geons, neurointerventional radiologists, and radio-
surgeons have made steady progress in the
diagnosis and treatment of these complex lesions.
This progress is particularly impressive when
one considers that current epidemiological and
surgical series of AVMs comprise only a few
hundred patients. By contrast, contemporary
aneurysm series include thousands of patients.
Therefore, our current knowledge about AVMs
and DAVFs is based and will continue to evolve
on empirical evidence derived from a limited
number of patients.

At present, the epidemiology of AVMs is fairly
well understood, but their etiology and natural
history remain enigmatic. Most AVMs can be
treated effectively with microsurgical resection,
stereotactic radiosurgery, and endovascular
embolization. As presented in this issue, our
increasingly sophisticated treatment algorithms
for AVMs are being rewarded with improved
outcomes. Our understanding of DAVFs, which
are a more heterogenous group of lesions, is
lagging behind that of AVMs. Much remains to

be learned about AVMs and DAVFs, but it is
apparent that advances are being made.

In this issue of the Neurosurgery Clinics of North
America, we update our current understanding of
the epidemiology, diagnosis, and treatment of
cranial AVMs and DAVFs. In the first three articles,
we consider the epidemiology of these lesions and
reviewthehistorical evolutionof their surgical, endo-
vascular, and radiosurgical treatments. In the fourth
article, we discuss the radiographic evaluation of
AVMs and DAVFs, and in the fifth and sixth articles,
we describe their classification schemes. The treat-
ment algorithms of AVMs and DAVFs are discussed
in the seventh and eighth articles, respectively. In
thenintharticle,wedescribe theacutemanagement
of hemorrhagic AVMs and DAVFs. Surgery, endo-
vascular therapy, and radiosurgery are discussed
in detail in the tenth, eleventh, and twelfth articles,
respectively. The clinical and theoretical aspects of
occlusive hyperemia and normal perfusion pressure
breakthrough are reviewed in article 13. In the four-
teenth article, we describe the anesthetic approach
to AVM and DAVF patients. Finally, in the last two
articles, we consider the epidemiology, diagnosis,
and management of the two special forms of
AVFs, namely, vein of Galen aneurysmal malforma-
tions and carotid cavernous fistulas.

We are indebted to all of our colleagues who
have generously contributed their authoritative
insights on the management of these lesions. We
would like to thank the editorial staff at Elsevier
for their invaluable help. In particular, we are
most appreciative for the expert guidance and
hard work of Jessica McCool (Editor), Teia
Stone (Developmental Editor), LeighAnneHelfmann
(Journal Manager/Production Editor), and Ruth
Malwitz (former Editor). In addition, we would like
to thank the Consulting Editors, Dr Andrew Parsa
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andDr Paul McCormick, for the opportunity to work
on this issue.
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Arteriovenous
Malformations:
Epidemiology and
Clinical Presentation
Aki Laakso, MD, PhD, Juha Hernesniemi, MD, PhD*

Brain arteriovenous malformations (AVMs) are
complex vascular lesions in which arterial blood
flows directly into draining veins without an inter-
vening capillary bed. The lack of resistance nor-
mally created by small diameter arterioles and
capillaries and the resulting direct transmission
of arterial pressure to venous structures lead to
markedly increased blood flow and, eventually,
dilatation and tortuous growth of vessels. In addi-
tion to anatomic cerebrovascular changes, this
process may bring about significant hemodynamic
changes in the brain, such as reversal of venous
flow, venous hypertension, and hypoperfusion of
regions surrounding the AVM.

AVMs are probably congenital lesions that form
during either the embryonic or fetal stages of
development, but they are usually not hereditary
lesions. Their etiology remains unknown. Although
brain AVMs are highly heterogeneous and vary
greatly in size and angioarchitecture, multiple
AVMs in a single patient are rare. The most
serious, and the most common, clinical symptom
of an AVM is hemorrhagic stroke resulting from
its rupture. AVMs may also cause symptoms due
to irritation of surrounding cortex, leading to
epilepsy, mass effect, and pathologic changes in
hemodynamics as mentioned previously. This
article reviews the literature concerning the epide-
miology of brain AVMs, as well as presenting
symptoms, the risk of hemorrhage, and angioarch-
itectural factors affecting these characteristics.

EPIDEMIOLOGY

AVMs are rather rare lesions. Although the patho-
genesis of AVMs remains unknown, their an-
gioarchitectural characteristics and presentation
at any age indicate that they are probably either
embryonic or fetal. Despite this, most AVMs seem
not to be of hereditary origin, although rare cases
of familial occurrence have been reported.1 Inter-
estingly, AVMs have sometimes been observed to
spontaneously disappear, or recur after angio-
graphically complete obliteration.2–6

The reported incidence rates of newly diag-
nosed AVMs have varied in different population-
based studies from 0.89 to 1.34 cases per
100,000 person–years.7–10 The tendency for high-
er incidence rates in more recent studies reflects
increased availability of noninvasive brain imaging,
and is accompanied with increased proportion of
unruptured and even asymptomatic AVMs in the
patient population. Prevalence of AVMs has rarely
been estimated; a community-based retrospec-
tive study from Scotland reported a prevalence
of 18 cases in 100,000 people (ie, <0.02%).11 At
the other end of the prevalence estimate contin-
uum, a German study in over 2500 healthy young
men (applicants for the military service in German
Air Force) undergoing cranial magnetic resonance
imaging (MRI) found a prevalence of 0.2% for inci-
dental brain AVMs.12 In their neurosurgical unit in
Helsinki, the authors are responsible for treating

Department of Neurosurgery, Helsinki University Central Hospital, PO Box 266, Topeliuksenkatu 5, 00260
Helsinki, Finland
* Corresponding author.
E-mail address: juha.hernesniemi@hus.fi

KEYWORDS
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the cerebrovascular anomalies of a southern
Finnish population of over 2 million people, and
they have been treating annually approximately
25 AVM patients and 300 intracranial aneurysm
patients. Considering that the prevalence of aneu-
rysms is well established to be around 3%,13 the
authors’ experience conforms very well with the
prevalence of the German study, suggesting that
prevalence of AVMs is 10- to 15-fold lower than
aneurysms (ie, in the range of 0.2%). The total
prevalence of AVMs, including all the asymptom-
atic lesions, is nevertheless extremely difficult to
estimate reliably due to the rarity of the disease.
The most common age of presentation is the third
or fourth decade of life, but AVMs may become
symptomatic at any age (Fig. 1). There is no
consistently observed gender predominance.
Although AVMs may remain asymptomatic for

life in many carriers, they are by no means benign
lesions. Overall annual mortality rates have varied
from 0.7% to 2.9% in different study popula-
tions,7,14–19 but the mortality rates have usually
not been compared with the background popula-
tion. The authors have recently reported that
AVM patients have significant excess mortality as
compared with matched general population.20

The authors’ study population of 623 AVM patients
from Finland also included a subset of 155
untreated patients. In patients with untreated
AVMs, the overall annual mortality rate was 3.4%
during a median follow-up period of 18.9 years.
AVM-related (due to either acute case fatality or
chronic sequelae of AVM-related morbidity)
annual mortality rate in the same group was
1.6% (ie, almost 50% of mortality was explained
by AVMs). AVM patients were compared with the
general population using relative survival ratio

(RSR) (ie, the survival of the patient population
was compared with the survival of the whole pop-
ulation of Finland, matched for age, sex and histor-
ical era). Cumulative RSR in untreated AVM
patients 30 years after presentation was 0.49 (ie,
51% excess in mortality compared with general
population). In contrast, in AVM patients in whom
the AVM was completely obliterated, the cumula-
tive RSR had decreased to only 0.87 after 30
years. Untreated AVM patients thus seem to
have a poor long-term prognosis.

PRESENTING SYMPTOMS

Traditionally, most AVMs come into clinical atten-
tion because of hemorrhage, with epilepsy coming
far behind as the second most common type of
presentation. This pattern is gradually changing,
however. Increasing availability of noninvasive
imaging methods, mainly MRI, have led to more
and more frequent detection of unruptured and
even incidental AVMs. A few decades ago, over
70% of AVMs presented with hemorrhage,15,19

whereasmore recent patient series report a hemor-
rhagic presentation rate of less than 50%.21,22

Despite this trend, hemorrhagic stroke still remains
the most common type of symptom leading to
diagnosis, and 45% to 72% (median 52%) of
patients have presented with hemorrhage in 10
large AVM series.15,17,19,22–27

Although AVMs cause only 2% of all and 4%
of hemorrhagic strokes, the victims are often
younger than most other stroke patients, and
AVMs explain one-third of hemorrhagic strokes in
young adults.28 Hemorrhage from AVM is gener-
ally considered less hazardous than the rupture
of an intracranial aneurysm or spontaneous hyper-
tensive intracranial hemorrhage, but AVM rupture
with associated intraparenchymatous hemorrhage
often results in significant neurologic disability.
Observed case fatality rates and risk of permanent
disability caused by AVM hemorrhage vary widely
in different reports, but are usually in the range of
5% to 25% and 10% to 40%, respectively.19,28–34

Various anatomic factors associated with
hemorrhagic presentation have been identified.
Independent risk factors for hemorrhagic presen-
tation according to multivariate analyses include
small size,21,22,25 deep venous drainage,21,22,25,35

deep,22,36 nonborder zone (watershed)22 and in-
fratentorial37 locations, associated aneurysms,22

hypertension,21 small number of draining veins,36

venous ectasias,36 and high feeding artery pres-
sure.35 Although some characteristics of AVMs,
such as small size, are undoubtedly more common
in AVMs presenting with rupture, it should be
noted that factors associated with hemorrhagic

Fig. 1. The age distribution on admission in 631
arteriovenous malformations (AVM) patients from
Helsinki AVM database (1942–2005).
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presentation are not necessarily the same as inde-
pendent risk factors predicting future AVM
rupture. Small AVM size is probably the most
obvious example; it is found consistently to asso-
ciate with hemorrhagic presentation, whereas
large AVM size seems to increase the risk for
hemorrhage during the follow-up after the initial
diagnosis. This is most likely due to the fact that
small AVMs are not easily diagnosed unless they
bleed, whereas large AVMs may cause a variety
of symptoms leading to diagnosis before they
rupture. In other words, this apparent discrepancy
also suggests that significant proportion of small,
unruptured AVMs remain unnoticed and undiag-
nosed for the whole lifetimes of their carriers.

The second most common form of AVM presen-
tation is symptomatic epilepsy, with 18% to 35%
(median 26%) of patients diagnosed because
of seizures.15,17,19,22–27 However, less than 1%
of all first episodes of unprovoked seizures
are caused by AVMs according to a Swedish
prospective, population-based study.38 Reported
anatomic AVM characteristics associated with
epileptic presentation have included large size,39

cortical location of the nidus or the feeders,39,40

and location of the AVM in the middle cerebral ar-
tery territory.40 Lesscommonpresentingsymptoms
are chronic headache (unrelated to bleeding) in 6%
to 14% of patients, and focal neurologic deficit
(temporary, fixed or progressive) due tomass effect
or hemodynamic disturbances in 3% to 10% of
patients. Theproportionof patientswith incidentally
found AVMs has increased from less than 2% in
early studies to 10% in contemporary series.

RISK OF HEMORRHAGE FROM UNTREATED
AVMS

Since hemorrhagic stroke is the most severe
consequence of harboring an AVM, it is under-
standable that major efforts have been undertaken
to identify risk factors predicting AVM rupture. This
is all the more important considering that the treat-
ment of complex AVMs is associated with signifi-
cant risks of morbidity and mortality, and these
should not, naturally, exceed the estimated life-
time risk of harboring an untreated lesion. Estab-
lishing the probability of rupture and possible
anatomic and demographic factors affecting this
risk requires long-term follow-up studies in large
cohorts of patients with untreated AVMs, desirably
with as little selection bias favoring the lack of
treatment as possible. Table 1 reviews published
long-term follow-up studies using Kaplan-Meier
life table analyses and univariate or multivariate
models to identify risk factors predicting AVM
rupture during follow-up. The average annual

AVM rupture rate is approximately 2% to 4% in
most of these cohorts, but the rate varies highly
depending on various risk factors. When esti-
mating the lifetime risk of hemorrhage from an
untreated AVM based on these figures, it is impor-
tant to remember that the annual risk of rupture
should not be multiplied with the (estimated) re-
maining years at risk; the proper formula for the
cumulative probability of hemorrhage is 1-(1-p)t,
where p 5 the annual probability of hemorrhage
and t 5 time at risk in years, given that the risk
remains constant over time. Unfortunately, to
make things more complicated, the risk of rupture
in untreated AVMs seems not to be stable over
the years. Many studies with sufficiently long
average follow-up times suggest a change in the
hemorrhage rate over time, the rate being highest
during the first years after the diagnosis.17,22,27,41

This observation also explains why studies with
short follow-up durations generally report higher
average annual rupture rates than those with
longer follow-up periods (see Table 1). This
phenomenon is not likely explained by drop-out
bias during long follow-ups, since it was also
observed in the authors’ cohort with almost no
patients lost to follow-up during the average obser-
vation period of 13.5 years (up to 53 years; the
follow-up data were 98.7% complete in a cohort
of 238 patients).41 One hypothetical explanation is
some kind of hemodynamic destabilization of the
AVM around the time it becomes symptomatic.

Previous rupture has been the most consistent
factor predicting AVM rupture during follow-
up,15,16,22,24,26,27,41 although even this is not a
universal finding.18,36,42 In the authors’ series,
hemorrhagic presentation tripled the risk of
hemorrhage during the first 5 years after the diag-
nosis as compared with unruptured AVMs.41 Deep
and infratentorial AVM locations, sometimes
together with deep venous drainage pattern, are
consistently observed risk factors for subsequent
hemorrhage,22,23,27,36 and they have also been
found as independent risk factors in multivariate
models.22,36,41 AVM size is a particularly inter-
esting case. As mentioned previously, small AVM
size is commonly associated with hemorrhagic
presentation, which does not automatically imply
that it predicts future hemorrhage as well. In fact,
small AVM size has not predicted hemorrhage in
any study using multivariate models. In contrast,
large AVM size has been a risk factor for subse-
quent rupture in 4 different cohorts.18,36,41,43 On
the other hand, many groups have not found
AVM size to have any effect.15,22,24,26,27,44 Age
and sex have been inconsistently reported to influ-
ence the rupture frequency,17,22,27,41 and their role
remains obscure at present.
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Table 1
Follow-up studies estimating the risk of arteriovenous malformations rupture using Kaplan-Meier analysis and univariate and/or multivariate statistical
models to find out various risk factors for subsequent hemorrhage

Follow-Up
(Mean, Years)

Follow-Up (Total
Person-Years) N

Cohort
Nationality

Average Annual
Rupture Rate

Risk Factors for Hemorrhage
(Univariate Analysis)

Risk Factors for Hemorrhage
(Multivariate Models) Reference

13.5 3222 238 Finnish 2.4% Young age, previous rupture,
deep location, infratentorial
location, deep venous drainage

Previous rupture, deep location,
infratentorial location,
large size (>5 cm)

41

10.5 578 55 Japanese 2.3% Large size, deep or infratentorial
location

N/A 18

10.4 217 2257 UK 2% Previous rupture, old age N/A 15

4.0 3156 790 US 2.1% Previous rupture Previous rupture 24

3.1 1205 390 Canadian 3.2% Deep location, large size (>3 cm),
deep venous drainage, deep
feeders, associated aneurysms,
single draining vein

Deep location,
large size (>3 cm)

36

2.9 892 305 Japanese 4.7% Previous rupture; only in
previously ruptured: young age,
female sex, deep location

Only in previously ruptured:
young age, female sex,
deep location

27

2.8 1932 678 Canadian 4.6% Previous rupture, deep venous
drainage, associated aneurysms

Previous rupture 30

2.3 1412 622 US 2.8% Old age, previous rupture,
deep location, deep venous
drainage

Old age, previous rupture,
deep location, deep
venous drainage

22

0.9 239 281 US 8.8% Previous rupture Previous rupture, male sex,
deep venous drainage

26

The cohorts are listed according to the mean length of follow-up.
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SUMMARY

Brain AVMs are rare vascular lesions, with the inci-
dence rate of approximately 1 case per 100,000
person–years, although the incidence of unrup-
tured and asymptomatic AVMs seems to be
gradually increasing as the availability of noninva-
sive imaging is becoming more widespread. The
most common form of presentation of an AVM,
however, is still hemorrhagic stroke, followed by
epileptic seizures, headache, and focal neurologic
deficits. Although intracranial hemorrhage caused
by an AVMmay be somewhat less dangerous than
most other forms of hemorrhagic stroke, AVM
hemorrhage typically affects young adults and
even children, and untreated AVMs are associated
with significant long-term excess mortality.
Average annual risk of rupture of an untreated
AVM is between 2% and 4%, although the risk is
highly variable depending on the characteristics
of the lesion. Factors associated with increased
risk of hemorrhage include previous rupture,
deep and infratentorial location, and possibly large
size.
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Dural Arteriovenous
Fistulas:
Epidemiology and
Clinical Presentation
Kaisorn L. Chaichana, MD, Alexander L. Coon, MD,
Rafael J. Tamargo, MD, Judy Huang, MD*

Dural arteriovenous fistulas (DAVFs) are anomalous
connections between dural arteries and venous
sinuses and/or cortical veins.1,2 These relatively
rare arteriovenous shunts can occur within the
spine or intracranially.1,2 Intracranial DAVFs can
cause ischemic deficits and/or hemorrhage, which
can lead to significant morbidity and mortality.1,3,4

These potentially severe consequences that are
associated with a subset of these lesions under-
score the need for understanding the natural
history, prompt diagnosis, and treatment of these
lesions to improve patient outcomes.2,4 This review
aims to characterize the etiology, epidemiology,
clinical presentation, diagnostic evaluation, and
clinical course of patients with intracranial DAVFs.

HISTORICAL PERSPECTIVE

The concept of a DAVF has evolved overmore than
a century. In 1873, Rizzoli described the presence
of a cranial DAVF.5 He described the presence of
a dural-based “arteriovenous aneurysm” that
passed through the wall of the skull in a 9-year-
old girl with symptoms of seizures and pulsatile
occipital swelling.5 The girl’s postmortem exami-
nation revealed direct communication between
the hypertrophic branches of the occipital artery
and the transverse sinus.5 In 1931, Sachs and
Tonnis were the first to describe the angiographic

appearance of a DAVF6; they described the pres-
ence of direct connections between the meningeal
arteries and the venous system within the dura.6

These lesions were considered congenital, benign
lesions until the 1970s. In the late 1970s, Castaigne
and Djindjian proposed an acquired etiology, sug-
gesting that DAVFs develop from the opening of
microshunts and/or angiogenesis within the dura
between meningeal arteries and veins.7 The putative
benign nature of these lesionswas challengedprinci-
pally by Cognard and colleagues,8–10 who proposed
that the nature of these lesions depended on the
degree of cortical venous drainage.8–10 Since these
early studies there have been numerous studies
describing the angiographic and magnetic reso-
nance imaging (MRI) features, clinical characteristics,
and clinical course of DAVFs.11–14 The literature
contains reports usingdural arteriovenousmalforma-
tion (AVM) as the terminology for these lesions, to
distinguish them from pial AVMs. Here, the authors
use the term DAVF rather than dural AVM or DAVM,
as they have a distinct pathophysiology from paren-
chymal AVMs.

EPIDEMIOLOGY

DAVFs present at a mean age of 50 to 60 years,
but individual presentation is highly heteroge-
neous.9,15,16 In the past, DAVFs were relatively
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uncommon, but are now being diagnosed with
increased frequency.17,18 This increased frequency
of incidentally diagnosed DAVFs has been attrib-
uted to the wide availability of MRI.17,18 These
lesions account for approximately 10% to 15% of
intracranial vascular malformations.14,17 Among
supratentorial and infratentorial vascular malforma-
tions, they account for 6% and 35% of lesions,
respectively.14,17 These lesions seem to have no
gender preponderance, but several studies have
reported an increased incidence of hemorrhage in
men in comparison with women.19 No linkages to
family history or genetics have been identified.

ETIOLOGY

The cause of DAVFs is not always clear. Most of
these lesionsarebelieved to initiate from thrombosis
of a dural venous sinus.2,10,20–22 This occlusion
causes venous congestion and subsequent venous
hypertension.2,21 Over time, this increased venous
pressure dilates small capillaries, which open direct
shunts between dural arteries and veins.21,23,24 This
creates DAVFs.21,23,24 These fistulas will initially
drain into larger venous sinuses.2,23,24 However,
with increased venous pressure, the veins will
undergo remodeling with hyaline deposition and
intimalproliferation.2,23,24 This remodelingwill cause
blood to reflux into thecortical veins insteadof solely
flowing into the venous sinuses.2,23,24 With progres-
sive remodeling, drainage into the venous sinuses
will becompletely obstructedandwill relyoncortical
venous reflux for drainage.2,23,24

Increased cortical venous reflux in a retrograde
direction will lead to cortical venous hypertension
and subsequent cortical venous remodeling.21 This
process can result in intracranial hemorrhage (ICH)
or parenchymal ischemia.3,4,25 ICH is thought to
occur from rupture of fragile parenchymal veins.
These veinsbecome fragile becauseof the increased
pressure from retrograde venous reflux. Paren-
chymal ischemia is thought to occur from venous
congestion.4,26,27 Thiscongestionandvenoushyper-
tension prevents adequate arterial delivery of oxygen
and removal of metabolic byproducts within the
surrounding parenchyma.4,26,27 In exceedingly rare
circumstances, venous hypertension can cause
venous stasis within the DAVF.4 This stasis can lead
to secondary venous thrombosis, which can sponta-
neously obliterate the draining vein and resolve the
DAVF.4

Several antecedent events have been cited as
causing the development of DAVFs. Besides inci-
dentally, themost commonly referenced preceding
event is head trauma, which can occur with or
without skull fractures.19,23,24 Other preceding
events that have been reported include craniotomy,

acupuncture, cerebral infarction, hormonal alter-
ations observed in pregnancy and menopause,
increased systemic thrombotic activity, otitis,
sinusitis, and tumors, especially meningi-
omas.19,23,24 Regardless of the actual antecedent
event, decreased flow within a dural venous sinus
or vein seems to play a critical role in the develop-
ment of DAVFs.19,23,24

Carotid-cavernous fistulas (CCFs) are typically
considered distinct from most other intracranial
DAVFs, and are discussed by Pradilla and
colleagues elsewhere in this issue.28 CCFs are
typically divided into direct or indirect fistulas.1

Direct or high-flow fistulas are caused by either
trauma (blunt or penetrating) or rupture of an intra-
cavernous carotid artery aneurysm.1 These events
create a direct communication between the
cavernous carotid artery and the cavernous sinus.
Indirect or low-flow fistulas typically occur sponta-
neously or by occlusion of the cavernous sinus.28

These events create a connection typically
between branches of the external carotid artery
and the cavernous sinus via dural arteries and
veins.28 This creates an indirect connection
between the carotid artery and the cavernous
sinus.28 Indirect CCFs behave similarly to the intra-
cranial DAVFs discussed here.28

CLINICAL CHARACTERISTICS
Presentation

Patients with DAVFs typically present with symp-
toms at amean age of 50 to 60 years.1,9,19 In recent
years, with the widespread availability of MRI,
there has been an increased frequency of inciden-
tally discovered DAVFs. Nonetheless, most DAVFs
are discovered when patients develop symptoms
related to their fistula.1,4,19 Symptoms associated
with DAVFs highly depend on the characteristics
of the venous outflow.1,16,19,29 These symptoms
can be due to either increased dural sinus drainage
or the development of cortical venous
hypertension.1,4,16,19,30

Symptoms associated with increased dural
sinus drainage depend on the location of venous
drainage.1,9,16,19 Anterior fossa lesions are typi-
cally supplied by ethmoidal arteries and drain into
the cavernous sinus.1,16,31,32 Because of their
proximity to the orbit, these DAVFs therefore typi-
cally presentwith ocular symptoms including prop-
tosis, chemosis, ophthalmoplegia, decreased
visual acuity, or retro-orbital pain.1,4,16,31,32 Middle
fossa lesions commonly drain into the transverse
or sigmoid sinus, which is in close proximity to
the auditory apparatus.1,16,31,32 These fistulas typi-
cally cause symptoms of pulsatile tinnitus.1,16,31,32

Fistulas that drain into the superior sagittal sinus or
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deep venous system produce symptoms of global
venous congestion and long-term intracranial
hypertension, and may manifest with symptoms
of hydrocephalus, papilledema, seizures, or
dementia.4,8,9,33–35 Brainstem DAVFs, though less
common than the other locations, can present
with cranial neuropathies and/or quadriparesis.4,36

Besides location of sinus drainage, patient
presentation highly depends on whether cortical
venous hypertension is present.1,9,16,25,29,37 The
presence of cortical venous hypertension typically
causes more severe symptoms, including ICH and
neurologic deficits.1,9,25,29 ICH typically occurs
within the parenchyma and can also occur in the
subarachnoid or subdural space.25,37 ICH is
believed to result from rupture of fragile paren-
chymal veins that have been arterialized secondary
to cortical venous reflux and hypertension.25,37

Blood will be distributed within the parenchyma, or
subdural and/or subarachnoid spaces, depending
on where the vein ruptures.25,37 The overall hemor-
rhage rate has been documented as being 2% per
year but depends on the degree of cortical venous
reflux.25,37 In addition to ICH, neurologic deficits
can occur in patientswithDAVF andcortical venous
hypertension.4,29 These deficits include progressive
dementia, seizures, parkinsonism, and other focal
neurologic deficits including aphasia, alexia, weak-
ness, paraesthesias, and ataxia.4,8,34,35 In more
severe cases, signs of increased intracranial
pressuremaybepresent includingheadaches,pap-
illedema, upgaze palsy, and mental status
changes.4,8,29,33 These neurologic deficits are
believed to result from theeffectsof venousconges-
tionand cerebral ischemia fromprogressively arteri-
alized cortical venous drainage.26,27,29 Iwama and
colleagues26 and Kuroda and colleagues27 per-
formedpositronemission tomography (PET) toeval-
uate the hemodynamics and metabolic patterns in
patients with DAVFs before and after treatment.
Both these studies demonstrated decreased blood
flow and increased oxygen extraction ratios in the
regions surrounding the site of cortical venous
drainage. These PET findings consistent with cere-
bral ischemia improved in most patients after either
surgical or endovascular treatment of their
DAVF.26,27

Clinical Course

DAVFs typically follow a progressive clinical
course,9,10,16 depending on the presence and devel-
opment of progressive cortical venous reflux.4,9,10,37

DAVFs without cortical venous reflux usually present
incidentally or with signs of increased dural drainage,
such as tinnitus.1,16,31,32 These fistulas typically have
a benign natural history.3,38 Satomi and colleagues38

performed the largest study thus far in patients
without cortical venous drainage. Among 68 patients
without cortical venous drainage who were conser-
vatively followed, only 1 (1%) patient suffered an
ICH and no patients developed neurologic deficits
at a mean follow-up time of 27.9 months.38 In addi-
tion, 50 patients had follow-up catheter angiography
at last follow-up, and only 2 (4%) developed cortical
venous drainage.38 This and other studies have
shown that DAVFs without cortical venous drainage
ondigital subtraction angiographyat the timeof diag-
nosis have a low risk of causing ICH or neurologic
deficits.38 However, a small subset of these lesions,
albeit extremely rarely, can develop cortical venous
drainage and subsequent venous stenosis, throm-
bosis, increased arterial flow, and/or de novo fistula
formation.10,38 This progression has a higher risk of
ICH or neurologic deficits.4,10

DAVFs with cortical venous drainage have
a higher propensity to cause ICH or neurologic
deficits (Fig. 1).3,4,9,10,25,30,37 In 1999 Duffau and
colleagues39 were the first to document a high
risk of bleeding for patients with DAVFs and
cortical venous drainage. These investigators eval-
uated 20 patients who presented with ICH
secondary to DAVFs and venous reflux, and found
that 35% of these patients incurred ICH at a mean
time of 20 days after diagnosis.39 More recently in
2002, van Dijk and colleagues30 described 20
patients with partially treated or conservatively fol-
lowed DAVFs with cortical venous drainage for
a mean period of 4.3 years. At last follow-up, 16
(80%) patients developed ICH (25%) or ischemic
deficits (66%).30 An annual risk of 8.1%was calcu-
lated for ICH and 6.9% for neurologic deficits.30

DAVFs that occur along the tentorium make up
the greatest percentage of lesions with cortical
venous reflux.40 Not surprisingly, these tentorially
located DAVFs are also thought to have the highest
risk of hemorrhage.40 Awad and colleagues41 per-
formed a meta-analysis on 360 tentorial DAVFs,
and 31 of 32 cases with cortical venous drainage
presented with hemorrhage or nonhemorrhagic
stroke. Besides cortical venous drainage and ten-
torial location, other risk factors predisposing to
ICH or neurologic deficit include presence of
a venous varix and lesions involving the deep
drainage system.3,42

It is well known that among patients with DAVFs,
patients with cortical venous reflux have an
increased risk of hemorrhage or nonhemorrhagic
neurologic deficits.9,10,19,25,30,37 However, among
patients with cortical venous drainage, there may
be a heterogeneous risk of incurring an ICH or
neurologic deficit.39,43 Patients who present with
ICH or neurologic deficits have an even higher risk
of developing recurrent hemorrhage or progressive

DAVFs: Epidemiology and Clinical Presentation 9



deficits.25,43 Soderman and colleagues2 evaluated
85 patients with a DAVF and varying degrees of
cortical venous reflux. Patients who presented
with ICH had a significant higher annual risk of
hemorrhage in comparison with patients without
ICH (7.4% vs 1.5%). Strom and colleagues43

analyzed 28 patients with partially treated or
untreated DAVF with cortical venous drainage.
Eleven patients presented with symptoms of
cortical venous hypertension (ICH or neurologic
deficits), whereas 17 patients presented incidentally
or with symptoms of increased sinus drainage.43

Patients presenting with symptoms of cortical
venous hypertension had an annual hemorrhage
risk of 7.6%, whereas patients without these symp-
toms had an annual risk of 1.4%.43 Furthermore,
patients with symptomatic venous hypertension
had an annual deficit risk of 11.4% as compared
with 0% for patients without symptoms.43 The
annual mortality rate was 3.8% for patients with
symptomatic venous hypertension whereas it was
0% for patients without symptoms.43 All these
comparisons were statistically significant.43 Iwama
and colleagues26 and Kuroda and colleagues27

independently showed that patients with hemody-
namic impairments on PET imaging are more likely
to have presented with ICH or neurologic deficits.

Classification Schemes

Several classification schemes have been devised
to depict DAVFs. Arguably the most commonly
used classification systems are the Borden-
Shucart and Cognard systems (Table 1).9 The

Borden-Shucart grading scale is based on the
site of venous drainage (dural sinus and/or cortical
vein) if cortical venous drainage is present. In this
classification system (types I–III), type I DAVFs
drain directly into the dural sinus without cortical
venous reflux. Type II DAVFs drain into a dural
sinus and also have cortical venous drainage.

Fig. 1. (A) Axial head computed tomography (CT) scan of a patient with a large right frontoparietal intraparen-
chymal hematoma, which was later found to be caused by a dural arteriovenous fistula (DAVF). (B) Axial
T2-weighted magnetic resonance image (MRI) of the same patient. This image also demonstrates a large inatra-
parenchymal hematoma; however, there is now a prominent flow void on the medial portion of the hematoma
(arrow).

Table 1
Most commonly used classification schemes for
patients with dural arteriovenous fistulas

Borden-Shucart
Classification Cognard Classification

Venous drainage into
Type I: DVS or MV
Type II: DVS with

CVR
Type III: CVR only

Venous drainage into
Type I: DVS with

antegrade flow
Type IIa: DVS with

retrograde flow
Type IIb: DVS with

antegrade flow
and CVR

Type IIa1b: DVS
with retrograde
flow and CVR

Type III: CVR only
(no ectasia)

Type IV: CVR only
(ectasia)

Type V: CVR only
(spinal)

Abbreviations: CVR, cortical venous reflux; DVS, dural
venous sinus; MV, meningeal vein.
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Type III lesions drain completely into a cortical
vein. Patients with a single fistula are subclassified
as subtype a, while patients with multiple fistulas
are subclassified as subtype b. Patients with
type II and III DAVFs in this scheme are at highest
risk of ICH and/or neurologic deficits.16,39

The Cognard grading scale (type I–V) is based on
the direction of dural sinus drainage (antegrade or
retrograde), presence of cortical venous drainage
(present or absent), and venous outflow architec-
ture (nonectactic cortical vein, ectactic cortical
vein, and spinal perimedullary vein).9 In this grading
scale, type I lesions drain antegrade into a dural
sinus without cortical venous drainage.9 Type IIa
lesions drain retrograde into a dural sinus without
cortical venous drainage, type IIb lesions drain
antegrade into a dural sinus with cortical venous
drainage, and type IIa1b drain retrograde into
a dural sinus with cortical venous drainage.9 Type
III, IV, and V DAVFs all have absent dural sinus
drainage, present cortical venous drainage, and
varying degrees of venous architecture.9 Type III,
IV, and V DAVFs have nonectactic, ectactic, and
spinal perimedullary venous outflow architecture,
respectively.9 In the Cognard system, type IIb to V
DAVFs are at highest risk of ICH and/or neurologic
deficits.9,16,39

It is well documented that patients with high-
grade DAVFs (Borden-Shucart type II–III and Cog-
nard IIb–V) have an increased risk of developing
symptomatic lesions.9,39 However, these classifica-
tion systems do not necessarily identify those at
highest risk among those with high-grade lesions.18

Zipfel and colleagues18 argue that patients who
present with symptomatic DAVFs (ICH or neuro-
logic deficit) have a more aggressive DAVF within

these high-risk Borden-Shucart and Cognard
groups. These classifications have been given
a subgroup classification of being symptomatic if
they present with ICH or neurologic deficits and
asymptomatic if they are discovered incidentally
or present with signs of increased dural sinus
drainage.18 Patients with symptomatic lesions
may have a higher risk stratification of causing
hemorrhage or ischemic deficits independent of
Borden-Shucart or Cognard classification.18

DIAGNOSTIC CRITERIA

The gold standard for diagnosing and classifying
DAVFs is catheter angiography.4,25 Angiography
is typically done with conventional 4-vessel injec-
tions as well as injection of external carotid arteries
depending on DAVF location (Fig. 2).13,25 In most
cases, the angiogram will reveal several dural arte-
rial feeders with early drainage into a dural sinus or
cortical vein.4,25 Cerebral angiograms will also
assess the degree of cortical venous reflux and
venous architecture, which is necessary for classi-
fying DAVFs.25

Other modalities besides catheter angiography
have been used including computed tomography
(CT), CT angiography, MRI, and MR angiography
(see Fig. 1).44,45 CT is often used as the initial neu-
roimaging modality.44,45 CT is not ideal at identi-
fying DAVFs, but can identify ICH and sometimes
areas of ischemia or edema.44,45 CT angiography
is better for identifying DAVFs.44,45 CT angiography
can reveal a dilated vessel in relation to an ICH or
calcification with chronically congested veins.44,45

MRI, especially T2-weighted sequences, can
reveal flow voids from draining veins and show

Fig. 2. (A) Lateral and (B) anterior-posterior angiogram after an internal carotid artery (ICA) injection. This angio-
gram demonstrates a right frontoparietal convexity DAVF with arterial supply from divisions of the middle
meningeal artery and transosseous branches from the superficial temporal artery. The drainage is primarily within
a lateral parietotemporal vein, consistent with a Borden grade III DAVF.
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areas of restricted diffusion or prior infarcts caused
by venous hypertension.44,45 MR angiography, like
CT angiography, can reveal dilated vessels.44,45

Both CT and MR angiography are useful adjuncts
to catheter angiography because they can reveal
the location of the DAVF in relation to normal brain
structures.44,45 This ability makes these modalities
useful for surgical planning as well as for intraoper-
ative navigation, if required.46 Despite the utility of
these less-sensitive modalities, catheter angiog-
raphy remains the most effective at identifying
and classifying DAVFs.4,25 In fact, there are several
case reports documenting catheter angiogram–
positive but MRI-negative DAVFs.4,25

SUMMARY

Intracranial DAVFs are relatively uncommon lesions
that are assumed to develop from venous throm-
bosis. Despite their etiology, they represent treat-
able lesions that can cause significant morbidity
and mortality. Their presentation is variable de-
pending on their drainage pattern, degree of
cortical venous reflux, and the presence of symp-
tomatic lesions. Patients who have signs of cortical
venous drainage and/or already symptomatic from
an ICH or nonhemorrhagic deficit are at heightened
risk of developing further events. Prompt identifica-
tion of these clinical and radiographic features
remains critical for minimizing the morbidity and
mortality of these lesions.
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Historical Perspective
of Treatments of
Cranial Arteriovenous
Malformations and
Dural Arteriovenous
Fistulas
Geoffrey P. Colby, MD, PhD, Alexander L. Coon, MD,
Judy Huang, MD, Rafael J. Tamargo, MD*

Cerebral arteriovenous malformations (AVMs) and
intracranial dural arteriovenous fistulas (DAVFs)
represent two important classes of intracranial
vascular lesions. This article recalls the history on
which current technical advances, including diag-
noses, characterization, and treatment, is based.
It also describes modern therapeutic options,
including microsurgical, endovascular, and radio-
surgery techniques.

INTRODUCTION TO AVMs

Cerebral AVMs are complex, congenital arteriove-
nous shunts that consist of feeding arteries, an
abnormal nidus of vessels, and draining veins.
The true pathogenesis of AVMs is unknown and
there is currently no animal model that accurately
represents the histologic features of human
cerebral AVMs. The two main hypotheses for
AVM pathogenesis include (1) embryonic agenesis
of the capillary system and (2) the retention of
a primordial connection between arteries and
veins.1 AVMs are thought to be dynamic and bio-
logically active lesions, rather than static congen-
ital vascular abnormalities. The high-flow state of
the lesion also predisposes to arterialization of

veins, vascular recruitment, and gliosis of brain
tissue within and adjacent to the lesion.1

The goal of definitive treatment of cerebral
AVMs is complete obliteration of the nidus with
preservation of normal neurologic function and
elimination of the risk of future hemorrhage. AVM
therapy has undergone many changes since the
early descriptions of this pathologic entity in the
1700s and 1800s. Modern AVM management
requires a multidisciplinary treatment approach.
The main three treatment approaches are micro-
surgery, endovascular embolization, and stereo-
tactic radiosurgery. These treatment options
have been used as stand-alone therapies or in
combination. The treatments available for AVMs
today are based on the development and trialing
of numerous techniques and technologies, the
history of which is described in this article.

HISTORICAL PERSPECTIVE OF TREATMENT
OF AVMs (PRE-1900)

John Hunter2 (1728–1793), the Scottish scientist
and surgeon, described the clinical characteristics
of extracranial AVMs in the mid-1700s, but it was
not until Rudolf Virchow3 (1821–1902), the German
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pathologist, in 1863 published Die Krankhaften
Geschwülste, his three-volume masterpiece on
blood vessels, that many of the common intracra-
nial vascular pathologic entities, including AVMs,
were described and differentiated. Virchow’s
book is considered the first landmark in the under-
standing of AVMs. The first clinicopathological
correlate of AVMs likely came in 1888, 25 years
after Virchow’s publication, when D’Arcy Power4

(1855–1941), the British surgeon, reported a
20-year-old patient with a right hemiplegia who
subsequently died and was found on autopsy to
have a left sylvian AVM with an associated mas-
sive hemorrhage. The first report of palliative treat-
ment of a true cerebral AVM by ligation of a left
parietal feeding artery was by Davide Giordano5

(1864–1954), the Italian surgeon, in 1889, 26 years
after Virchow’s publication. Although cerebral
AVMs were identified and occasionally treated
before 1900, the tools for modern diagnosis, char-
acterization, and treatment of these lesions came
about almost exclusively during the 20th century,6

concurrent with the birth and formalized establish-
ment of cerebrovascular neurosurgery.

Early Surgical AVM Treatment

In 1928, both Walter Dandy7 (1886–1946), the
American pioneer neurosurgeon, and his mentor
Harvey Cushing (1869–1939), the American
surgeon and pioneer of neurosurgery, and Percival
Bailey8 (1892–1973), the American neuropatholo-
gist and surgeon, independently reported series
of AVMs treated before the introduction of angiog-
raphy, with primarily catastrophic results in both
series. In the 1928 article, Dandy described his
treatment of eight cases of “arteriovenous aneu-
rysms” at the Johns Hopkins Hospital during
surgery for approximately 600 brain tumors during
a 5-year span between 1922 and 1926. No
successful radical AVM resection was reported
out of the 16 cases of Cushing and Bailey or the
eight cases of Dandy (Fig. 1). At this time, Cushing
was quoted as saying that surgical Cushing
excision of an AVM was essentially unthinkable
secondary to the significant risk of hemorrhage
with even surgical exposure of the lesion.9

Early surgicalmanagement of AVMsconsisted of
primarily decompressive procedures with goals of
relieving elevated intracranial pressure. Ligation
of feeding vessels was the next step in AVM
surgery. Ligation of the internal carotid artery was
reported and thought to result in some patient
improvement, although this was only a palliative
measure at the time.7,10 Extracranial vessel ligation
was attempted first, and then abandoned
for intracranial ligation. Intracranial vessel ligation

had mixed results as a sole treatment modality,
but it did give rise to the concept for embolization
procedures.
Ultimately, Herbert Olivecrona (1891–1980), the

surgeon regarded as the founder of Swedish
neurosurgery, developed the surgical techniques
that rendered AVM excision a reasonable treat-
ment option for small to midsize AVMs that did
not involve eloquent areas of brain. He was the
first to successfully remove a cerebellar AVM on
May 5, 1932, in a 37 year-old male. By 1954, Olive-
crona had operated on 125 patients with intracra-
nial AVMs.11 He achieved complete resection in
81 of these cases, with a remarkably low mortality
rate of 9%. He introduced the technique of ligating
superficial feeding vessels and then working in
a circumferential fashion until the deep portion
of the AVM was dissected and separated from
the brain. The AVM draining veins were ligated
as a final step. Gazi Yasargil9 (born 1925), the
Turkish scientist and neurosurgeon, subsequently
compiled information from the literature on 500
AVM patients who were treated between 1932
and 1957, and reported that operative mortality
for “small” AVMs was 5% and for “moderate-
size” AVMs was 10%. Surgeons such as Wilder
Penfield (1891–1976) and Theodore Erickson
(1906–1986), Lyle French (1915–2004) and Shelley
Chou (1924–2001), and Charles Drake (1920–1998)
all reported good early results with AVM surgery,6

each with some modifications of the techniques
introduced by Olivecrona.

DEVELOPMENT OF NEUROIMAGING

Diagnosis of AVMs before the introduction of cere-
bral angiography was essentially happenstance.

Fig. 1. Resection of an AVM performed by Walter
Dandy in 1925; drawn by Dorcas Hager Padget.
(From Dandy WE. Arteriovenous aneurysm of the
brain. Arch Surg 1928;17:190–243; with permission.
Copyright � 1928 American Medical Association. All
rights reserved.)
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There were no opportunities for the physician to
clinically diagnose an AVM other than a jacksonian
seizure and this finding was clearly not specific
to AVMs. AVMs were discovered in some patients
taken to the operating room for intracerebral
hemorrhage or elevated intracranial pressure, but
this finding was unexpected at the time of surgery.
The subsequent advances in AVM treatment
beyond surgery depended on the ability to visu-
alize these lesions radiologically with angiography
and tomography.

In the 1920s, Antonio Caetano de Abreu Freire
Egas Moniz (1874–1955), the Portuguese neurolo-
gist, attempted visualization of intracranial vessels
by injecting bromides into the carotid artery
of patients. In his sixth patient, the intracranial
vessels were barely visualized for the first time;
however, the patient developed carotid throm-
bosis and subsequently died.12 Following this
adverse outcome, Egas Moniz consulted with his
staff and, after great debate, continued his investi-
gations but used iodides rather than bromides.12

On the third case in June of 1927, Egas Moniz
was able to visualize portions of the internal
carotid artery in the sylvian fissure, thus perform-
ing the first successful cerebral angiogram.13

Once the technique was further refined with better
tolerated contrast agents and better imaging
systems, cerebral angiography was a major
advance for the diagnosis and understanding of
AVMs. Today this technique is crucial for the direct
and accurate visualization of normal and abnormal
cerebral blood vessels in patients with AVMs and
other cerebral vascular lesions.

The era of modern neuroimaging was launched
in the 1970s with the invention of the noninvasive
modalities CT scanning and MRI. The first clinical
CT scan on a patient was performed on October 1,
1971, at Atkinson Morley’s Hospital in England
and the first clinical MRI on July 3, 1977, at
Downstate Medical Center in New York. These
imaging techniques are essential tools for deter-
mining the anatomic location of an AVM. In the
1990s, the development of functional MRI and diffu-
sion tensor imaging further advanced cerebral AVM
management by helping to map eloquent areas of
brain and their relationship to the lesion.14–16 Given
that sensorimotor and speech centers
can be translocated from typical locations in
patients with AVMs,1 these preoperative functional
mapping studies are important. All of these
imaging modalities can be of great clinical value
in the pretreatment assessment of patients with
AVMsand they should be used to predict and avoid
postoperative deficits.

Intraoperative imaging is also of importance
to the neurosurgeon during the resection of an

AVM. Intraoperative digital subtraction angiog-
raphy is an established adjunct tool during the
microsurgical treatment of cerebral AVMs.1,17–21

Intraoperative angiography can evaluate for
complete extirpation of the lesion, localize small
AVMs, find missing or “hidden” feeding vessels,
detect AVM in a patient undergoing evacuation
of a hematoma, and evaluate the real-time hemo-
dynamics of the lesion. Unexpected residual AVM
is shown in 3.7% to 27.3% of intraoperative digital
subtraction angiograms during AVM resection
cases.22 Intraoperative fluorescence video angi-
ography using indocyanine green (ICG) is another
technique used in recent years to assist in AVM
microsurgical resection.22–24 ICG is a safe, rapid,
and noninvasive tool that is helpful for intraopera-
tive evaluation of blood vessels visible in the
surgical field. For AVMs, ICG is used to distinguish
AVM vessels from normal vessels and arteries
from veins.

The Birth of Microsurgery

Microsurgical extirpation of cerebral AVMs is
an often lengthy and highly choreographed
surgical process that requires meticulous and
extensive dissection. The introduction of the
operative microscope in 1960s and the resulting
development of microsurgical instruments and
microsurgical techniques significantly advanced
the efficacy and safety of AVM surgery. In 1966,
J. LawrencePool (1906–2004) theAmerican neuro-
surgeon, and R.P. Colton,25 reported the first use
of the operating microscope in an aneurysm
patient. In 1969, Yasargil26 reported a series of
AVM resections in 14 patients using microsurgical
techniques. This was the first microsurgical AVM
series, and his results were excellent. Surgeons,
including Hans Pia (1921–1986), Charles Wilson
(born 1929), Leonard Malis (1919–2005), Bennett
Stein (born 1931), Dwight Parkinson (1916–2005),
Thoralf Sundt (1930–1992), and Helge Nornes
(born 1930), are other standout pioneers who
further developed the microsurgical treatment of
AVMs.6 During the ensuing decades, up to the
modern time, dedicated cerebrovascular surgeons
have advanced AVM microsurgery surgery so that
small-to-medium size AVMs, particularly those in
noneloquent cortex, can be excised with little to
no morbidity and mortality.6,27,28 In addition to
enhancing the surgeon’s operative ability to per-
form the AVM resection, the microscope also
improved the learning curve for the neurosurgical
trainees.6

Another important development in surgical
instrumentation that assisted the treatment of
AVMs was the introduction of bipolar coagulation
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by Leonard Malis (1919–1995).29 The availability of
improved aneurysm clips, which can be used for
temporary clipping, feeding vessel ligation, and
obliteration of feeding vessels aneurysms, also
advanced AVM surgery.6

THE DEVELOPMENT OF AVM CLASSIFICATION
SCHEMES AND THE NATURAL HISTORY OF
AVMs

The significant variability of their gross appearance
and the complex structure of the vessels in AVMs
made early attempts at classification and descrip-
tion of these lesions difficult and confusing. Cush-
ing and Bailey8 described these “angiomatous
malformations” as venous or arterial in nature,
primarily based on whether the surface of the
lesion appeared more like a tangle of veins or
arteries. Dandy7 preferred the term “arteriovenous
aneurysm.”
The development of useful classification schemes

became important for the preoperative selection of
patients with AVMs, particularly with regard to
surgical risk. Alfred Luessenhop (1926–2009) and
Thomas Gennarelli30 formulated an early anatomic
grading scheme to correspond to the degree
of surgical difficulty for total obliteration. This
scheme was based on the number of named
arterial feeders—those with “anatomic constancy
and size to have acquired a generally accepted
nomenclature.”30 The investigators mentioned
the importance of the AVM location, but this was
not considered a major surgical risk factor. Robert
Spetzler and Neil Martin27 developed the next
important AVM classification scheme based on
lesion size, venous drainage, and eloquence of
involved brain. It is currently the most widely
used system for predicting the surgical risk of
AVM treatment.31–33 Various modifications of the
scheme by Spetzler and Martin have been re-
ported.31–33 These modifications are described
by Dr Lawton elsewhere in this issue.
Understanding the natural history of AVMs,

particularly the risk of hemorrhage, has helped
guide the indications for therapeutic management
of AVMs over the years. In the first half of the
1900s, not much was known about the natural
history of these lesions, and they were usually
only discovered after a bleed or a seizure. In 1966,
George Perret and Hiro Nishioka34 reported an
analysis of 545 cases of cerebral AVMs and fistulae
from the Cooperative Study of Intracranial Aneu-
rysms and Subarachnoid Hemorrhage, and found
a hemorrhage rate of 1.5%per year. Numerous later
series, such as thosebyCrawford and colleagues,35

John Jane Sr, and colleagues.36 Robert Wilkins,37

and Stephen Ondra and colleagues38 suggested

that the annualized risk of hemorrhage is between
2% to 4% per year. The study by Ondra and
Troupp38 was particularly useful because it
included a single population of patients with
centralized medical care and the mean follow-up
was 23.7 years. The studies by Ondra38 and Craw-
ford35 also demonstrated that 6 months after
a bleed, the risk of hemorrhage is the same for
patients with prior hemorrhage and for patients
who have never had a hemorrhage. This informa-
tion, plus the data that a 10% to 15% mortality
rate and an additional 20% to 30% risk of serious
morbidity exists with each hemorrhage,39 provides
an impetus to thoroughly evaluate and consider
treatment of all patients with AVM, regardless of
rupture status.6 Currently, the annual hemorrhage
risk of all AVMs is estimated to be 2.4%, based
on thework of JuhaHernesniemi and colleagues,40

from Helsinki, Finland.

Endovascular Techniques and AVM Treatment

Much of the groundbreaking early work on endo-
vascular intracranial embolization was geared
toward the treatment of aneurysms, although
these techniques were subsequently adapted to
the treatment of AVMs and other intracranial
vascular pathologies.41 Endovascular techniques
for treatment of AVMs largely developed in the
early 1960s, with Luessenhop and William Spence
(1908–1992)42 conceptualizing the blockage of
hypertrophied, abnormal feeding vessels. This
“artificial embolization,” as it was called, relied
on the embolic material obstructing the enlarged
feeding vessels but not penetrating the smaller
vessels of the AVM nidus.
Early embolization procedures relied on open

surgical approaches and direct puncture of target
vessels to introduce catheters and embolic
material. As such, they were fraught with the
same morbidity and mortality of the open neuro-
surgical procedures of that time.41,43 The develop-
ment of small, flexible catheters was a major
technological advance because this allowed
the introduction of these instruments and embolic
agents from distal sites, obviating direct punc-
tures. Catheters were initially navigated to their
target location largely by flow,41 as is the case
with balloon catheters. Balloon catheterization
and occlusion of intracranial vessels was de-
scribed by the Russian neurosurgeon Fedor
Serbinenko44 (1928–2002) in 1974. In 1976,
Charles Kerber45 described a calibrated leak
balloon system for flow-directed catheter guid-
ance and administration of contrast and cyanoac-
rylate embolic material. This idea of using the
relatively high flow of abnormal AVM feeding
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vessels to direct catheters and embolic material
was a driving force behind early endovascular
AVM treatment.

Most modern catheter navigation relies on a tor-
queable guidewire system, in which a catheter is
advanced over a wire to its target and the curve
of the wire and catheter tip determine its steerabil-
ity. Although guidewires were initially designed in
the mid 1970s, the Tracker catheter system was
the first guidewire and catheter system to achieve
mass production in 1986.41 Advances in material
science and engineering have subsequently led
to an explosion in the development and wide-
spread availability of various guidewires and cath-
eters. Advances include radiopaque markers for
better angiographic visualization, shaped tips for
improved guidance, and construction with various
materials for improved hydrophilic properties and
tolerance to different embolic agents.

Embolic agents used for the endovascular
management of AVMs, as with catheters and mi-
crowires, have undergone many advances over
the years. Early attempts at AVM embolization
were performed with numerous materials deliv-
ered by flow-directed catheters positioned prox-
imal to theactual feedingvessels.Examples include
methyl methacrylate spherules (2.5–4.2 mm),42

silk suture attached to Silastic emboli,46 gelatin
particles, autologous blood clots, and Avitene
(C.R. Bard, Inc,MurrayHill, NJ, USA).41 These early
materials were limited by difficulty to control during
embolization, high rates of vessel recanalization,
and, in some cases, vasculitis. The adaption of
acrylic tissue adhesives for embolization, as
well as concurrent advances in catheter delivery
systems, brought AVM embolization much closer
to its current state.

Isobutyl 2-cyanoacrylate is an early generation
tissue adhesive that was used for embolization
because it polymerizes on contact with blood.
However, of the rapid polymerization rate of isobu-
tyl 2-cyanoacrylate led to complications including
adhesion and incorporation of the catheter to the
glue cast in the feeding artery, and this agent
was replaced by N-butyl cyanoacrylate (NBCA).
NBCA is currently a popular choice for AVM embo-
lization. Onyx (ev3, Plymouth, MN), a combination
of ethylene-vinyl alcohol copolymer and dimethyl
sulfoxide, is another agent widely used for the
treatment of AVMs.47 This agent is less adhesive
and generally polymerizes slower than NBCA.
Platinum coils are also used for AVM embolization
to obstruct large feeding vessels.

The ultimate goal of endovascular AVM emboli-
zation is angiographic obliteration. However, this
is often not achieved, despite attempted staged
embolizations, and it may be contraindicated

because of the high rate of complications. Many
AVMs contain numerous small feeding vessels
that cannot be safely catheterized for superselec-
tive embolization. In such cases, embolization is
used as an adjunct tool before microsurgical
resection or radiosurgery. Preoperative emboliza-
tion can decrease the size of the AVM, reduce in-
traoperative blood loss, and target blood vessels
that might not be surgically accessible. Before ra-
diosurgery, the goals of embolization are to shrink
the size of the AVM, particularly at the periphery;
address feeding vessel aneurysms and other
high-risk features; and, ultimately, to reduce the
size of the radiation field required for treatment.

Radiotherapy for AVMs

The goal of radiotherapy for AVMs is complete
obliteration of the AVM by delivering a high radia-
tion dose to the AVM nidus while minimizing
the radiation exposure to the surrounding normal
brain. Various forms of radiation delivery have
been developed over the years and used for
AVM treatment. These include external beam
x-rays from x-ray tubes or linear accelerators
(LINAC), gamma rays from a cobalt source, and
Bragg peak (proton beam or helium ion) therapy.48

Each of these radiation forms can be performed
with stereotactic targeting (radiosurgery) and
most can be done as single fraction ormultifraction
therapy. It is now known that the vascular changes
seen after radiation are similar, regardless of
whether x-rays, gamma rays, or proton beams
are used. The limitations of these therapies are
nonobliteration of lesions on angiogram, the risk
of hemorrhage, and radiation-induced brain injury.

Vilhelm Magnus (1871–1929), Norway’s pio-
neering neurosurgeon, was likely the first to treat
cerebral AVMs with radiation in 1914,6 using
conventional fractionated radiation. Cushing and
Bailey8 treated eight AVM patients with conven-
tional radiation and there was an apparent benefit
in three of these patients. One of the patients
(Case 8) had complete resection of the AVM
approximately 1 year after radiotherapy and,
from the pathology specimen, it was first demon-
strated that the radiation-induced occlusion of
AVM vessels was secondary to intimal hyper-
plasia.8 This inflammatory change ultimately
results in vessel thrombosis and obliteration.
Although never truly popular, conventional frac-
tionated radiotherapy was used for AVM treatment
intermittently. R.T. Johnson had the largest series
of AVMs treated with conventional radiation, with
100 patients treated over 20 years.49 Twenty of
the patients had follow-up angiography. Complete
obliteration was reported in nine patients and
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reduction in the size of the AVM was reported
in five patients. Robert Laing and colleagues50

reported on the ineffectiveness of conventional
fractionated radiotherapy in AVM patients. They
demonstrated that the actuarial annual risk of
bleeding in the treated patients was 2.3%, and
this was similar to the risk in untreated AVMs.
Ultimately, conventional radiation for AVMs was
replaced by stereotactic radiosurgery.
Radiosurgery was first described in 1951 by

Lars Leksell51 (1907–1986), the Swedish neurosur-
geon, using a cyclotron. He subsequently intro-
duced the first Gamma Knife using cobalt
sources in 1968. Reports using Gamma Knife
began appearing in the early 1970s. Ladislau
Steiner,52–55 Christer Lindquist,55 and L. Dade
Lunsford56,57 and Douglas Kondziolka57 were
instrumental in improving the Gamma Knife
technique and demonstrating its effectiveness.
Radiosurgery for AVMs based on the Bragg
peak phenomenon (proton beam and helium
beam) was advanced by Raymond Kjellberg
(1925–1993) and colleagues6 at Harvard and at
Berkeley by Jacob Fabrikant (1928–1993) and
colleagues58 and Richard Levy and colleagues.59

Radiosurgery using LINAC was introduced by
Osvaldo Betti and colleagues,60 and then it was
further improved on by William Friedman and
F.J. Bova61 and other investigators. Radiosurgery
using each of these 3 main techniques (Gamma
Knife, Bragg peak phenomenon, and LINAC)
have all been used successfully for treatment of
cerebral AVMs. Current AVM management with
radiosurgery results in obliteration in 1 to 3 years
from the time of treatment, with obliteration
rates of 54% to 92% and the risk of hemorrhage
during this time period remaining unchanged
from untreated patients.62 The details of radio-
therapy for AVMs are described by Michael Lim
elsewhere in this issue.

INTRODUCTION TO DAVFs

Intracranial DAVFs, also referred to as dural arterio-
venous malformations, are abnormal arteriove-
nous shunts between dural arteries and a dural
venous sinus or a cortical vein. These lesions
can occur throughout the intracranial space, but
are most commonly located near dural venous
sinuses. They represent 6% of supratentorial and
35% of infratentorial vascular malformations.63

Most DAVFs are idiopathic, but they have also
been described following trauma (eg, skull frac-
ture), cranial surgery, venous channel stenosis,
and venous sinus thrombosis.64–67 DAVFs can be
asymptomatic and present incidentally, or they can
present with symptoms related to the location and

severity of altered venous drainage. Approximately
20% to 33% of symptomatic DAVFs present with
intracranial hemorrhage.64,68 Other presentations
include pulsatile tinnitus (or bruit), visual changes,
proptosis, headaches, altered mental status,
seizure, cranial nerve palsy, myelopathy, and
motor or sensory deficits.

Imaging

The significance of DAVFs was not well under-
stood until cerebral angiographic techniques
were developed and refined. In 1931, Ernest
Sachs, Sr69 (1879–1958), theNewYork born neuro-
surgeon who trained under Sir Victor Horsley, re-
ported the original angiographic description of
a DAVF. Thomas Newton (1925–2010) and Sten
Cronqvist63 (died 2004) published a good, early
angiographic description in 1969. Cerebral angi-
ography with selective injection of both the ex-
ternal and the internal carotid artery remains the
gold standard for diagnosis and characterization
of these lesions. MRI and CT scan technologies
can detect these lesions if a dilated vein s present
in the appropriate location. Improvements in CT
angiography and MR angiography70 technology
have made these noninvasive modalities more
attractive. However, they are far from replacing
conventional cerebral angiography for accurate
diagnosis, classification, and treatment planning.
Furthermore, the introduction ofDynaCT (Siemens,
Erlangen, Germany) angiography within the past
several years has been of great utility in the
diagnosis, characterization, and treatment of
DAVFs.71,72 This technique can delineate the fistu-
lous connection, the arterial feeders, the draining
veins, and their relationship to the surrounding
osseous structures.

Development of DAVF Classification Schemes
and Insights into the Natural History and
Prognosis

Much of the important history of DAVF treatment is
based on milestones in understanding the natural
history of these lesions and in developing classifi-
cation schemes to guide treatment. Rene Djindjian
(1918–1977), the French neuroradiologist, and
J.J. Merland73 published an early classification
scheme based on the location of the fistula,
meaning the dural sinus to which it drained. Two
angiographicclassification schemes that arewidely
used are the Borden-Shucart system, named
after Jonathan Borden and William Shucart,74

and the Cognard system, named after Christophe
Cognard.75 The Borden classification system
groups DAVFs into three main types based on the
location of venous drainage (dural sinus and/or
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cortical vein) and on whether cortical venous reflux
(CVR) is present or absent.74 The Cognard classifi-
cation system groups DAVFs into five main types
based on the direction of venous sinus drainage
(anterograde or retrograde), the presence or
absence of CVR, and the type of venous outflow
(eg, nonecstatic vs ecstatic cortical vein).75

Both the Borden and the Cognard systems high-
light the importance of CVR because this is consid-
ered directly related to the clinical symptomatology
and prognosis. DAVFs without CVR are generally
considered benign.75 However, DAVFswith persis-
tent CVR are much more aggressive, with an
annual mortality of 10.4% and annual risk of
hemorrhage or nonhemorrhagic neurologic deficit
of 8.1% and 6.9%, respectively.68

Recent studies by Michael Soderman and
colleagues76 and Russell Strom and colleagues77

report that the natural history of DAVFs depends
on the angiographic presence of CVR as well as on
the mode of presentation. Patients presenting with
nonhemorrhagic neurologic deficit or intracranial
hemorrhage (ICH) (defined as symptomatic CVR)
have a greater neurologic risk and death than
patients with asymptomatic CVR (defined as pre-
senting incidentally or with symptoms of increase
dural sinus drainage). These reports prompted
Gregory Zipfel and colleagues78 to propose a mod-
ification of the DAVF angiographic classification
systems to include clinical information about
whether the CVR is symptomatic or not. Neurologic
risk increases from lesions without CVR or lesions
with asymptomatic CVR (1.4%–1.5% annual risk
of ICH) to lesions with symptomatic CVR (7.4%–
7.6% annual risk of ICH). This new grading system
has important implications for treatment algorithms
of high-grade DAVFs, suggesting that patients
with symptomatic CVR require immediate treat-
ment via an endovascular or open surgical ap-
proach. Stereotactic radiosurgery is not suitable
for these patients because of the delayed thera-
peutic efficacy of this treatment option. Exceptions
include patients unable to undergo an endovascu-
lar or surgical procedure secondary to comorbid-
ities or extremely high procedural risk secondary
to thecomplexity of the lesion.Conversely, patients
with asymptomatic CVR may be treated on a elec-
tive basis because of their lower risk annual risk
of ICH or nonhemorrhagic neurologic deficit.

Treatment of DAVFs

DAVFs can be treated by open surgery, endovas-
cular embolization, a combination of surgical and
endovascular techniques, or by radiation therapy.
Carotid-cavernous fistulas (CCFs) were likely the
first type of DAVF to be recognized and treated

because these lesions presented with striking
clinical findings (pulsatile exophthalmos, bruit,
visual loss, and eye redness) that did not require
advanced imaging to formulate a diagnosis.
Unilateral ligation of the common carotid artery
was first performed for a CCF by Benjamin Travers
(1783–1858), the British surgeon, in England in
1809. Wallace Hamby (1903–1999), the American
neurosurgeon, was the first to ligate the intracra-
nial internal carotid as part of the first trapping
procedure for a CCF in 1932.79 The next advance
in CCF treatment was muscle embolization. This
method, incorrectly credited to Barney Brooks
(1884–1952), was first performed by Hamby and
W. James Gardner (1898–1987) in 1933, and it
represented the origins of neurointerventional
surgery.80 Ultimately, it was Fedor Serbinenko
who introduced the miniballoon catheter tech-
nique in 1974 and, with it, he opened a new
chapter in CCF treatment and significantly ad-
vanced endovascular embolization.44 In 1995, Neil
Miller and colleagues81 reported the combined
microsurgical-endovascular treatment of CCFs
using the superior ophthalmic vein for access
into the cavernous sinus.

The primary treatment modality for many non-
CCF cranial DAVFs in the late 1970s and 1980s
was an open surgical procedure to disrupt the
fistula connection and even resect the associated
dura and venous sinus.82–84 Such procedures
were often technically challenging and included
significant risk of substantial blood loss, venous
stroke, and other morbidity. As with AVM
surgery, open surgery for DAVFs benefitted from
the development and refinement of the operative
microscope, microinstruments, and microsurgical
techniques. Surgical intervention is still an impor-
tant option for modern treatment of DAVFs;
however, the first therapeutic attempt for DAVFs
at most institutions is endovascular embolization.
Surgery is often reserved for patients with con-
tinued symptoms and angiographic CVR despite
maximal endovascular intervention. Surgery can
be a first-line therapy for lesions with difficult arte-
rial access and with drainage through a single
cortical vein. Fistulas of the anterior cranial fossa
and of the superior petrosal sinus with single
cortical draining veins are examples of such surgi-
cally treated fistulas.6,78

As with surgical procedures for AVM treatment,
intraoperative angiography is also important dur-
ing surgery for DAVFs. Paritosh Pandey and
colleagues85 reported a series of 29 patients
(31 DAVFs) treated surgically with adjunct intrao-
perative angiography and, in 11 patients (37.9%),
the results of the intraoperative angiogram resulted
in further surgical treatment. Intraoperative ICG
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angiography is also used successfully for treatment
of DAVFs to identify components of the fistula
and confirm its obliteration.86–88

Advances in endovascular technology and tech-
niques over the past 3 decades (described above
for AVMs) have fueled the popularity and wide-
spread use of embolization for DAVF treatment.
For example, improvements in microcatheters and
microwires have allowed for navigation closer to
the fistulous connection, ultimately resulting in
more direct and selective embolization. The goal of
embolization is to obliterate the fistula connection
and to limit adverseoutcomes, suchasunintentional
worsening of cortical venous flow, closing external
to internal carotid arteryanastomoses, andemboliz-
ing external carotid artery branches with arterial
supply to cranial nerves. DAVFs can be treated en-
dovascularly by a transarterial, a transvenous, or
a combined approach. Liquid embolic agents (eg,
NBCA and Onyx) and coils are commonly used for
these cases. These techniques are described in
detail elsewhere in this issue by Martin Radvany.
In many instances, endovascular management
can achieve cure as a primary treatment modality.
Radiation therapy, including radiosurgery, is

another available treatment modality for DAVFs.
Radiosurgery was first used for DAVFs in the early
1980s.89 Today, radiosurgery can be used as
a primary treatment modality, in combination with
embolization, or as a salvage strategy for DAVFs
that are refractory to embolization and/or surgery.
Complete obliteration rates for DAVFs treated
exclusively with radiosurgery vary widely, with
rates raging from 50% to 100% for indirect CCFs
and from 20% to 100% for non-CCF DAVFs.89

SUMMARY

AVMs and DAVFs represent two important
classes of intracranial vascular lesions.
Numerous technical advances over the past
century have dramatically improved our ability
to diagnose, characterize, and treat these
distinct pathologic entities. Historical progress
paved the way for modern therapeutic options,
which include microsurgical, endovascular, and
radiosurgery techniques. As our understanding
of AVMs and DAVFs improves, the future prom-
ises to further build on these techniques, as well
as introduce novels approaches for treating
these lesions.
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Imaging of Cerebral
Arteriovenous
Malformations and Dural
Arteriovenous Fistulas
Mahmud Mossa-Basha, MDa, James Chen, BSb,
Dheeraj Gandhi, MBBS, MDc,*

Imaging plays a major role in the identification,
grading, and treatment of cerebral arteriovenous
malformations (AVMs) and cerebral dural arteriove-
nous fistulas (DAVFs). Digital subtraction angiog-
raphy (DSA) is the gold standard in the diagnosis
and characterization of these vascular malforma-
tions, but advances in both magnetic resonance
imaging (MRI) and computed tomography (CT),
including advanced imaging techniques, have
provided new tools for further characterizing these
lesions as well as the surrounding brain structures
that may be affected. Advances in MRI techniques
have also allowed better noninvasive characteriza-
tion of these vascular lesions in ways that previ-
ously could only be possible with catheter
angiography. In this article, the authors discuss
the role of conventional as well as advanced
imaging modalities that are providing novel ways
to characterize these vascular malformations.

CEREBRAL ARTERIOVENOUS
MALFORMATIONS
General Features

Cerebral AVMs represent congenital vascular
abnormalities, in which single or multiple arterial

feeding vessels supply a dysplastic plexiform
network of vessels (also known as the nidus) with
direct shunting into the venous system. The nidus,
which represents a conglomerate of dysplastic,
thin-walled vessels, is histologically best charac-
terized as a cluster of arterialized veins. The nidus
can be supplied by one vascular distribution, or
there can be supply from multiple vascular territo-
ries, representing a so-called borderzone AVM.1

Cerebral AVMs are thought to represent congen-
ital lesions caused by alterations in the vascular
modeling process, a theory supported by the
vascular complexity of the lesions.2,3 There is little
to no functional brain tissue within the AVM nidus,
leading to the assumption that functional brain is
displaced to the margins of the lesion.4

Micro-AVMs are defined as lesions with a nidus
that measures 1 cm or less.5 These lesions have
historically been known as cryptic or occult
AVMs because they were not readily seen on
imaging studies previously.5 Nearly 40% to 50%
of cerebral AVMs in the setting of hereditary
hemorrhagic telangiectasia and 7% of sporadic
AVMs are micro-AVMs.6 These lesions typically
have a single normal-sized arterial feeder and
a single draining vein. Micro-AVMs are typically
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located superficially, within the cortex or within the
subarachnoid space.5

Aneurysms are seen in up to 58% of AVMs.7

Flow-related aneurysms can be found on feeding
arteries or within the AVM nidus, which can
frequently serve as the focusof AVM rupture. Aneu-
rysms can also occur on arteries remote from the
AVM arterial supply. There can be significant vari-
cosity and aneurysmal dilatation of draining venous
structures, especially in the setting of high-flow
AVM,which also increases the risk of hemorrhage.8

Direct arteriovenous connections may be present
within the lesion and can generally only be identi-
fied on superselective microcatheter angiography.
Flow-induced angiopathy is often associated and
reflective of reactive endothelial hyperplasia; this
can result in arterial or venous stenoses.3 Venous
drainage can be superficial, deep, or a combination
of the two. The drainage pathway is important to
note on imaging studies because of the important
role this factor plays in prognostication and in
determining the treatment plan.

Risk of Hemorrhage

The overall estimated likelihood of AVM hemor-
rhage is between 2% and 4% per year, but can
be as low as 0.9% per year without any associated
risk factors.9–11 There is an associated 5% to
17.6% chance of death and 30% to 50% chance
of permanent neurologic deficits in the setting of
AVM hemorrhage.10,12 Many factors have been
associated with an increased risk of AVM hemor-
rhage, including small AVM size, high-flow lesions
with increased arterial and venous pressure, deep
as well as infratentorial locations, and a history of
previous AVM hemorrhage.11,13 In addition, other
angiographic characteristics such as intranidal
aneurysm(s), flow-related arterial aneurysms,
presence of deep venous drainage, and venous
stenosis also correlate with increased hemor-
rhagic risk. The importance of risk factors is,
however, somewhat controversial. Duong and
colleagues14 indicate that the most important risk
factors for AVM hemorrhage are high arterial input
pressure and exclusive deep venous drainage.
During a prospective follow-up of 622 patients
with AVM for a mean time period of 2.3 years,
Stapf and colleagues11 found that the most impor-
tant risk factors for hemorrhage of AVM are exclu-
sive deep venous drainage, deep brain location,
and history of previous AVM rupture. After an
initial hemorrhagic event there is an increased
risk of hemorrhage, ranging between 4.5% and
34.4%.11,15,16 There was an overall 6% rate of
hemorrhage in patients who had experienced
a previous hemorrhagic event, as compared with

1.3% for patients who did not have a history of
AVM rupture.11 Borderzone location for an AVM,
with supply from multiple arterial distributions,
appears to be protective against hemorrhage.1

Conventional Imaging: MRI and CT

CT andMRI are the typical initial imaging examina-
tions performed on patients with AVMs, as the
most common presentations are not specific for
AVM and include intracranial hemorrhage, seizure,
headache, and focal neurologic deficit.17,18 Large
AVMs can be readily identified on CT and MRI,
but smaller lesions may be more difficult to detect.
Noncontrast head CT is usually the initial imaging
examination based on the clinical presentation,
to evaluate for any hemorrhage. On noncontrast
head CT examination, prominent serpentine hy-
perattenuating structures (Fig. 1A, B), represent-
ing draining veins, components of the nidus, or
dilated arterial feeders, suggest a diagnosis of
AVM. Curvilinear or speckled calcifications in-
volving the nidus or the feeding or draining vessels
can also be seen. The AVM typically does not
cause much mass effect, unless there has been
hemorrhage. Instead, there may be hypoattenua-
tion and volume loss in the brain parenchyma
surrounding the nidus, relating to gliosis or hemo-
siderin deposition from previous hemorrhage.
Hemorrhage at presentation is seen in 42% to
72% of cases, most commonly parenchymal,
followed by subarachnoid and intraventricular
hemorrhage.17–19

In the absence of a known underlying etiology
for parenchymal hemorrhage, CT angiography is
frequently the follow-up examination to evaluate
for a possible underlying lesion, such as AVM or
ruptured aneurysm. CT angiography (CTA) will
show the enhancing nidus as well as prominent
draining veins, but evaluation is limited on con-
ventional CTA, as temporal flow-related changes
are not evaluated. Characteristic features of the
AVM, such as feeding arterial and draining venous
stenosis, flow-related arterial and intranidal aneu-
rysms, and draining venous aneurysms, may be
seen, but are not as well depicted or evaluated
as on DSA. Significant venous contamination, if
present, limits differentiation between draining
veins and normal veins. Even on an excellent
quality CTA study, small and micro-AVMs may
be difficult to detect. In the setting of hemorrhage,
the nidus may be compressed by the hematoma,
limiting detection of a small underlying lesion.
However, this applies to all imaging modalities,
including CTA, MRI/MR angiography (MRA), and
even DSA. In the setting of a prominent paren-
chymal hematoma, it is advised that repeat

Mossa-Basha et al28



imaging be performed 4 to 6 weeks after detection
of the hematoma. This interval allows time for
mass effect related to the hemorrhage to dec-
rease, sometimes permitting for identification of
the responsible lesion.

On conventional MRI, dilated arterial feeding
arteries, the nidus, and draining veins are repre-
sented as flow voids (Fig. 1C, D). T2 and FLAIR
(fluid-attenuated inversion recovery) hyperinten-
sity involving the adjacent brain parenchyma
frequently relates to gliosis (see Fig. 1C, D), which
is a result of hypoperfusion of portions of the
surrounding brain secondary to cerebrovascular
steal. There can be T1 and T2 hypointensity and
susceptibility on b0 sequences in the adjacent
brain structures, relating to hemosiderin from
previous hemorrhage. MRI can depict important
details of mass effect on adjacent brain structures
or involvement of eloquent cortex, which cannot
be readily shown on DSA. On postcontrast
T1-weighted sequences, there will frequently be
enhancement of portions of the AVM nidus. With

small AVMs, a small area of cortical and subcor-
tical enhancement may be the only finding on
conventional imaging (Fig. 2).

MRI in conjunction with MRA can be a useful
noninvasive imaging tool in the postradiosurgery
setting to evaluate for residual AVM, even though
DSA remains the gold standard. The residual nidus
is represented as residual flow voids, with persis-
tent feeding arteries and draining veins. On post-
contrast sequences, evaluation for AVM-related
enhancement is limited, as postradiosurgery
patients can frequently have radiation-induced
parenchymal enhancement. There was 80%
sensitivity (64/80) and 100% specificity (84/84)
on conventional MRI for residual AVM postradio-
surgery when compared with DSA, according to
Pollock and colleagues.20

Susceptibility-Weighted Imaging

Susceptibility-weighted imaging (SWI) relies on
exquisite sensitivity to magnetic susceptibility

Fig. 1. A 16-year-old female patient who initially presented to the emergency department after tonic-clonic
seizures. Axial noncontrast CT images (A and B) show a hyperattenuating serpentine vascular structure coursing
from the left corona radiata into the left lateral ventricle. On axial (C) and coronal (D) T2-weighted sequences,
there is a prominent plexiform transmantle perirolandic arteriovenous malformation with a prominent draining
terminal vein (arrow), which empties deeply into the left basal vein of Rosenthal. Perinidal T2 hyperintensity
relates to gliosis. Noncontrast enhanced 3-dimensional time-of-flight magnetic resonance angiography (3D
TOF MRA) 3D reformat image in axial plane (E) again shows AVM nidus being supplied by multiple distal left
middle cerebral artery (MCA) branches. Draining venous structures are not well depicted. Axial susceptibility-
weighted image (F) shows hyperintense signal within prominent left basal vein of Rosenthal (arrow) relating
to high-flow arteriovenous shunting.
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effects.21 Sensitivity to magnetic susceptibility
is optimized by using long echo time high-
resolution flow-compensated 3-dimensional (3D)
gradient echo sequences with filtered phase infor-
mation. This technique relies on the paramagnetic
characteristics of deoxyhemoglobin and the resul-
tant phase differences between venous blood and
the surrounding brain parenchyma, as well as
arterial blood. SWI is very sensitive for the depic-
tion of venous structures as well as extravascular
blood.22

SWI can provide helpful information in the
evaluation of venous structures draining AVMs.
Frequently on conventional imaging and time-of-
flight (TOF) MRA, differentiation between arterial
feeders and draining veins can be difficult.23 SWI
more accurately shows draining venous structures
than TOF MRA and conventional MRI. High-flow
arteriovenous shunting in AVM can be accurately
depicted on SWI as a hyperintense venous signal,
which correlates well with findings of arteriove-
nous shunting on DSA (Fig. 1F).24 This finding
relates to rapid wash-in of high-flow oxygenated

blood into draining veins. SWI is accurate in the
evaluation of residual arteriovenous shunting after
AVM treatment; in the posttreatment setting,
residual ectatic veins will have decreased signal
due to deoxyhemoglobin, whereas persistent arte-
riovenous shunting will show a hyperintense
venous signal.24 SWI is advantageous to TOF
MR venography because it is more sensitive to
slow flow within draining venous structures, and
there is no loss of signal in vessels coursing in
the imaging plane.25 SWI can be helpful in depict-
ing micro-AVMs, which may not be depicted on
conventional MRI or TOF MRA, by accurately por-
traying small draining venous structures otherwise
not seen.25 Early identification of micro-AVMs is
important, as these lesions have an increased
risk of hemorrhage.

Time-Resolved MRA

Time-resolved MRA is an evolving technique that
is showing early promise in its ability to charac-
terize cerebral AVMs. DSA currently remains the

Fig. 2. A 28-year-old man with recent diagnosis of hereditary hemorrhagic telangiectasia (HHT). Axial (A) and
magnified coronal (B) T1 postcontrast images of the brain show an enhancing cortical lesion (long arrow)
involving the left precentral gyrus. Although nonspecific, a lesion like this should raise a suspicion for a micro-
AVM in patients with HHT. Micro-AVM nidus (short arrow) was confirmed on sagittal digital subtraction angiog-
raphy (DSA) image in early arterial phase (C). Sagittal DSA image in capillary phase (D) shows micro-AVM nidus
(short arrow) with single early draining vein (arrowheads). The nidus (short arrow) is presented on axial, magni-
fied C-arm cone-beam CT image (E).
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gold standard in evaluating the angioarchitecture
of cerebral AVMs because of its combination
of exquisite spatial and temporal resolution.
However, DSA is invasive, expensive, exposes
the patient and the operator to ionizing radiation,
and has a small but finite risk of associated symp-
tomatic ischemic events. There have been
significant advances in contrast-enhanced time-
resolved MRA sequences, which allow image
acquisition rates of up to 3 frames per second.26

3-T MRI units are favored over 1.5-T units because
they provide increased signal-to-noise ratio, per-
mitting the use of undersampling techniques,
which increases temporal resolution.27

Time-resolved MRA can show flow of contrast
through each component of the AVM, confirming
the suspected findings on conventional MRI/TOF
MRA and CT/CTA examinations.26 Time-resolved
contrast-enhanced MRA has been shown to
correlate well with DSA in terms of AVM grading,
nidus size and location evaluation, venous
drainage pattern, and arterial feeders in multiple
studies.28–31 MRA sequences of high spatial reso-
lution and high temporal resolution can be per-
formed as separate sequences during a study to
achieve both improved spatial and temporal reso-
lution.32 At present, however, DSA remains the
gold standard in AVM evaluation because at this
point, time-resolved MRA cannot match the high
spatial and temporal resolution of DSA.

Time-of-Flight MRA

3D TOF MRA without contrast has remained
a first-line diagnostic tool in the evaluation of cere-
brovascular disease, including cerebral aneu-
rysms and steno-occlusive disease. TOF MRA is
frequently one of the first examinations obtained
when there is an initial diagnosis of cerebral
AVM, in addition to conventional MRI (see
Fig. 1). TOF MRA does not typically rely on gado-
linium contrast agents, is easy to perform, and
provides high-resolution images. The background
stationary soft tissues within a slab are saturated
with radiofrequency (RF) pulses on TOF imaging.
Inflowing blood maintains its signal and appears
bright, representing flow-related enhancement.

Contrast-enhanced 3D TOF MRA, when per-
formed in conjunction with conventional MRI, can
provide valuable pretreatment information and an
overall broad characterization of AVM. While
DSA can be used for evaluation of the AVM prior
to radiosurgery,33 contrast-enhanced 3D TOF
MRA might provide a more accurate means of
delineating the 3D contour and size of the AVM
in the pretreatment setting.34,35 Accurate delinea-
tion of the AVM nidus is important for adequate

AVM coverage, which is the most important factor
for successful treatment.33,36,37 Overcoverage can
lead to unnecessary irradiation of adjacent brain
tissue, and undercoverage will result in inadequate
AVM treatment. Because DSA is a 2-dimensional
(2D) image, the true nidal size can be obscured
or misinterpreted, due to overlapping adjacent
vascular structures or inhomogeneous enhance-
ment35; this can lead to overestimation of the
nidus size and inaccurate delineation of nidal
contours.38 Contrast-enhanced 3D TOF MRA can
also be a useful tool in the evaluation for postradio-
therapy residual AVM.39,40 3D TOF MRA with
contrast, as compared with DSA, detected nearly
all cases of residual AVM but its specificity was
68% and diagnostic accuracy only 77%, accord-
ing to Lee and colleagues.41 The false-positive
cases were related to residual ectatic vessels
around the thrombosed nidus in combination
with radiation-induced parenchymal enhancement.

Unenhanced 3D TOF MRA is limited in the
evaluation of feeding arteries and draining veins
when compared with DSA. Only 65% of arterial
feeders detected on DSA can be seen on 3-T 3D
TOF MRA, and only 71% of superficial and 60%
of deep draining veins are seen on 3T 3D TOF
MRA in comparison with DSA. These percentages
are even lower on 1.5-T scans. In addition, it can
be difficult to differentiate between arterial feeders
and draining veins, especially with complex lesions
with multiple feeding arteries and draining veins.23

Limited visualization of draining veins in part relates
to the application of a saturation band, which is
applied to suppress venous flow. TOF MRA is
limited in its evaluation of turbulent, complex flow,
which is frequently seen in AVMs.26 The turbulent
blood flow is saturated by multiple RF pulses.
Another limitation of 3D TOF MRA is the evaluation
of small AVMs, as frequently the nidus, feeding
arteries, and draining veins may not be seen.42,43

Contrast-enhanced TOF MRA has overcome
many of the artifacts that are seenwith unenhanced
TOF MRA, including loss of flow-related enhance-
ment due to slow, turbulent, or complex flow.26

Diffusion Tensor Imaging

Diffusion tensor imaging relies on directional diffu-
sion (anisotropy) of water molecules along nerve
axons and nerve bundles. In normal white matter
tracts, myelin sheaths and axonal cell membranes
restrict water diffusion in the direction perpendic-
ular to the nerve fibers. The primary direction of
water motion is parallel to the orientation of the
white matter tract. Tensor maps can be used to
generate 3D tractogram maps, which represent
the trajectory of the white matter tract.
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Diffusion tensor imaging can serve as a valuable
noninvasive preoperative and preradiosurgery tool
to evaluate for involvement and proximity of cere-
bral AVMs to white matter tracts.44 Accurate
assessment of white matter tracts can be per-
formed in the setting of adjacent AVMs with or
without hemorrhage (Fig. 3B, C).44,45 The prox-
imity of the AVM to eloquent white matter tracts
may eliminate surgery as a treatment option, due
to the risk of white matter tract injury intraopera-
tively or secondary to hemorrhage. Diffusion
tensor tractography can be useful in determining
the radiation dose to the corticospinal tract prior
to stereotactic radiosurgery, and thus can help in
therapeutic planning, allowing for delivery of an
effective dose to the nidus while minimizing the
risk of posttreatment complications.46

Diffusion tensor imaging and tractography of
AVMs can depict fiber tract displacement or
disruption, or decreased fiber tract density relating

to involvement.47 Some reports have indicated
that there is a strong correlation between involve-
ment of the corticospinal tract by hemorrhage or
edema from AVM and contralateral hemipare-
sis,44,47 whereas others have not been able to
find an association.45 In the authors’ experience
with diffusion tensor imaging, there may be the
appearance of displacement, compression, or in-
volvement of eloquent white matter tracts, without
associated clinical deficits.
There are a few limitations of diffusion tensor

imaging and tractography that are important.
Hemorrhage or calcifications related to cerebral
AVM, surgical clips, or postoperative changes
can cause susceptibility artifacts on diffusion
tensor imaging, which are problematic because
the echo planar imaging technique is typically
used.48 In the setting of edema or involvement of
a white matter tract, a drop in fractional anisotropy
(FA) values may fall below the preset threshold for

Fig. 3. A 40-year-old man who initially presented with right-sided weakness and numbness. Axial postcontrast T1-
weighted sequence (A) shows left perirolandic arteriovenous malformation. Axial postcontrast T1-weighted
sequence with overlaid color fractional anisotropy (FA) map (B) shows AVM nidus and prominent draining
vein abutting and impressing on the left corticospinal tract (arrow, surrounding blue white matter tracts). On
coronal postcontrast T1-weighted sequence with overlaid color FA map (C), the AVM is abutting and displacing
the left superior longitudinal fasciculus (SLF) (short arrow, green white matter tract), in comparison with the
normal contralateral SLF (arrow). Composite motor activation maps (D and E), with hand (red), foot (blue),
and tongue (yellow) task-based BOLD functional MRI maps overlaid on axial T1 postcontrast sequences. There
is no task-based activation overlaying the left motor cortex (arrowhead), whereas there is normal task-based acti-
vation on the right (long arrow). On breath-hold cerebrovascular reactivity maps (not shown), there was evidence
of neurovascular uncoupling involving the left perirolandic regions.
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tractography, leading to the false-positive appear-
ance of disruption of this fiber tract. The FA
threshold can be lowered to allow for detection
through low-anisotropy regions; however, this
may allow for the appearance of spurious white
matter tracts. The authors prefer to rely on the
color FA maps to evaluate for eloquent white
matter tract involvement or displacement, due to
the aforementioned limitations of tractography.
At their institution the authors typically perform
diffusion tensor imaging in conjunction with task-
based functional MRI for preoperative planning,
mostly in the setting of brain tumors, but occasion-
ally in the setting of AVMs (see Fig. 3).

Functional MRI in the Assessment of Cerebral
Arteriovenous Malformation

Blood oxygen level–dependent (BOLD) functional
MRI is a noninvasive technique that has developed
into an important tool for preoperative planning.
This technique relies on changes of susceptibility
in regions of brain activated by specific tasks,
related to slight changes of blood oxygenation.
With neuronal activation there is a change in the
microenvironment, leading to vascular dilatation,
and an increase in blood oxygenation. Functional
MRI allows for eloquent cortical mapping (both
lateralization and localization) and evaluation of
the spatial relationship of eloquent brain to the
pathologic lesions that are being evaluated preop-
eratively. Frequently structures such as the motor
or sensory strips, Broca’s area, or Wernicke’s area
can be displaced, distorted, or involved by patho-
logic processes such as AVMs. In addition, normal
variations of cortical surface anatomy make local-
ization difficult or even impossible without func-
tional imaging.49 Functional imaging allows for
prediction of resectability of a lesion, and identifi-
cation of the components of a lesion that can be
removed without sacrificing eloquent brain struc-
tures. Preoperative functional MRI can shorten
the surgical time as well as alter the surgical
approach.50 With preoperative functional MRI
smaller craniotomies are needed, as limited intra-
operative cortical mapping can be used. Negative
cortical mapping can be performed with electrical
stimulation of the margins of the lesions to eval-
uate for any eloquent cortex.51

Functional MRI can serve as a helpful planning
tool in the treatment of AVMs. Damage to eloquent
cortex canbeavoidedbefore embolization, surgical
resection, or radiosurgeryof these lesions.Preoper-
ative functional MRI may also alter the clinical plan,
from surgery to radiosurgery, depending on the
anatomic relationship to eloquent cortex.51 When
considering that AVMs represent congenital

lesions, it is no surprise that intrahemispheric and
interhemispheric cortical reorganization can be
seen in such patients.52,53 An important limitation
of task-based functional MRI in the evaluation of
AVMs, as well as tumors, is neurovascular uncou-
pling.FunctionalMRI reliesoncerebrovascular dila-
tation related to increased neuronal activity, leading
to increased blood oxygen content. In the setting of
cerebrovascular abnormality, such as is seen with
AVM and dysplastic vessels supplying tumors, the
abnormal vessels do not respond to these stimuli,
and there can be diminished or no task-related
BOLD activation of normal functioning neurons
within the lesion or in the adjacent cortex. Neuro-
vascular uncoupling can simulate cortical reorgani-
zation, as the normal cortex will have no task-
related BOLD activation (see Fig. 3D, E).54 At their
institution, the authors use breath-hold BOLD cere-
brovascular reactivity (CVR) maps to qualitatively
evaluate for neurovascular uncoupling. Abnormal
vessels such as those seenwithin and around cere-
bral AVM will not vasodilate in response to
increased carbon dioxide levels, and will show
absent or diminished activity on the CVR map rela-
tive to the rest of the brain.

MRI Perfusion

First-passdynamic susceptibility-weightedcontrast-
enhanced (DSC) MR perfusion imaging is an estab-
lished perfusion technique used to evaluate relative
cerebral blood volume (rCBV), mean transit time
(MTT), relative cerebral blood flow (rCBF), and time
to peak (TTP). The major clinical use of perfusion
imaging is to evaluate ischemic penumbra in the
setting of acute stroke and for tumor evaluation.

On MR perfusion examinations in the setting
of cerebral AVM, there is increased CBF and
CBV across the lesion, as expected, relating to
increased transnidal flow. Perfusion of perinidal
and remote brain relative to the AVM in the
ipsilateral hemisphere is variable.55 Guo and
colleagues56 reported two dominant patterns of
perfusion, both of which showed increased peri-
nidal rCBF and rCBV; this may result from dilata-
tion of the perinidal arteries, which may be
adaptive in response to adjacent low-resistance
AVM feeding arterial structures, or could relate
to angiogenesis in response to hypoperfusion
secondary to cerebral steal.55–57 A third pattern,
however, is also discussed, in which there is
reduced perinidal rCBV and rCBF, secondary to
cerebral steal by the adjacent AVM.56 After radio-
surgery treatment, rCBV and rCBF values of the
perinidal and remote brain parenchyma trended
toward the normal values of the contralateral
brain.56
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Digital Subtraction Angiography

Despite advancements in noninvasive imaging
modalities, conventional DSA remains the gold
standard for evaluation of cerebrovascular dis-
ease, including cerebral AVMs. The combination
of exceptional spatial (0.2 mm) and temporal reso-
lution (up to 24 frames per second) is unmatched
by other imaging modalities.28 DSA is optimal for
the evaluation of AVM angioarchitecture, including
improved detection of associated intranidal
aneurysms, obstruction of venous outflow, arterial
feeder anatomy, and venous drainage patterns
(Fig. 4). Superselectivemicrocatheter angiography
can help further characterize AVM angioarchitec-
ture by allowing targeting of specific feeding arte-
rial branches. DSA is the optimal imaging modality
to evaluate for potential risk factors for AVM
rupture, including deep venous drainage, venous
outflow stenosis or occlusion, intranidal and arte-
rial feeder aneurysms, and high-flow lesions with
increased arterial and venous pressure. DSA can
be used for preradiosurgery delineation of the
AVM nidus.34 Catheter angiography allows for

planning of endovascular embolization, which is
frequently an important component of the treatment
strategy.
DSA is the gold standard for preradiosurgery

evaluation of nidus size due to its excellent spatial
and temporal resolution, allowing for evaluation of
the size of the nidus before there is venous filling.
However, because DSA is a 2D image depicting
a 3D structure, the true nidal size can be in-
adequately assessed by overlap from adjacent
vascular structures or inhomogeneous enhance-
ment.33 As described later, 3D rotational angiog-
raphy supplements 2D DSA for the evaluation of
the 3D contours of the nidus.
Limitations of DSA include that it is a 2D

modality evaluating a 3D structure. Dilated venous
varicosities and arterial feeders will overlap with
the nidus on 2D DSA, obscuring evaluation of nidal
size and contours. 3D rotational DSA (3D RDSA)
provides 3D images that use the high spatial
resolution of conventional DSA. This technique
can provide improved evaluation of the relation-
ship between the nidus, feeding arteries, and
venous output. There is better depiction of the

Fig. 4. A 40-year-old man who presented with aphasia. Axial (A) and sagittal (B) noncontrast CT of the head
shows a left temporal lobe hematoma. Sagittal (C) and anteroposterior (D) DSA images during late arterial phase
after left internal carotid injection show left temporal arteriovenous malformation nidus (long arrow) supplied
by left MCA branches, with early draining vein (short arrows). C-arm cone-beam CT images in axial (E) and sagittal
(F) planes show small peripheral temporal AVM nidus (arrow). There is a small outpouching projecting from the
posterior aspect of the nidus (thick arrow) representing intranidal aneurysm, which projects into the anterior
aspect of the left temporal hematoma. The intranidal aneurysm represented the AVM rupture point.
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3D contours of the nidus shape, allowing for supe-
rior determination of the radiation target.33

Because DSA does not show the relationship
and involvement of the adjacent brain parenchyma,
conventional imaging modalities are frequently
used for this evaluation. With the advent of cone-
beam CT technology, some of these limitations of
DSA can be overcome. DSA is an invasive
procedure, with a small but finite risk of permanent
neurologic deficit of approximately 0.1% to
1.0%.29Moreover, there are procedural risks asso-
ciated with exposure to ionizing radiation and
iodinated contrast dyes.

C-Arm Cone-Beam CT

C-arm cone-beam CT (CBCT) represents a 3D
C-arm mounted flat-panel detector cone-beam
CT system, which produces high-resolution volu-
metric data acquisition with a single rotation of
the C-arm.58 The system is incorporated into the
interventional suite, and high-resolution multipla-
nar reformats can be quickly generated at an inde-
pendent workstation. After selecting the vascular
structures of interest by catheter-directed inter-
ventional procedure, diluted contrast is injected
immediately before imaging, thus providing high-
resolution, selective cross-sectional 3D images,
focusing on the vascular pathology of interest.

The applications of this technology are exten-
sive, including evaluation of intracranial and extra-
cranial vascular abnormalities, including AVMs,
DAVFs, and aneurysms. CBCT has also shown
the ability to show exquisite detail regarding
venous intracranial anatomy, which cannot be
achieved with MRA, CTA, or DSA. During intracra-
nial vascular embolization, CBCT can help guide
management in the setting of complications by
producing high-quality CT scans.59

In the setting of cerebral AVM, CBCT provides
excellent high-resolution 3D cross-sectional images,
allowing for better characterization of the vascular
lesion. Feeding arterial and draining venous struc-
tures can be better depicted, with cross-sectional
images providing the exact point of communication
with the nidus. Nidal angioarchitecture can also be
betterdetermined.CBCTcanprovide improved local-
ization and characterization of nidal and flow-related
venous and arterial aneurysms (see Fig. 4E, F).
The relationship of the vascular malformation to
adjacent brain structures is better depicted on
CBCT than on 2D DSA contrast injections alone.
Gupta and colleagues60 reported a case in which
CBCT allowed for better characterization of diffuse
basal ganglionic AVM arterial supply, allowing for
improved targeted embolization while sparing
vascular supply to the intervening internal capsule.

DURAL ARTERIOVENOUS FISTULAS
General Features

DAVFs make up 10% to 15% of intracranial
vascular malformations,61 and are abnormal con-
nections between dural arteries and dural venous
sinuses, meningeal veins, or cortical veins. The
etiopathogenesis remains to be fully elucidated,
but DAVFs have been associated with history of
trauma, previous craniotomy, or dural venous
sinus thrombosis. In the setting of interrupted
normal sinus outflow and elevated local venous
pressures, it is hypothesized that tiny physiologic
shunts may enlarge,62 or neoangiogenic factors
may promote the formation of pathologic connec-
tions.63 Adult DAVFs, which constitute the majority
of lesions, are most common at the transverse,
sigmoid, and cavernous sinuses.64 There is also
a subset of pediatric lesions that can often involve
the torcula, superior sagittal sinus, and large
venous lakes.65 The etiology of pediatric DAVFs
is thought to be congenital or related to birth
trauma, infection, or in utero venous thrombosis.

Adult intracranial DAVFs present most com-
monly in the fifth and sixth decades of life. Pulsatile
tinnitus is one of the most common symptoms of
transverse and sigmoid sinus lesions, and is
related to increased flow through the dural venous
sinuses. Cavernous sinus DAVFs can cause oph-
thalmoplegia, proptosis, chemosis, retroorbital
pain, and decreased visual acuity.62,66,67 Addi-
tional nonhemorrhagic neurologic deficits (NHND)
include seizures, dementia, chronic headache,
and cranial nerve abnormalities. Hemorrhage
is more common in high-grade lesions, which
demonstrate retrograde cortical venous drainage
(CVD).

Accurate diagnosis and classification of DAVFs
is essential in identifying patients with high-risk
lesions and to triage them toward appropriate
therapies. The Borden66 and Cognard68 classifica-
tion schemes, which have been well substantiated
as predictors of DAVF behavior, both emphasize
the relationship between CVD and increased risk
of hemorrhage or NHND. The absence of CVD
(Borden I; Cognard IIa) is associated with a benign
natural history. These patients typically present
with pulsatile tinnitus and other signs of increased
dural venous drainage, but have a low risk of
hemorrhage. The presence of CVD (Borden II, III;
Cognard IIb–V) indicates a more aggressive lesion,
associated with an annual mortality rate of up to
10.4%, hemorrhage rate of up to 8.1%, and risk
of NHND of up to 6.9%.67 Zipfel and colleagues69

have further subclassified lesions exhibiting CVD
into those that present with hemorrhage or
NHND and those that are detected incidentally or
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present with nonaggressive symptoms (ie, tinnitus,
ophthalmologic symptoms). The former group has
a higher annual risk of hemorrhage at approxi-
mately 7.5% whereas the latter group has lower
risk at approximately 1.5%, suggesting that this
additional subclassification may improve the
accuracy of risk stratification in DAVF patients.69

The diagnosis of DAVFs at an early stage may
be difficult because of nonspecific clinical and
imaging findings. A high index of suspicion is
thus necessary when a patient presents with an
unexplained constellation of neurologic com-
plaints and deficits. The goal of imaging is not
only to determine the presence or absence of
a DAVF but also to clarify the pattern of venous
drainage. Once the morphology and hemody-
namics of the lesion are appropriately delineated,
the need to pursue aggressive therapies can be
determined.

Conventional Cross-Sectional Imaging

Although the diagnosis of DAVFs has traditionally
been by DSA, many of these lesions are now
first detected or suspected on cross-sectional
imaging. Noncontrast head CT is often used as
an initial screening tool to determine the presence
of hemorrhage or edema from venous congestion,
but is otherwise limited in its diagnostic contribu-
tion. MRI can demonstrate engorged vessels,
dilated venous pouches, or abnormal vascular
enhancement in the presence of a DAVF. Several
of these findings are the result of venous hyperten-
sion or retrograde CVD, leading to medullary
venous congestion. In a series of 27 patients,
Kwon and colleagues61 demonstrated a significant
association between dilated vessels or prominent
vascular enhancement with the presence of retro-
grade CVD. Venous hypertension in high-grade
lesions is also thought to contribute to abnormali-
ties such as white matter T2 hyperintensity,
intracranial hemorrhage, or venous infarction.
Low-grade lesions may exhibit only flow-void clus-
tering, engorged veins, or proptosis. The presence
of any suspicious findings on MRI should warrant
further imaging evaluation with dynamic CTA,
MRA, or DSA for clarification of lesion grade and
management decision making.61

MRI Perfusion

DSC MR perfusion can be a very sensitive marker
for the evaluation of impaired venous drainage in
the setting of cerebral DAVF, and permits for the
quantitative evaluation of MTT, CBV, and CBF. In
patients with cerebral DAVF with retrograde
CVD, there are increased CBV values involving
the affected cerebral hemisphere secondary to

impaired venous drainage.70 The correlation of
increased parenchymal perfusion to retrograde
cortical venous drainage is controversial. Accord-
ing to Noguchi and colleagues,71 CBV ratios (CBV
values of the affected hemisphere relative to the
contralateral normal hemisphere) show increased
values in the affected cerebral hemisphere with
DAVF and retrograde CVD, in comparison with
normal control subjects and patients with DAVF
without retrograde CVD. CBV ratios in patients
with DAVF without retrograde CVD approximated
ratios in control subjects.71 Fujita and colleagues72

claim that in the setting of DAVF with or without
retrograde CVD, there is increased CBV ratio, pro-
longed transit time, and decreased CBF in the
affected cerebral hemisphere, consistent with
a pattern-impaired venous outflow. No statistically
significant difference was found in perfusion
between DAVF with or without retrograde cortical
venous drainage.72 After treatment of DAVF with
retrograde CVD, CBV ratios of the affected cere-
bral hemispheres decreased, trending toward the
values seen in normal control subjects.71

Susceptibility-Weighted Imaging

SWI is a technique that allows for improved detec-
tion of extravascular blood and better characteriza-
tion of veins carrying deoxygenated blood. SWI can
clearly depict arteriovenous shunting in cerebral
DAVF, represented as hyperintense venous signal
relating to rapid wash-in of oxygenated blood.24

SWI can accurately depict retrograde CVD asso-
ciated with DAVF. In the setting of DAVF there is
impaired venous drainage and increased venous
pressure, resulting in cortical venous engorge-
ment, as well as prolonged venous stagnation,
leading to increased venous oxygen extraction.
These factors are thought to result in increased
prominence of cortical veins on SWI in the setting
of retrograde CVD with DAVF.73 According to
Noguchi and colleagues,70 SWI depicts dilated
superficial veins involving the ipsilateral cerebral
hemisphere in all cases of DAVF with retrograde
CVD, whereas conventional MRI sequences depict
dilated superficial veins in only 71% of cases. SWI
portrays prominent deep draining veins in 64% of
the affected cerebral hemispheres, whereas T2-
weighted sequences show prominent veins in
only 34% of cases.70 This finding corresponds to
the expected increased rCBVvalues onDSCperfu-
sion sequences of the affected cerebral hemi-
sphere, secondary to impaired venous drainage.70

MR Angiography

3D TOF MRA is limited in the evaluation of DAVFs
because of the lack of hemodynamic information,
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but can suggest the presence of a lesion by
abnormal flow enhancement.74,75 In a series of
11 patients by Kwon and colleagues,61 MRA
demonstrated fistula-site enhancement in 83% of
cases, and venous flow-related enhancement in
91% of cases. Fistula-site enhancement was de-
tected only in cases with CVD; this reliance in
flow dynamics contributed to the failure in visuali-
zation of one DAVF (8%) with slow venous flow.
Lesions with smaller and multiple arterial feeders
and draining veins, as commonly seen in carotid-
cavernous fistulas, are also more difficult to visu-
alize precisely. The dependence of TOF MRA on
flow velocity can present a challenge of distin-
guishing abnormal, fast, or slow shunt flow from
normal flow in certain cases.

Dynamic MRA using time-resolved imaging of
contrast kinetics (TRICKS) has evolved substan-
tially in recent years and has developed an
increasing role in DAVF imaging. The dynamic
resolution of this modality is adequate for sepa-
rating early arterial, arterial, parenchymal, and
venous phases. Initial studies using 1.5-T scanners
were limited by low spatial resolution, signal-to-
noise ratio, and region of coverage, precluding
clear identification of feeding arteries and draining
veins or the presence of CVD.75,76 The advent of
3-T scanning technology has offered a solution to
many of these issues, and recent studies on
whole-head time-resolved MRA (trMRA) have
suggested the advantages of this modality as
a screening and surveillance tool.77,78 In a retro-
spective series of 42 patients (20 of whom
harbored DAVFs), comparing the results of trMRA
to DSA for presence, location, and classification
of DAVFs, Farb and colleagues77 reported only
a 2.4% error rate of diagnosis using trMRA. These
errors included 2 cases in which CVD was inter-
preted on trMRA images, but not demonstrated
on DSA, and one case of a Borden I lesion that
was missed on trMRA.77 Nishimura and col-
leagues78 reported a prospective series of 18
patients inwhichDSAand trMRA resultswere inde-
pendently interpreted by radiologists who were
blinded to the results of the other modality. Inter-
modality agreement for fistula site and lesion
grade, based on venous drainage pattern, was
100%, but for the identification of arterial feeders
was 89%. These data reflected the limitations of
trMRA spatial resolution compared with DSA (1 �
1 � 1.5 mm vs submillimeter, respectively), which
hinders its ability to fully characterize lesions for
therapeutic purposes. Despite this limitation, the
investigators suggest that trMRA is a suitable
modality for primary diagnosis and follow-up
evaluations for DAVFs. It must be emphasized,
however, that in patients who demonstrate

objective clinical signs of a vascular lesion, DSA
should still be performed to definitively rule out
a DAVF, irrespective of negative MRA findings.

CT Angiography

CTA can provide a useful adjunct for treatment
planning by defining the location of the arteriove-
nous shunt relative to surrounding brain and skull
anatomy. CTA can be performed rapidly, is widely
available, and can be easily combined with
other CT evaluations. DAVFs, however, can be
obscured by overlapping osseous structures on
conventional CTA, reducing the sensitivity of the
modality to as low as 15.4% in some studies.79

Several techniques for bone subtraction, including
direct subtraction, local subtraction, matched
mask bone elimination, and hybrid CTA, have
been investigated as potential solutions to these
limitations. Hybrid CTA uses reconstruction algo-
rithms to remove bone structures while preserving
the appearance of vascular channels, and has
demonstrated promising results in recent studies.
Lee and colleagues80 analyzed the diagnostic effi-
cacy of 64-detector-row hybrid CTA in the evalua-
tion of 24 DAVFs, using DSA as the reference
standard. The most common findings on CTA
were asymmetric sinus enhancement (92%), en-
gorged arteries (79%), and enhancing transoss-
eous vessels (79%).80 Lesion grade by CTA was
confirmed by DSA in 100% of cavernous sinus
lesions and 78% to 89% of transverse-sigmoid
lesions. Hybrid CTA images were also suitable
for treatment planning in most cases. Hybrid CTA
lacks dynamic information, and requires further
experience before its full role in DAVF evaluation
can be determined.80

The advent of 320-detector-row CT scanners
has also opened investigations into 4-dimensional
(4D) dynamic CTA for the evaluation of DAVFs
(Fig. 5).81,82 The appeal of this technology is
similar to that of trMRA, as a potential tool to
replace DSA for primary diagnosis and follow-up
in patients who would otherwise require repeat
DSA studies. Willems and colleagues82 have
described their preliminary experience with 4D
CTA in the evaluation of 11 DAVFs. DSA and
CTA studies were interpreted independently by
two blinded observers using a standardized
scoring system. Ten of 11 cases were successfully
detected on 4D CTA and agreed fully with the Bor-
den classification on DSA. However, one Borden
III lesion (9%), which had presented with a hemor-
rhage, was undetected on 4D CTA as a result of
slow flow and low shunt volume. Large arterial
feeders were recognized in 6 of 10 cases on 4D
CTA, but additional contributors were missed in
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up to 8 of 10 cases on 4D CTA.82 The investigators
concluded that 4D CTA currently lacks the spatial
resolution to sufficiently delineate the angioarchi-
tecture of DAVFs, and suggested the continued
use of DSA for diagnosis and treatment planning.
Of interest, the spatial and temporal resolution
achieved on 4D CTA is greater than that of trMRA,
but studies have demonstrated superior sensitivity
for DAVF detection with trMRA.77,79 With con-
tinued developments in CT scanning technologies
and reconstruction algorithms, 4D CTA will un-
doubtedly continue to advance, and further evalu-
ation of its diagnostic value as an adjunct to DSA
is merited. As with any CT-based technology,
consideration of radiation dose will also ultimately
be important in determining the optimal applica-
tion of this modality toward patient care.

2D DSA and C-Arm Cone-Beam CT

Despite advancements in noninvasive imaging
modalities, conventional DSA remains the gold
standard for detection and classification of DAVFs

(see Figs. 5 and 6). DSA has a submillimeter
spatial resolution, allowing detection of small
lesions that may be missed by other modalities.
The temporal resolution and ability to perform
selective injections allow for precise identification
of early dural venous sinus filling or cortical venous
reflux. Catheter angiography also provides the
foundation for endovascular embolization, which
has becomea first-line therapy for DAVF treatment.
The use of 3D CBCT, also called flat detector

CT, as an adjunct to 2D DSA has recently been
described for the evaluation of DAVFs. CBCT
addresses several of the challenges of DSA: it
has a high spatial resolution of 0.1- to 0.4-mm vox-
els and can clearly delineate venous structures
that are often obscured by the effects of contrast
dilution or motion artifact on DSA. These advan-
tages allow it to accurately demonstrate fistulous
points and visualize even very small arterial
feeders or draining veins without the need for
additional selective DSA injections (see Fig. 6D, E).
A series of 14 patients reported by Hiu
and colleagues83 found that CBCT contributed

Fig. 5. A 56-year-old man with history of chronic progressive headaches. Axial dynamic 320-slice CTA images of
the head (A and B) show high-flow posterior fossa dural arteriovenous fistula with multiple tiny posterior inferior
cerebellar artery and posterior meningeal (from vertebral artery) arterial feeding branches (long arrow), with
arteriovenous fistula point (arrowhead). There is a large dilated draining venous varix anterior to the fistula.
3D reformatted sagittal dynamic CT angiography image (C) and sagittal DSA image (E) in early arterial phase,
with multiple arterial feeders, fistulous point (arrowhead), adjacent early draining vein, and dilated draining
venous varix. 3D reformat sagittal dynamic 320 CTA image (D) and sagittal DSA image (F) in late arterial phase
shows multiple tortuous early draining veins (short arrows).
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additional findings in 57% of cases compared with
corresponding DSA images; the majority of these
findings demonstrated the precise fistulous point.
Similar evidence for the utility of CBCT has
been compiled for the evaluation of spinal
DAVFs.84 In addition to demonstrating fine
vascular detail, CBCT also has the advantage of
concurrently visualizing the surrounding osseous
structures, which can be of particular value for
surgical planning. CBCT does not provide
a dynamic evaluation, so arterial and venous
components are visualized simultaneously and
can be challenging to differentiate without corre-
sponding DSA images. Although more experience
is needed to further evaluate the utility of CBCT
as an adjunct to DSA, preliminary evidence
already highlights its potential contributions to
the diagnosis and treatment of DAVFs.

SUMMARY

Imaging of cerebral AVMs and DAVFs is central to
the diagnosis, proper characterization, and

evaluation of these lesions. Imaging is helpful in
pretreatment planning as well as posttreatment
evaluation for residual arteriovenous shunting.
DSA remains the gold standard for evaluation of
AVM and DAVF, and CBCT is providing improved
3D evaluation. CT and MRI applications are
complementary, and provide useful information
relating to the association of the vascular lesions
to the surrounding intracranial structures as well
as physiologic information, which cannot always
be adequately evaluated with DSA. Significant
improvement in imaging techniques has allowed
progressive improvement in temporal and spatial
resolution for MRA and CTA techniques, thereby
allowing for improved noninvasive evaluation of
time-dependent characteristics.
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Classif ication
Schemes for
Arteriovenous
Malformations
Jason M. Davies, MD, PhDa, Helen Kim, PhDb,c,
William L. Young, MDa,b,c,d, Michael T. Lawton, MDa,c,*

Judicious patient selection is essential to avoid
surgical complications and poor neurologic
outcomes with microsurgical resection of brain
arteriovenous malformations (AVMs). The wide
variety of AVM anatomy, size, location, and clinical
presentation makes patient selection for surgery
a difficult process. Neurosurgeons have analyzed
their surgical experiences to identify factors that
determine the risks of surgery to assist them in
this selection process. Numerous classification
schemes have been developed, each with
its own emphasis, accuracy, advantages, and
disadvantages. Some are complex and others
simple, each striving to predict surgical risk and
to achieve bedside applicability. These classifica-
tion schemes have value because they transform
complex decisions into algorithms. In this review,
the important grading schemes that have contrib-
uted to management of patients with brain AVMs
are described, and our current approach to patient
selection is outlined.

PRE–SPETZLER-MARTIN CLASSIFICATION
SCHEMES

The first major AVM grading scheme developed by
Luessenhop and Gennarelli1 in 1977 formulated
a grade from I to IV based on the number of
feeding arteries for which there is standardized
nomenclature. The score was determined by
counting the number of tertiary arteries feeding
the AVM from a single vascular territory, like the
middle cerebral artery (MCA), anterior cerebral
artery (ACA), or posterior cerebral artery (PCA)
territory. When the AVM was supplied by multiple
territories, the grade was determined by the
vascular territory with the largest number of
feeders. No additional grade was assigned for
large AVMs with more than 4 arteries, because
these lesions were deemed inoperable. There
were several exceptions in this scheme: lenticu-
lostriate vessels were counted as named arteries;
choroid plexus-based AVMs were deemed grade
III because they are supplied by 1 anterior and 2
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posterior choroidal arteries; and corpus callosum
AVMs were deemed grade II when supplied by
pericallosal arteries and grade III when supplied
by the PCA. The investigators made allowances
for clinical status to supplement anatomic grading
scale, but clear guidelines for integrating clinical
and anatomic factors were lacking. Surgical
results in 49 patients showed that grade I AVMs
were associated with low risk, higher-grade
AVMs were associated with increasing risks, and
grade IV AVMs were managed nonoperatively.
Luessenhop and Rosa2 simplified this grading

scheme in 1984 by considering only the angio-
graphic size of the AVM, which was believed to
be easier than counting arterial feeders. The new
grades were assigned based on nidus diameter:
grade I, less than 2 cm; grade II, 2 to 4 cm; grade
III, 4 to 6 cm; and grade IV, greater than 6 cm. The
original classification scheme excluded AVMs in
the cerebellum, brain stem, and region of the
vein of Galen malformations, whereas the new
scheme included cerebellar AVMs. In a surgical
series consisting of 90 patients, the investigators
showed low morbidity and mortality with grades I
and II AVMs, and therefore recommended surgical
resection for these lesions, with minimal consider-
ation of nidus location, age, or comorbidities. The
investigators recommended more conservative
management of patients with high-grade lesions
(grade III and IV) and careful consideration of these
other anatomic and clinical factors.
Shi and Chen3 presented an alternative classifi-

cation scheme in 1986 that considered AVM size,
location and depth, arterial supply, and venous
drainage. Each of these 4 aspects was divided
into 4 grades. Specifically, size was graded as
less than 2.5 cm (grade I), 2.5 to 5 cm (grade II),
5 to 7.5 cm (grade III), or greater than 7.5 cm
(grade IV). Location and depth were graded as
superficial/nonfunctional (grade I), superficial/
functional (grade II), deep (grade III), and deep/vital
(grade IV). Arterial supply was graded as single
superficial branch of MCA or ACA (grade I),
multiple superficial branches of MCA or ACA
(grade II), PCA branches or deep MCA or ACA
branches (grade III), and branches of all 3 cerebral
arteries or vertebrobasilar artery (grade IV).
Venous drainage was graded as single superficial
(grade I), multiple superficial (grade II), deep (grade
III), and deep with variceal dilatation (grade IV). The
final AVM grade was “matched to the appropriate
highest grade when at least 2 criteria are in that
grade,” or was a mixed or intermediary grade if
only one was in the highest grade. Although this
classification scheme has 4 grades, this method
of grading led to 6 different groupings in the inves-
tigators’ surgical series of 100 patients. Excellent

results were achieved in patients with grade I, I
to II, and II AVMs, with increasing morbidity/
mortality in patients with AVMs grade II to III, III,
and III to IV. This classification scheme incorpo-
rated similar anatomic features as the Spetzler-
Martin4 scheme, but it failed to gain acceptance
because of its complexity, with grading within
grades and mixed final grades.

SPETZLER-MARTIN CLASSIFICATION SCHEME

In 1986, Spetzler and Martin4 published what has
become the predominant classification scheme
for brain AVMs. After considering a range of
factors including size, number of feeding arteries,
location, operative accessibility, shunt flow,
vascular steal, location, and venous drainage,
these investigators settled on a simplified scheme
using only size, eloquence of surrounding brain
parenchyma, and venous drainage pattern.
Simplicity, applicability at the bedside, and accu-
rate outcome prediction were the investigators’
principal objectives.
Each factor in the grading scale was scored

independently. Size was divided into 3 categories,
with small AVMs less than 3 cm assigned 1 point,
medium AVMs 3 to 6 cm assigned 2 points, and
large AVMs greater than 6 cm assigned 3 points.
Venous drainage was considered superficial if it
drained into cortical veins and convexity sinuses
and assigned 0 points, or deep if it drained into
veins that coursed to the vein of Galen (ie, internal
cerebral veins, basal veins of Rosenthal, and pre-
central cerebellar vein) and assigned 1 point.
AVM eloquence was assessed anatomically based
on the presumed function of surrounding brain
tissue, with 1 point assigned to lesions located
in sensorimotor cortex, language areas, visual
cortex, hypothalamus, internal capsule, brain
stem, cerebellar peduncle, or deep cerebellar
nuclei. AVMs not in these regions were assigned
0 points for eloquence. The final AVM grade was
the sum of points across the 3 domains, with
a range from I to V. AVMs that are too complex
for resection, like intrinsic brain stem and holohe-
mispheric AVMs, were deemed grade VI.
The Spetzler-Martin grading system was initially

evaluated in a retrospective analysis of the investi-
gators’ surgical experience in 100 consecutive
surgically resected AVMs. Outcomes were cate-
gorized as “no deficit,” “minor deficit” (including
temporary worsening of neurologic function, mild
ataxia, or mild increase in brain stem deficit), or
“major deficit” (including aphasia, hemianopsia,
or hemiparesis). There were no major deficits and
only 1 minor deficit in patients with low-grade
AVMs (grades I and II, Table 1). Patients with
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high-grade AVMs experienced higher rates of
both major (grade IV, 7%; and grade V, 12%) and
minor deficits (grade IV, 20%; and grade V, 19%).
A subsequent prospective analysis by the senior
author5 as well as independent analyses by other
groups6–8 confirmed the accuracy of the grad-
ing system to predict operative morbidity and
mortality.

This grading system has been widely accepted
by neurosurgeons and other clinicians for its
simplicity and practicality, quickly providing esti-
mates of surgical risk. Furthermore, its easy appli-
cability has made the grading system an integral
part of the description and language of brain
AVMs. Experience with this grading has identified
3 distinct groups of patients. Low-grade AVMs
(grades I and II) have low morbidity associated
with their resection and are frequently treated
surgically. High-grade AVMs (grades IV and V)
have highmorbidity associated with their resection
and are frequently managed conservatively. Grade
III AVMs have intermediate morbidity associated
with their surgical resection, and treatment recom-
mendations require an individualized approach
with multimodality treatment.

MODIFICATIONS OF THE SPETZLER-MARTIN
CLASSIFICATION SCHEME

One deficiency of the Spetzler-Martin grading
system is its handling of grade III AVMs. A 2-cm
thalamic AVM with deep drainage has the same
score as a 7-cm right frontal pole AVM with super-
ficial drainage, yet these 2 different lesions have
the same grade. Grade III AVMs are the most
heterogeneous of the 5 grades, with 4 different
combinations of size, venous drainage, and
eloquence and one-third of all combinations of
these elements of the grading scale. In addition,
these AVMs are technically challenging, at the limit

of what many neurosurgeons are willing to accept
in terms of technical difficulty and potential
morbidity. The Spetzler-Martin grading system
groups these diverse lesions together and fails to
provide the clarity in management that it does for
low-grade and high-grade AVMs.

In an analysis of a consecutive series of 76
grade III AVMs, Lawton9 confirmed that neurologic
outcomes varied according to the subtype of
grade III AVM (Table 2). Small grade III AVMs,
with 1 point assigned for size, deep venous
drainage, and eloquence (S1V1E1), were the
most common and had the lowest surgical
risk (3% morbidity). In contrast, medium-sized/
eloquent grade III AVMs (S2V0E1) had the highest
surgical risk (15% morbidity). Medium-sized/deep
grade III AVMs (S2V1E0) had an intermediate
surgical risk (7%). Large grade III AVMs (S3V0E0)
are rare, with none in this surgical experience.

Based on these data, grade III AVMs should not
be considered a homogeneous group with equiva-
lent risks for all subtypes, as the Spetzler-Martin
scheme suggests. Instead, grade III AVMs should
be analyzed according to the 4 subtypes defined
by the Spetzler-Martin scheme. Lawton proposed
a modification to the Spetzler-Martin scheme to
emphasize these differences. Small grade III
AVMs were designated grade III� because their
surgical risk was less than the average grade III
lesion, more like a grade II lesion. Medium/
eloquent grade III AVMs were designated grade
III1 because their surgical risk was more than
the average grade III lesion, more like a grade IV
lesion. Medium/deep grade III AVMs were desig-
nated plain grade III because their surgical risk
was the same as the average grade III lesion.
Large grade III AVMs were designated grade III*
because they are lesions fabricated by the grading
system with an incidence so low that their surgical
risk is unclear and their clinical relevance minimal.

Table 1
Grading scheme of Spetzler andMartin correlatedwith operative outcome by grade in 100 consecutive
patients

Grade Patients (n) No Deficit (n) (%) Minor Deficit (n) (%) Major Deficit (n) (%) Death (%)

I 23 23 100 0 9 0 0 0

II 21 20 95 1 5 0 0 0

III 25 21 84 3 12 1 4 0

IV 15 11 73 3 20 1 7 0

V 16 11 69 3 19 2 12 0

Total 100 86 86 10 10 4 4 0

Adapted from Spetzler RF, Martin NA: A proposed grading system for arteriovenous malformations. J Neurosurg
1986;65:476–83.
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Large, superficial AVMs in noneloquent brain can
occur only in the frontal or temporal poles; large
AVMs in other locations are likely to have a deep
draining vein or abut eloquent brain tissue.
This modification to the Spetzler-Martin system

facilitates treatment recommendations. Grade
III� and III AVMs are typically managed surgically,
whereas grade III1 lesions are managed conser-
vatively. This modification improves the capacity
of the Spetzler-Martin grading system for bedside
decision making.

NEW AND SUPPLEMENTARY CLASSIFICATION
SCHEMES

Although the original Spetzler-Martin classification
scheme has become an established part of the
AVM literature5,10–14 Spetzler himself recognized
that there was redundancy in the grading system,
with low-grade AVMs being managed similarly
with surgery and high-grade AVMs managed
conservatively. Therefore, Spetzler and Ponce15

condensed the original 5-tier grading system into
3 tiers: grades I and II were combined into class
A; grade III became class B; and grades IV and V
became class C. In a compilation of 1476 cases
from the literature, the investigators showed by
pair-wise comparison that the differences in
surgical outcomes were smallest between grades
I and II AVMs and again between grades IV and
V AVMs. The predictive power, as measured by
calculated area under the receiver operating char-
acteristic (ROC) curve, for the 3-tiered system was
identical to that for the 5-tiered system (0.713 and
0.711, respectively), supporting this condensed
classification system.
Ponce and Spetzler made broad treatment

recommendations based on AVM class. Class A

lesions are managed surgically with a goal of
complete resection; class B are managed with
multimodality treatment that includes endovascu-
lar and radiosurgical intervention in addition to
surgical resection; and class C lesions are largely
deemed nonsurgical, with exceptions made for
recurrent hemorrhage, progressive neurologic
deficits, steal-related symptoms, and AVM-
related aneurysm. Proponents of this simplification
of the grading system emphasize that fewer
classes group together patients with a rare
disorder and that the larger groups correspond
more directly with treatment recommendations.
Opponents of this simplification argue that it
does not simplify the analysis of the AVM because
the same scoring steps of the original Spetzler-
Martin scale are required with an additional step
to reclassify the AVM. Opponents also emphasize
that the class-specific recommendations are
vague and encumbered with exceptions. For
example, the class system does nothing to shed
light on the heterogeneous group of grade III
lesions. Patient selection is a sophisticated
process that requires more complexity, not less.
To counter this trend toward simplification, new

and supplementary classification schemes have
been proposed. Additional factors are important
to patient selection but are not part of the
Spetzler-Martin grading scale, including hemor-
rhagic presentation, age, deep perforating artery
supply, and diffuseness. Presentation with hemor-
rhage not only indicates AVMs with high risk of
rehemorrhage but also facilitates surgery. Hema-
tomas help separate AVMs from adjacent brain;
evacuation of hematoma creates working space
around the AVM that can minimize transgression
of normal brain or access a deep nidus that
might otherwise have been unreachable; and

Table 2
Surgical risk, according to the type of Spetzler-Martin grade III arteriovenous malformationa

Grade III Type

No. of Patients

Total
Improved or Unchanged
(Number [%])

New Deficit
or Death Modified Spetzler-Martin Grade

S1V1E1 34 33 (97.1) 1 (2.9) III�
S2V1E0 14 13 (92.9) 1 (7.1) III

S2V0E1 27 23 (85.2) 4 (4.8) III1

S3V0E0 0 0 0 III*

Overall 75 69 (92.0) 6 (8.0)

a Patients lost to follow-upmonitoring, for whom outcome data were not available, were excluded from the calculations.
Adapted from LawtonMT: Spetzler-Martin Grade III arteriovenousmalformations: surgical results and amodification of

the grading scale. Neurosurgery 2003;52:740–8 [discussion: 748–9].
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hemorrhage can obliterate some of the arterial
supply of the AVM to reduce its flow during
resection. AVM hemorrhage and microsurgery
can injure brain tissue, but young age and plas-
ticity can enhance a patient’s ability to recover
neurologic function. Compact AVMs with tightly
woven arteries and veins often have distinct
borders that separate cleanly from the adjacent
brain, whereas diffuse AVMs with ragged borders
and intermixed brain force the neurosurgeon to
establish dissection planes that can extend into
normal brain. Deep perforating arteries are thin,
fragile, and difficult to occlude with cautery.
Bleeding during surgery can escape into deep
white matter tracts and cause significant deficits.
All of these factors (hemorrhagic presentation,
young age, compactness, and absence of deep
perforator supply) have been identified as
predictors of good outcomes after microsurgical
resection.1,2,16–19

Alternative AVM classification schemes have
been proposed since the introduction of the
Spetzler-Martin grading system to incorporate
these other factors and improve surgical risk
prediction and patient selection. Tamaki and
colleagues17 identified age as a significant
predictor of outcome, but did not include it in the
grading system. They assigned points for size
(small or large), number of feeding artery systems
(1–2 or �3), and location (superficial or deep),
stratifying AVMs into 5 grades ranging from 0 to
4 that correlated with surgical difficulty. Their
grading system was too similar to the Spetzler-
Martin system and they failed to use age in their
classification scheme.

After finding that neither AVM size nor venous
drainage pattern influenced outcome in their
experience, Hollerhage19 proposed a grading
system based on 5 territories of feeding artery
supply (ACA, MCA, PCA, Rolandic branches, and
anterior communicating artery shunt flow). This
grading system was among the first to incorporate
a clinical variable in addition to these anatomic
variables, assigning 1 point for Hunt and Hess20

grades I to II and 2 points for Hunt and Hess
grades III to V. The Hunt and Hess grade contained
within this AVM grading system is a surrogate for
hemorrhagic presentation, but Hunt and Hess de-
signed their scale for patients with aneurysm with
subarachnoid hemorrhage, and its application to
patients with AVM was awkward. Despite the
possibility of an AVM grade as high as 7, grades
ranged from 1 to 4 in this study and correlated
with Glasgow Outcome Scale (GOS) scores.
However, by measuring surgical results by final
GOS rather than changes in GOS scores, this
grading scale failed to recognize the surgical

advantages associated with hemorrhagic
presentation.

Perhaps the most comprehensive grading
system for AVMs was proposed by Pertuiset and
colleagues.16 In addition to angiographic factors
like AVM location and feeding artery supply, this
system analyzed AVM sectors, caliber of feeding
arteries, nidus volume, and hemodynamic factors
including cerebral steal and circulatory velocity of
radiolabeled red blood cells. This system included
age and previous hemorrhage in its clinical vari-
ables. Using elaborate tables, each variable was
coded, and these codes were added to generate
operability scores ranging between 3 and 69,
with AVM scores less than 30 considered oper-
able. The investigators concluded that the score
system was too complicated and too impractical
for clinical use.

The University of Toronto Brain AVM Study
Group18 developed a discriminative prediction
model of neurologic outcomes associated with
AVM resection that recognized nidus diffuseness
as a critical predictor variable. The Toronto model
incorporated just 3 variables, weighted them with
rounded odds ratios (eloquence 5 4, diffuse-
ness 5 3, and deep venous drainage 5 2), and
added points to form a 9-point stratified risk
score. Discrimination of this model for predicting
permanent disabling neurologic outcomes was
high (area under the ROC curve, 0.79), and better
than the Spetzler-Martin scale (area under the
ROC curve, 0.69). The grading system of the
Toronto group is simple, but it has not been
widely applied in the years since its publication
because it competes with the Spetzler-Martin
grading system, reaffiliating eloquence and
venous drainage with the newer scale.

Lawton and colleagues21 envisioned a grading
system that would supplement rather than replace
the already entrenched Spetzler-Martin grading
system (Table 3). This supplementary grading
system has its own unique variables separate
from the Spetzler-Martin scale. Points were as-
signed for patient age, hemorrhagic presentation,
and AVM diffuseness, analogous to the Spetzler-
Martin scoring system. Pediatric patients (age
<20 years) were assigned 1 point; adults (age
20–40 years) were assigned 2 points; and older
patients (>40 years) were assigned 3 points.
Patients presenting with unruptured AVMs were
assigned 1 point and ruptured AVMs 0 points.
Diffuse AVMs were assigned 1 point and compact
AVMs 0 point. These points were added together
for a supplementary AVM grade that ranged from
1 to 5. Simplicity is a critical aspect of a popular
grading scale, and a supplementary grading scale
was designed with this in mind. In addition, the 2
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grading systems are analogous in their structure to
make the supplementary grading scale memo-
rable. These investigators analyzed a consecutive
surgical series of 300 patients to compare the
predictive accuracy using the Spetzler-Martin
scale and the supplementary scale. The supple-
mentary grading scale had high predictive accu-
racy (area under the ROC curve, 0.73 vs 0.65 for
the Spetzler-Martin grading system) and stratified
surgical risk more evenly (Table 4).
Lawton and colleagues proposed that this

supplementary grading system be used to improve
and refine patient selection for AVM surgery. Clin-
ical decisions begin with an analysis of nidus
size, venous drainage, location, diffuseness, age,
and presentation, generating Spetzler-Martin and
supplementary grades. The Spetzler-Martin grade
provides an initial risk estimate. The supplemen-
tary grade can be considered separately, with
supplementary grades �3 having an acceptably
low risk of AVM resection. It can also be added
to the Spetzler-Martin grade, with combined
grades �6 having an acceptably low surgical
morbidity. An analysis of supplementary factors
can affect a management decision by confirming
the risk predicted by the Spetzler-Martin grade.
For example, an AVM with a low Spetzler-Martin
grade (grade I–III) may be favorable for microsur-
gical resection, and a low supplementary grade
(I–III) may strengthen the recommendation for
surgery. Lawton and colleagues found that 62%
of patients had low-grade AVMs according to
both grading systems, and 85% of these patients
were improved or unchanged after surgery
(Table 5). Conversely, an AVM with a high
Spetzler-Martin grade (IV–V) may be unfavorable
for microsurgical resection, and a high supple-
mentary grade (IV–V) may strengthen the recom-
mendation for nonoperative management. In

these cases of matched Spetzler-Martin
and supplementary grades, the supplementary
grading system has a confirmatory role and may
not alter management decisions.
However, in cases of mismatched Spetzler-

Martin and supplementary grades, the supple-
mentary grading system may alter management
decisions and therefore has a more important
role. Lawton and colleagues found that 28% of
patients had low Spetzler-Martin grades and high
supplementary grades, and 41% of these patients
were neurologically worse after surgery (see
Table 5), which is a higher morbidity than that of
Spetzler-Martin grade IV AVMs (31%). Insight pro-
vided by the supplementary grade might have dis-
couraged the recommendation for surgery in some
of these patients. Similarly, 7% of patients had
high Spetzler-Martin grades and low supplemen-
tary grades, and 29% of these patients were
neurologically worse after surgery (see Table 5).
This proportion of worsening was lower than the
35% morbidity for the overall group of Spetzler-
Martin grade IV and V AVMs, and equivalent to
the 30% morbidity seen for grade III AVMs. Again,
insight provided by the supplementary grade
might have encouraged the recommendation for
surgery in some of these patients. Spetzler-Martin
grade III AVMs have surgical risks that depend on
the subtype, with small grade III� lesions associ-
ated with lower risk and medium/eloquent grade
III1 lesions associated with higher risk. In addition
to considering the grade III subtype, considering
the supplementary grade may influence surgical
decisions for patients with AVM at the borderline
between high and low risk. The University of
California at San Francisco experience shows
that factors outside the Spetzler-Martin grading
system improve the prediction of neurologic
outcome after AVM resection, and that a simple

Table 3
Comparison of the Spetzler-Martin grading system and the supplementary grading system

Spetzler-Martin Points Supplementary

Size <3 cm 1 Age <20 y
3–6 cm 2 20–40 y
>6 cm 3 >40 y

Venous Drainage Superficial 0 Unruptured No
Deep 1 Yes

Eloquence No 0 Diffuse No
Yes 1 Yes

Total 5

Adapted from Lawton MT, Kim H, McCulloch CE, et al. A supplementary grading scale for selecting patients with brain
arteriovenous malformations for surgery. Neurosurgery 2010;66:702–13 [discussion: 713].

Davies et al48



Table 4
Application of the supplementary grading system and combined Spetzler-Martin/supplementary
scores

Neurologic Outcome

Worse of Dead Improved or Unchanged

N % N %

Spetzler-Martin Grade

I 5 8.9 51 91.1

II 30 24.4 93 75.6

III 27 30.0 63 70.0

IV 9 31.0 20 69.0

V 2 100.0 0 0.0

Supplemental Grade

I 1 3.7 26 96.3

II 8 11.9 59 88.1

III 25 22.1 88 77.9

IV 32 40.5 47 59.5

V 7 50.0 7 50.0

Combined Grade

1 0 0.0 0 0.0

2 0 0.0 7 100.0

3 0 0.0 21 100.0

4 5 9.1 50 90.9

5 19 21.1 71 78.9

6 19 27.1 51 72.9

7 24 54.5 20 45.5

8 4 50.0 4 50.0

9 2 40.0 3 60.0

10 0 0.0 0 0.0

Adapted from Lawton MT, Kim H, McCulloch CE, et al. A supplementary grading scale for selecting patients with brain
arteriovenous malformations for surgery. Neurosurgery 2010;66:702–13 [discussion: 713].

Table 5
Matched and unmatched prediction of risk for morbidity after surgery

Total
Improved,
Unchanged Worse, Dead

N % N % N %

Matched Risk Prediction

Low-grade, Spetzler-Martin and
supplemental scores

186 62 158 85 28 15

High-grade, Spetzler-Martin and
supplemental scores

10 3 5 50 5 50

Mismatched Risk Prediction

Low Spetzler-Martin, high
supplemental scores

83 28 49 59 34 41

High Spetzler-Martin, low
supplemental scores

21 7 15 71 6 29

300 100 227 — 73 —

Adapted from Lawton MT, Kim H, McCulloch CE, et al. A supplementary grading scale for selecting patients with brain
arteriovenous malformations for surgery. Neurosurgery 2010;66:702–13 [discussion: 713].
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supplementary grading system can be easily
applied at the bedside to refine patient selection
for AVM surgery.

NATURAL HISTORY RISK PREDICTION

Neurosurgeons have focused on the prediction of
surgical risk with classification schemes to help
them recommend AVM resection. However, the
natural alternative to AVM resection is observa-
tion, which is particularly important with high-
grade AVMs associated with high surgical risks.
Therefore, predicting the natural history risk of
an AVM is as important in the clinical decision as
predicting the surgical risk. An accurate under-
standing of the hemorrhagic behavior of untreated
AVMs is essential when comparing conservative
and surgical options.
Ondra and colleagues22 examined prospec-

tively a cohort of 160 patients with AVM managed
nonoperatively over a 33-year period in Finland,
drawn from a population that included more than
90% of patients with AVM in that country. These
patients presented with hemorrhage (71%),
seizures without evidence of hemorrhage (24%),
or other symptoms including headaches, asymp-
tomatic bruits, or other neurologic complaints
(5%). The annual rate of AVM hemorrhage was
4%, regardless of presentation and constant
over a mean follow-up of 23.7 years. The mortality
was 1% annually and the combined major
morbidity/mortality was 2.7% annually. The mean
interval between presentation and subsequent
hemorrhagic events was 7.7 years.
Other reports in the literature estimate the

annual risk of AVM hemorrhage to be 2% to 4%
(Table 6).22–26 The New York Islands AVM
Hemorrhage Study,27,28 a prospective survey of
a zip-code–defined population of nearly 10 million
inhabitants, found an AVM detection rate of 1.21/
100,000 person-years, with incidence of hemor-
rhage being 0.42/100,000 person-years. The

Northern Manhattan Stroke Study29,30 found the
incidence of first-ever AVM hemorrhage to be
0.55/100,000 person-years. These studies offer
insight into the clinical and anatomic factors that
influence AVM natural history. Data from Columbia
AVM Databank31 showed that deep brain location,
exclusively deep venous drainage, and presenta-
tion with AVM hemorrhage were all associated
with increased risk of new hemorrhage. The
hemorrhage risks associated with these factors
were additive, with an average annual rupture
rate that ranged from 0.9% with no risk factors
to 34.4% with all 3. In addition, associated arterial
aneurysms increased the risk of hemorrhage, with
a relative risk of 2.28 for patients with intranidal
aneurysms and 1.88 for patients with feeding
artery aneurysms.32 Stapf and colleagues also re-
ported that borderzone AVMs fed by at least 2
arteries from the circle of Willis had a decreased
risk of hemorrhage (27% vs 60%, respectively).
Based on a cohort of 705 patients with AVM, Nataf
and colleagues33 identified similar angiographic
factors associated with hemorrhage risk: venous
recruitment, venous stenosis, venous reflux,
deep venous drainage, and intranidal or juxtanidal
aneurysms. A classification scheme incorporating
these factors showed increasing hemorrhage risk
with grade.
Despite these insights, most estimates of

untreated AVM rupture risk are crude at best.
There are statistical estimates based on the multi-
plicative law of probability for the lifetime risk
of hemorrhage34: Rupture risk 5 1 – (risk of no
hemorrhage)(life expectancy). This formula assumes
a constant yearly risk of hemorrhage with indepen-
dent behavior over all years. This formulaic
approach yields an estimate lifetime hemorrhage
risk, but is not a practical bedside tool. Simplified
formulas are more practical and popular: rupture
risk5 105 � patient age.34,35 The use of simplified
formulas and the lack of an accepted natural
history grading system show that efforts to define

Table 6
Summary of natural history studies for arteriovenous malformation rupture

Author Study Design Cases Follow-up Term (y) Hemorrhage Rate (%/y)

Graf et al,23 1983 Retrospective 71 4.8 4.1

Crawford et al,24 1986 Retrospective 217 10.4 3.4

Brown et al,25 1988 Retrospective 168 8.2 2.3

Ondra et al,22 1990 Retrospective 160 23.7 1.7

Mast et al,26 1997 Prospective 139 1.0 2.2

Adapted from http://www.neurosurgery.ufl.edu/residency/images/Vascular_Malformations.pdf.
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the risks of observation have lagged behind efforts
to define the surgical risks. The importance of such
a natural history grading system is clear. As the
underlying biology of AVMs and AVM rupture is
elucidated, this system will likely include the clin-
ical and anatomic factors discussed earlier but
also genetic and hemodynamic factors that influ-
ence the ongoing inflammation and angiogenesis
inside an AVM nidus.

CLASSIFICATION SCHEMES FOR
NONSURGICAL THERAPIES

AVMs are treated by other modalities besides
surgery, and with multimodality strategies. Classi-
fication schemes predicting surgical risk say
nothing about the risks of these alternative thera-
pies. However, the usefulness of surgical grading
systems provided impetus to develop similar ra-
diosurgical and endovascular grading systems.

The factors that are important to AVM oblitera-
tion by stereotactic radiosurgery are different
from the factors in the Spetzler-Martin grading
system. Inoue and colleagues36 identified size,
morphology, and hemodynamics as factors most
predictive of radiosurgical outcome. The investi-
gators classified AVM hemodynamics as Moya-
type (small-caliber feeding arteries, compact
nidus, and veins that drain in the venous phase
of the angiogram), shunt type (large-caliber
feeding arteries, indistinct nidus, and veins that
drain early in the arterial phase), or mixed. AVM
morphology was classified as homogeneous
or heterogeneous. Radiosurgical results in 30
patients showed that small, homogeneous,
Moya-type AVMs had the best obliteration rates,
and that other AVMs with shunt and mixed
hemodynamics benefit from preradiosurgical
embolization.

Pollock and Flickinger37 developed a more
quantitative radiosurgical classification scheme
called the radiosurgery-based AVM grading
system. Multivariate analysis of data from 220
patients identified 5 variables associated with ra-
diosurgical success, defined as complete nidus
obliteration without new or worsening neurologic
deficit: AVM volume, age, location, previous
embolization, and number of draining veins. The
latter 2 factors added little to predictive accuracy
and were omitted from the final equation for
outcome: AVM score 5 0.1 � (volume in cm3) 1
0.02 � (patient age in years) 1 0.3 � (location of
lesion (frontal or temporal 5 0; parietal, occipital,
intraventricular, corpus callosum, or cerebellar5 1;
and basal ganglia, thalamic, or brainstem 5 2)).
Patients with a composite score of less than 1
had excellent outcomes, whereas only 39% of

patients with scores greater than 2 had excellent
outcomes. The predictive equation was validated
at a different institution using a separate patient
cohort of 136 patients. To reduce the complexity
of the scheme, the location variable was modified
to be 2-tiered, with lesions in the hemispheres,
corpus callosum, and cerebellum assigned
0 points, and those in the basal ganglia, thalamus,
and brain stem assigned 1 point.38 This modified
equation was validated on an additional 247
patients. Although this grading system was devel-
oped at a center using exclusively Gamma Knife
(Elekta AB, Sweden) radiosurgery, it has been vali-
dated at linear accelerator-based centers as
well.39 The scale was based on outcome data after
a single radiosurgery procedure. Radiosurgery has
a long latency period, and many radiosurgical
patients require repeat radiosurgery or surgery to
achieve complete obliteration of the lesion. There-
fore, outcome data used for radiosurgical grading
scales require diligent follow-up.

Endovascular embolization of AVMs has long
been a surgical adjunct rather than a curative
therapy. Consequently, there have been few
attempts to create an endovascular classification
scheme. TheViennagroup40producedaclassifica-
tion based on AVM size, number of feeding
arteries, and pial versus perforating feeding
arteries. Low-grade AVMs that were small, had
fewer than2 feedingarteries, andwerenot supplied
by perforators were suitable for endovascular
therapy, whereas high-grade AVMs that were large
(>4 cm), hadmore than 4 feeding arteries, andwere
suppliedbyperforatorswere not suitable for endo-
vascular therapy. Improved embolic agents like
Onyx (ev3 Endovascular, Inc, Irvine, CA, USA) and
more navigable microcatheters have increased
the rates of curative AVM embolization. As tech-
nology and techniques evolve and obliteration
rates increase, there will undoubtedly be additional
classification schemes that will help select patients
for curative endovascular intervention.

SUMMARY

The decision to treat a patient’s AVM is a complex
process that must consider the individual’s clinical
presentation, anatomy, and biology. A treatment
strategy is conceived that may involve 1 or multiple
modalities, and the cumulative risks of the overall
treatment strategy are estimated. Alternative treat-
ments and strategies are also conceived and
analyzed for risk. Grading systems are useful in
making these estimations. The grading systems
that stand the test of time are simple, applicable,
and accurate. Other grading systems that are
complex, cumbersome, or inaccurate are quickly
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discarded. Final recommendations are derived by
comparing the therapeutic risks with the natural
history risks. It is important to not only individualize
recommendations for a particular patient but also
to individualize grading systems for a particular
neurosurgeon and a particular institution. There
is no value in quoting published results if they differ
from one’s own personal results at one’s own insti-
tution. Ultimately, grading systems enable clini-
cians to make management recommendations,
but patients have the final say. The decision to
embark on AVM treatment is difficult and fright-
ening to most patients, and their individual prefer-
ences and feelings should dictate the final
decision. Guiding patients through this decision
process is an art from that cannot be replaced
by grades or outcome data. One of the hardest
things for neurosurgeons to accept is their limita-
tions, and grading systems remind us when to
say no.
The current crop of grading systems is generally

useful, but imperfect and evolving. As the patho-
physiology of AVMs is elucidated through
research, grading systems will incorporate these
advances with genetic information and biologic
markers. Hemodynamic data may also become
a defining element of rupture risk and future
grading scales. Therefore, the work of developing
AVM grading systems should be viewed as an
ongoing process, and clinicians should be open
to reshaping established, proven grading systems.
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Classif ication
Schemes of Cranial
Dural Arteriovenous
Fistulas
Juan Gomez, MD, Anubhav G. Amin, BS,
Lydia Gregg, MA, CMI, Philippe Gailloud, MD*

Dural arteriovenous fistulas (DAVFs) are abnormal
arteriovenous communications developed within
a venous space contained between the two layers
of the dura mater and typically vascularized by
meningeal arteries. Rizzoli has been credited
with the first anatomic description of a DAVF in
1881,1 although the lesion seems to have been
a scalp arteriovenous fistula, draining intracranially
through a torcular emissary vein.2 Sachs is widely
quoted as having offered the first angiographic
description of a DAVF in 1931; the origin of this
claim is unclear, as angiography is neither
mentioned nor illustrated in his monograph on
brain tumors.3 A brief discussion of angiography
as an ancillary test and an example of cerebral
aneurysm were added to a second edition in
1949.4 However, one of Sachs’ patients may be
the earliest reported case of a DAVF,5 likely
a high-grade lesion in which branches of the
middle meningeal artery were “found to connect
with the vessels of the cortex” (Fig. 1). To the
authors’ knowledge, the first two angiographic
demonstrations of DAVFs were published in 1936
by Bergstrand and colleagues.6 Of particular
interest is that one of their cases was also
a high-grade DAVF with significant (and possibly
exclusive) cortical drainage documented both

by angiography and during surgical exposure
(Fig. 2). These early observations of DAVFs,
made before the era of noninvasive neuroimaging
and involving cortical venous drainage, anticipate
the link between pial reflux and clinical conspicuity
that lies at the base of the DAVF classifications dis-
cussed in this article.

DAVFs are said to represent approximately 10%
to 15% of all intracranial vascular malformations,
most commonly involving the transverse, sigmoid,
and cavernous sinuses. While the etiology of
DAVFs remains controversial, it is thought that
they represent acquired conditions developing in
a context of dural sinus thrombosis or venous
hypertension. Other associations have been docu-
mented, including trauma, prior neurosurgical
procedures (eg, craniotomy), and ear infection.
The clinical impact of DAVFs ranges from a benign
course, including incidentally discovered, asymp-
tomatic lesions, to malignant presentations result-
ing in profound cognitive impairment, intracranial
hemorrhage, and death.

The natural history of DAVFs strongly correlates
with their pattern of venous drainage, in particular
the presence of reflux into pial veins.7–10 The
venous anatomy of the lesion is therefore a central
component of most DAVF classification schemes,
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starting with the first system proposed by Djindjian
and colleagues in 1978.11 Since then, the link
between cortical venous drainage and aggressive
symptomatology has been confirmed, leading to

continuous refinements in our understanding of
DAVFs and their classification schemes.12–18 In
particular, the mode of presentation of a DAVF
has recently been shown to influence the risk of

Fig. 1. Observation of a probable dural arteriovenous fistula (DAVF) published by Sachs in 1931. The original
captions are reproduced here. (A) Case VIII, telangiectasis of the dura. In this case the major part of the process
was in the dura and affected the middle meningeal artery. (B) Case VIII, after the dura was opened, connections
between the middle meningeal artery and the cortical arteries [sic] were discovered. These were all doubly
ligated and cut. (From Sachs E. The diagnosis and treatment of brain tumors. St Louis (MO): Mosby; 1931.)

Fig. 2. First angiographic description of a dural arteriovenous fistula (DAVF) known to the authors of this article.
The captions, translated from theGermanoriginal, are reproducedhere. (A) Arteriography of a dural arteriovenous
aneurysm (Case 1). Arterial inflow: posterior branch of the middle meningeal artery. Drainage: superficial cerebral
veins. (B) Surgical illustrationof Case 1. The arteriovenous connectionbetween thedural arteries and the superficial
cerebral veins can be seen at the bottom right angle of the craniotomy defect. (From Bergstrand H,
Olivecrona H, Tönnis W. Gefässmissbildungen und Gefässgeschwülste des Gehirns. Leipzig (Germany): Georg
Thieme Verlag; 1936.)
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subsequent significant clinical event. This new
information has led to the proposal of a revised
classification that grades DAVFs according to
a combination of angiographic and clinical fea-
tures. This article offers a review of the various
classification schemes currently in use, and
discusses their application to treatment decision
making.

CLASSIFICATION SCHEMES OF CRANIAL
DURAL ARTERIOVENOUS FISTULAS
The Merland-Cognard Classification

Cognard and colleagues14 proposed a modifica-
tion of the original Djindjian-Merland classification

scheme based on the clinical presentation of 205
consecutive patients seen over an 18-year period.
The Merland-Cognard classification divides DAVFs
in 5 types (I–V), with Type II lesions further subdi-
vided into Type IIa, IIb, and IIa1b (Fig. 3). Type I
and IIa DAVFs drain directly into dural venous
sinuses, without pial reflux; in Type I, the venous
drainage is antegrade whereas in Type IIa, it is
partially or completely retrograde. Retrograde
drainage is generally related to outflow impair-
ment, that is, a dural sinus stenosis or occlusion,
but can at times also result from high-volume arte-
riovenous shunting that exceeds the drainage
capacity of a normal or even enlarged dural sinus.
Type IIb and IIa1b DAVFs have dural and pial

Fig. 3. The Merland-Cognard and Borden classifications. The various types of DAVFs are illustrated using a lesion
of the middle third of the superior sagittal sinus (upper left orientation view). The color-coding shows the corre-
spondence between the two classifications. Merland-Cognard classification: Type I and IIA DAVFs (no pial
drainage) are shown in the top right inset, Type IIb and IIa1b (pial and dural drainage) in the middle right inset,
and Type III and IV (pial drainage only) in the bottom two insets. Borden classification: Type I DAVF (no pial
drainage) is shown in the top right inset, Type II (pial and dural drainage) in the middle right inset, and Type
III (pial drainage only) in the bottom two insets. (Copyright � 2007 Lydia Gregg.)
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venous drainage; in Type IIb, retrograde drainage
occurs into pial vein(s) only, whereas in Type
IIa1b both dural and pial retrograde drainage is
seen. Type III and IV DAVFs drain only into the
pial venous system, either directly or via an iso-
lated dural sinus segment. Note that the pial veins
constituting the primary drainage of the DAVF can
themselves drain into a dural sinus not directly
connected to the lesion. In Type IV, the draining
vein is enlarged (venous ectasia). Cognard and
colleagues define venous ectasia as a segment
larger than 5 mm in diameter or 3 times larger
than the diameter of the draining vein. Finally,
Type V DAVFs are cranial lesions draining into
spinal perimedullary veins, potentially resulting in
cervical myelopathy.19

The strength of the Merland-Cognard classifica-
tion lies in the correlation established between the
angiographic characteristics of the DAVFs and
their clinical presentation, which offers a manage-
ment tool based on an objective assessment of the
risk of adverse clinical event associated with
a specific lesion. In their series, 83 of 84 patients
with a Type I DAVF presented with nonaggressive
symptoms, which included headache, bruit,
minimal vertigo, and ocular symptoms not related
to intracranial hypertension. Aggressive symp-
toms, such as intracranial hemorrhage, intracranial
hypertension, focal neurologic deficits, and sei-
zures, were found more frequently with higher
grades, that is, in 37% of patients with Type IIa,
30% with Type IIb, 66% with Type IIa1b, 76%
with Type III, and 97%with Type IV. All 12 patients
with a Type V DAVF showed aggressive symp-
toms. Six of them had progressive myelopathy
due to spinal cord venous hypertension. The peri-
medullary venous drainage extended down to the
thoracic or lumbar levels in patients with myelop-
athy, whereas it was limited to the cervical region
in those without myelopathy. Type V DAVFs
without myelopathy were associated with sub-
arachnoid hemorrhage in 5 cases and focal neuro-
logic deficit in 1 case. DAVFs without cortical
drainage (Type I or IIa) did not present with hemor-
rhage. The role of pial reflux and venous flow
dynamics was further emphasized by the progres-
sive increase in the hemorrhagic risk associated
with less favorable venous configurations: 11%
in Type IIb and IIa1b (combined pial and dural
drainage), 40% in Type III (exclusive pial drainage
without ectasia), and 65.5% in Type IV (exclusive
pial drainage with ectasia).

The Borden Classification

The Borden classification scheme12 also takes
inspiration from the morphologic characteristics

of the venous drainage. It recognizes 3 principal
types of DAVFs (I, II, III) and 2 subtypes (a, b)
(see Fig. 3). Borden Type I DAVFs drain into dural
venous sinuses without pial reflux; they typically
have a benign course. Type II DAVFs drain into
venous sinuses, but show retrograde flow into
a pial vein, with an increased risk of neurologic
events from venous hypertension or hemorrhage.
Type III DAVFs drain directly into a pial vein (or
an isolated dural sinus segment), are associated
with significant venous hypertension, and typically
present with hemorrhage or severe neurologic
symptoms. Each type is further characterized by
the complexity of the architecture of the arteriove-
nous shunt into Subtype A, a simple fistula with
a direct, single connection between the feeding
artery and the draining vein or sinus, and Subtype
B, a complex lesion with multiple fistulous connec-
tions (Fig. 4).

Recent Classification Refinements

Although they have shown good correlation with
clinical presentations and outcomes, the Borden
and Merland-Cognard classification schemes
base their characterization of DAVFs solely on
angiographic features. It was recently shown
that when considering DAVFs with pial venous
drainage, symptomatic patients may have a higher
risk of future neurologic events than patients
with incidentally found, asymptomatic lesions.16,17

Soderman and colleagues16 evaluated the annual
incidences of intracranial hemorrhage, progres-
sive dementia, and death in 85 patients harboring
a DAVF with pial drainage, and found that patients
with an initial intracranial hemorrhage had a higher
risk of subsequent hemorrhage than patients with
other presentations (7.4% vs 1.5%). Strom and
colleagues17 divided 28 cases of DAVFs with pial
drainage into asymptomatic cases (ie, patients
with incidentally diagnosed DAVFs or presenting
with pulsatile tinnitus or orbital symptoms) and
symptomatic cases (ie, patients with intracranial
hemorrhage or nonhemorrhagic neurologic defi-
cits). Only 1 of the 17 patients in the asymptomatic
group suffered an intracranial hemorrhage (5.9%),
while none had a nonhemorrhagic neurologic
deficit. In the symptomatic group, 2 patients had
an intracranial hemorrhage (18%) and 3 (27.3%)
experienced new or worsening nonhemorrhagic
neurologic deficits. Annual rates for hemorrhage
and nonhemorrhagic neurologic deficits were of
7.6% and 11.4% (cumulative 19%) in the symp-
tomatic group, and 1.4% and 0% in the nonsymp-
tomatic group (cumulative 1.4%).
This new evidence suggests that, in addition to

the well-established link between pial venous
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drainage and unfavorable natural history, DAVFs
that present with intracranial hemorrhage or
nonhemorrhagic neurologic deficits have a higher
risk of new significant events than asymptomatic
fistulas. Zipfel and colleagues18 have elegantly
incorporated this factor into the Borden and
Merland-Cognard classification schemes by ad-
ding symptomatic and asymptomatic subtypes.
Their modified Type 1 DAVFs drain into dural
sinuses without pial venous reflux, and correspond
to Borden Type I and Merland-Cognard Types I
and IIa. Modified Type II fistulas drain into dural
sinuses, and are further subdivided as having
symptomatic or asymptomatic pial venous reflux.
Modified Type II DAVFs correspond to Borden
Type II and Merland-Cognard Types IIb and
IIa1b. Modified Type III DAVFs drain directly into
pial veins, and are also subdivided as having
symptomatic or asymptomatic cortical venous re-
flux. Modified Type III DAVFs correspond to Bor-
den Type II and Merland-Cognard Types III, IV,
and V. This new classification scheme is directly
linked to treatment recommendations. DAVFs
without pial reflux are electively treated to address
intractable symptoms. DAVFs with pial venous
drainage are treated to prevent the occurrence
of intracranial hemorrhage or nonhemorrhagic
neurologic deficits, on an elective basis for the
nonsymptomatic lesions and immediately for the
symptomatic ones.

Evolutive Potential of DAVFS, or Can
Morphologic Features and Classification
Grade Change Over Time?

The natural history of DAVFs remains poorly
understood, in part because of the limited number

of case studies evaluating their angiographic
progression. This lack of data in turn affects
management decision making. It is generally
accepted that, in view of their well-established
association with aggressive clinical behavior,
DAVFs with pial reflux require therapy. The
management of the so-called benign DAVFs,
low-grade lesions with non–life-threatening pre-
sentations and without pial venous drainage,
remains controversial. The first point of contention
is how benign these lesions really are from a
patient’s standpoint. For example, many patients
whose life is rendered miserable by constant
tinnitus would argue against being classified as
“asymptomatic.” Tinnitus can be associated with
sleep disturbance, anxiety, depression, irritation,
and concentration difficulties.20 In their practice
the authors do treat low-grade DAVFs producing
life-altering tinnitus. The second and more contro-
versial question is whether a DAVF should be ad-
dressed at an early stage, when treatment is
technically simple and the prospect of a cure
high (Fig. 5A, B), rather than at a later stage
when treatment is technically more challenging
and a successful therapy less likely (see Fig. 5B,
C). A better understanding of the evolutive poten-
tial of low-grade DAVFs would help to address this
point. Only anecdotal evidence is available at
present, including case reports showing that
DAVFs can either undergo spontaneous regres-
sion or evolve into more malignant types with
associated pial reflux.21–31 Although rarely docu-
mented, the progression of a DAVF from low grade
to high grade is a concern already mentioned by
Cognard and colleagues14 in their initial series.
Of importance, the investigators stressed the
fact that a change in clinical status, either the

Fig. 4. Subtypes A and B for the Borden classification, using a transverse sinus DAVF. (A) Simple transverse sinus
DAVF with a single feeding artery and antegrade dural drainage (Merland-Cognard Type I, Borden Type Ia). (B)
Complex transverse sinus DAVF with multifocal arteriovenous shunts, and dural sinus disease with pial and dural
retrograde drainage (Merland-Cognard Type IIa1b, Borden Type IIb). (Copyright � 2009 Lydia Gregg.)
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disappearance of an old symptom or the onset of
a new symptom, must raise the suspicion of
a change in drainage pattern and prompt new
investigations. In their practice the authors have
observed DAVF progress to higher grade lesions,
in some cases with deleterious neurologic mani-
festations such as visual loss or intracranial
hemorrhage, in 3 clinical situations: spontane-
ously, after an uneventful diagnostic cerebral
angiogram, or after partial treatment Fig. 6 shows
an example of spontaneous modification in

drainage pattern occurring within a short period
of time (1 month). Such changes likely involve
multifactorial mechanisms, including changes in
the volume of arteriovenous shunt and/or the
development of venous flow impairment (venous
stenosis or thrombosis).

SUMMARY

Classification schemes of DAVFs have typically
been based on angiographic features, in particular

Fig. 5. Variation in shunt complexity and drainage pattern of transverse sinus DAVFs. (A) Digital subtraction angi-
ography (DSA), common carotid injection, lateral view. Transverse/sigmoid junction DAVF in a 40-year-old woman
presenting with headache and tinnitus. The DAVF shows a simple architecture, with a single arteriovenous shunt
receiving contributions from the occipital (black arrowhead) and middle meningeal (white arrowhead) arteries.
The venous drainage is dural and antegrade (Merland-Cognard Type I, Borden Ia). The patient elected for treat-
ment because of the tinnitus. (B) Same patient as in A, lateral fluoroscopic view after embolization of the shunt
showing the distribution of liquid embolic agent (NBCA, Trufill, Codman Neurovascular). The meningeal network
feeding the lesion was completely cast through a single transarterial injection, including both the occipital (black
arrowhead) and middle meningeal (white arrowhead) contributions. The 2 white artifacts indicate the position of
the microcatheter during embolization. (C) DSA, common carotid injection, lateral view. Transverse sinus DAVF in
a 55-year-old man presenting with headache, dizziness, and tinnitus. Several occipital artery branches are con-
nected to an isolated sinus segment without direct dural outflow. The venous drainage is through a prominent
venous ectasia into a dilated network of pial cerebellar veins, with secondary opacification of the sigmoid and
straight sinuses (seen in D). Multiple other feeders were documented from the opposite external carotid artery
and from both vertebral arteries, which were found during treatment to supply several foci of arteriovenous
shunting (Merland-Cognard Type IV, Borden IIIb). (Copyright � 2007 Phillipe Gailloud.)
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their pattern of venous drainage. While confirming
the link between pial reflux and DAVF aggressive-
ness, recent studies have also emphasized the
importance of the mode of initial presentation as
a predicting factor for subsequent significant clin-
ical events. The classification schemes currently in
use and their refined versions are important tools
for the management of DAVFs, in particular for
treatment recommendation and patient coun-
seling. It should be remembered, however, that
DAVFs are dynamic lesions that do not fit easily
into static classification patterns. The impact of
this evolutive potential on DAVF management
remains to be determined.
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Selection of Treatment
Modalit ies or
Observation of
Arteriovenous
Malformations
John C. Barr, MD, Christopher S. Ogilvy, MD*

Cerebral arteriovenous malformations (AVMs)
have variable modes of presentation. The hemor-
rhagic presentation of these lesions, as identified
in the prospective trials of the New York Islands
AVM Hemorrhage Study and Northern Manhattan
Stroke Study groups, is 0.42 per 100,000 and
0.55 per 100,000, respectively.1 Evidence based
on observation of patients with known lesions
shows that the natural history of the disease is
unchanged without intervention, even in symp-
tomatic patients. Ondra and colleagues2 showed
in a study of 160 patients followed over 24 years
without intervention that the combined major
morbidity and mortality was 2.7% per year.3 This
per year risk percentage remained unchanged
throughout the course of observation. In light
of this, intervention risk should be lower than
the natural history of the disease. This article
elucidates ideal treatment modalities based on
patient-specific factors.

FACTORS INFLUENCING MODALITY
OF TREATMENT

Once the decision is made to treat an AVM,
the type of treatment is based on lesion-specific
factors (size, location, and angiographic anatomy)
and patient-specific factors. The first patient-
specific factor to consider is age. A younger

patient, who is more likely to benefit from long-
term cure and symptom relief, is often at lower
treatment-related risks compared with older
patients. The overall health and neurologic state
of the patient must also be considered preopera-
tively, because those with significant medical co-
morbidities may have reduced longevity, which is
taken into account when considering the natural
history of these lesions. Lawton and colleagues4,5

discuss multiple factors influencing outcome in
the setting of hemorrhage, with a positive correla-
tion with younger age, AVMs in noneloquent terri-
tory, and Spetzler-Martin Grades 3 or less. AVMs
that display diffuse hemispheric or bilateral cere-
bral involvementmay not be amenable to any treat-
mentmodality, and thus goals of caremay bemore
palliative or toward symptom relief (Fig. 1).

Seizures associated with AVMs can occur as
the presenting symptomor de novo posttreatment.
Patients who have had prior hemorrhage, particu-
larly in the temporal lobe, are more prone to
seizures. Piepgras and colleagues3 report that in
patients with preoperative seizures, 83% were
seizure-free on follow-up, and the remaining had
interval improvement in regards to occurrence. In
patients presenting without seizures, 6% devel-
oped de novo seizures postoperatively. These find-
ings show significant improvement compared with
previous studies, likely relating to improvements
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in surgical techniques.6 In patients who undergo
surgical resection, it is advocated to resect the
surrounding gliotic and hemosiderin-stained tissue
if possible, which can improve seizure control in
patients with this as a presenting symptom. Cao
and colleagues7 used intraopertive electrocorti-
cography to delineate additional surrounding
epileptic discharges for bipolar electrocoagulation
with significant improvement in seizure control
noted on follow-up.
The location of a lesion, in particular with refer-

ence to eloquence of cortex, also influences
treatment strategies. Historically, lesions in the
sensory-motor strip have been less amenable to
surgical intervention because of a presumed
increase in morbidity. Kato and colleagues8

demonstrated improvement in 15 of 17 patients
treated with surgery. Motor-evoked potentials
were used intraoperatively to demonstrate a func-
tional shift in the cortex away from the AVM nidus,
thus allowing safe resection.9,10 Additionally, in
multiple other studies patients with occipital
lobe vascular malformations treated with surgical
resection or stereotactic radiosurgery have been
shown to have seizure improvement or resolution
posttreatment with minimal risk to worsening
visual function. Based on this, all modalities of
therapy may currently be considered for lesions
in eloquent cortex.
Giant AVMs, which compromise less than 10%

of all malformations, present a unique situation in
that these lesions are more prone to ischemia
secondary to steal phenomenon.6 This is thought
to result from the loss of the autoregulatory

compensation caused by the prolonged dilated
state from persistent high flow through these
lesions.11 These lesions often have extensive col-
lateral recruitment from multiple vascular beds,
which can be demonstrated with angiography
(Fig. 2). Treatment goals are based on the location,
extent of hemispheric involvement, and overall
condition of the patient. Staged endovascular
treatments may be used at times, but the goal of
treatment needs to be carefully planned. Volume
reduction may be possible with subsequent radio-
surgery to the remaining nidus, yet conclusive
proof of this therapy is not available. At times, it is
necessary to target an intranidal aneurysmwith en-
dovascular therapy if the lesion is the obvious
source of hemorrhage. Angiographic cure may
not be possible in such cases where diffuse
involvement is noted, and in such cases, no
therapy is recommended. In a review of 53 patients
with either Spetzler-Martin Grade IV to V AVMs,
Chang and colleagues12 reported good outcomes
in patients with symptomatic giant AVMs (hemor-
rhage [n5 20]; seizure [n5 18]; progressive neuro-
logic decline [n 5 7]; and headache [n 5 8]) with
multimodal treatment strategies (Table 1).13,14

Yet even in this report, there is a bias toward
patients with lesions favorable for treatment.
The association of aneurysms in conjunction

with cerebral AVMs is an issue in about 20% to
25% of patients with AVMs. These may be inci-
dental aneurysms in a separate vascular bed
from the AVM. Aneurysms occurring on expected
locations, such as the circle of Willis, that ulti-
mately give supply to the AVM are likely to be

Fig. 1. (A, B) A 25-year-old woman with progressive parasthesias and complaints of right hand clumsiness
revealing a diffuse, large AVM with arterial supply from anterior cerebral artery (ACA), middle cerebral artery
(MCA), posterior cerebral artery (PCA), and external carotid artery (ECA) territories. A 1.7-cm flow-related aneu-
rysm is also noted (arrow). (Courtesy ofMassachusetts General Hospital, Department of Neurosurgery and Neuro-
interventional Radiology, Boston, MA.)
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flow-related aneurysms and are thought to arise
secondary to a hyperdynamic circulatory state
induced by the AVM.15 Yasargil and coworkers15

comment on the association, including aneurysms
less than 3 mm, as being approximately 10.8%,
although no direct relationship between either
size or degree of flow through the AVM as
determined angiographically was associated with
the presence of aneurysms. Cortical AVMs, in
particular frontal and occipital, seem to have
higher preponderance of associated aneurysms
(Table 2), and deeper locations, such as basal
ganglia and brainstem lesions, were less likely to
have flow-related aneurysms (Fig. 3).

In one study, the risk of hemorrhage of an AVM
associated with an aneurysm was shown to be
7%at 5 years versus a baseline risk of AVMhemor-
rhage without aneurysm reported at 2% to 4%
per year.16 This remains controversial, because
separate studies by Miesal and Thompson and
colleagues have not shown any increase in correla-
tion.17 Although intranidal aneurysms have been
associated with increased hemorrhage from an
AVM, this has not been shown conclusively. Intra-
nidal aneurysms adjacent to a ventricle may be at
increased risks of recurrent hemorrhage (Table 3).
Batjer and colleagues also noteda higher likelihood
of rupture associated with pedicle or feeding artery

aneurysms.6 In the setting of hemorrhage from
a cerebral AVM associated with a nidal, pedicle
branch, or flow-related aneurysm, Yasargil and
coworkers15 comment on multiple studies that
the AVM is more likely the source of hemorrhage,
except in the posterior fossa.15 Treatment should
be focused on the aneurysm if it is the cause of
hemorrhage. In the setting of a nonhemorrhagic
presentation, aneurysms that are distal or flow-
related may regress with AVM treatment of the
aneurysm and those arising from the circle of Willis
are unlikely to regress with time (Fig. 4).17–20

TIMING OF TREATMENT

The reported morbidity associated with the initial
hemorrhage from an AVM is relatively low, as

Table 1
37-month follow-up in 53 patients treatedwith
Spetzler-Martin Grade IV or V AVMs

Neurologic
Status Excellent Good Poor Deceased

Pretreatment 31 (58%) 17 (32%) 5 (9%) —

Posttreatment 27 (51%) 15 (28%) 3 (6%) 8 (15%)

Fig. 2. (A, B) Giant right parietal AVM in a 25-year-old woman presenting with generalized tonic–clonic seizures.
The right common carotid injection displays arterial supply from ACA, MCA, PCA, and ECA territories. The left CCA
injections show the AVM parasitizing blood supply from the contralateral ACA and MCA vessels. (Courtesy of
Massachusetts General Hospital, Department of Neurosurgery and Neurointerventional Radiology, Boston, MA.)

Table 2
Site of AVM and frequency of associated
aneurysm

Site of AVM Total No.

No. Patients
with
Aneurysms

% with
Aneurysm

Frontal 48 12 25

Parietal 49 2 4.1

Temporal 53 6 11.3

Insular 23 5 21.7

Occipital 30 7 23.3

Cerebellar 58 6 10.3

Hippocampal 17 2 11.8

Data from Yasargil M. Microneurosurgery - AVM of the
brain, clinical considerations, general and special opera-
tive techniques, surgical results, nonoperative cases,
cavernous and venous angiomas. In: Microneurosurgery,
IIIB. New York: Theime; 1988. p. 137.
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discussed by Hartmann and colleagues21 in
a study of 115 patients with hemorrhage
secondary to AVM rupture. Ninety-seven of these
patients were found to be independent in their
daily activities (Rankin Score 1), with 15 being
Rankin Score 2 or 3, and only three patients being
severely disabled. Data from the prospective
Columbia AVM Databank showed the median
Rankin Score to be 2 in a study of 241 AVM
patients. Of the AVM hemorrhage subtypes,
parenchymal hemorrhage was associated with
a higher neurologic morbidity. The reported rerup-
ture risk in the first year was reported at 6% to
18%, and returning to baseline risk after the first

year.22 It was also noted that in 120 patients who
presented with AVM hemorrhage and underwent
surgery, there was a mean change in Modified
Rankin Score (MRS) score of 10.89 after resec-
tion. This can be attributed to the hemorrhage
masking the effect of the morbidity of a crani-
otomy. Hematoma absorption in patients operated
weeks to months after rupture also generates cavi-
ties and encephalomalacia that improve surgical
access to the nidus that might otherwise have
necessitated corticectomy.4 Unless the AVM and
hemorrhage have resulted in an expected major
neurologic deficit in that territory, it is advisable
to allow the patient time for neurologic recovery.6

In the urgent setting of a hematoma with resulting
mass effect and a neurologic deficit, surgical inter-
vention with evacuation of the hematoma is rec-
ommended. This should then be followed by
appropriate diagnostic imaging and angiography
to fully delineate and characterize the arterial
supply and venous outflow in lieu of attempted
resection in the same setting. Resection of the
AVM at the time of hematoma evacuation could
result in significant blood loss and a higher risk
of ischemic complications secondary to resection
of parenchymal branches along with the vascula-
ture recruited by the AVM. In regards to the timing
of radiosurgery after hematoma, Maruyama and
colleagues23 noted in a study of patients status
posthemorrhage with hematoma that waiting
more than 6 months before treatment to allow for
hematoma reabsorption put the patient at greater
risk of rehemorrhage in the interval preceding
treatment. However, the hematoma should be
resolved to the point where it does not alter the
accurate targeting for radiosurgery.

SURGICAL INTERVENTION

The history of surgical resection of AVMs dates
back to the 1920s, where outcomes were typically
poor. The development of cerebral angiography by
Moniz in 1927 provided an essential under-
standing of the vascular anatomy and hemody-
namics of these lesions.24 The acceptance of en
bloc resection of these lesions did not become
part of standard surgical technique until 1957 after
the publication of Olivecrona’s and Landenheim’s
paper.25 Technologic advances, such as the intro-
duction of microneurosurgery by Yasargil in 1969
and bipolar cauterization by Malis, have resulted
in a significant reduction in morbidity and mortality
compared to the initial documented operative
resections.24

The principal benefit of surgical resection is the
immediate cure (Fig. 5). Additionally, in a study of
54 patients with epilepsy and without a history of

Fig. 3. Posterior circulation angiography in the
previous patient reveals an additional flow-related
SCA aneurysm status post coil embolization (thick
arrow). Pronounced venous hypertension changes
and ectasia noted in superficial and deep venous
drainage pathways (thin arrow) on this lateral left
vertebral angiogram. (Courtesy of Massachusetts
General Hospital, Department of Neurosurgery and
Neurointerventional Radiology, Boston, MA.)

Table 3
AVM-associated aneurysm classification

Aneurysm
Classification Location

I Anatomically unrelated

II Proximal portion of major
feeding vessel

III Pedicle branch of major
feeding vessel

IV Intranidal
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hemorrhagewho underwent total surgical resection
of the AVM, excellent (70%) and good (18.5%)
results in terms of seizure control were noted.26

Treatment of AVMs even in eloquent areas, such
as in the occipital lobe and dominant superior
temporal gyrus, has had promising results when
surgery has been used as the primary modality of
therapy. This series had only 1 of 22 total patients
with occipital AVMs who developed worsening of
a homonymous hemianopsia.24 However, this and
other reports are subject to selection bias.

The process of excision of the AVM after dural
opening includes identification of the malforma-
tion, elimination of superficial feeding arteries,
circumferential dissection of the nidus with control
of deep arterial pedicles, and transection of the
venous system.27 To proceed with surgical resec-
tion, a preoperative angiogram andmagnetic reso-
nance imaging for stereotactic localization
intraoperatively are essential. Careful planning of
the surgical attack must be done to include poten-
tial avenues of dissection and areas to avoid.
Lesions, particularly in the sylvian fissure and
ones involving pericallosal vessels, are prone to
have vessels en passage that must be skeletonized

and with only resection of the small side branches
supplying the nidus, while maintaining supply to
the main trunk.27 It is also critically important to
identify arterialized veins before resection,
because early venous coagulation can result in
significant intraoperative hemorrhage. If there is
any question regarding a specific vessel, a tempo-
rary clip may be used. Once the superficial arterial
supply is controlled, dissection of the nidus can
ensue. A hemosiderin or gliotic rim may be present
and provide a plane of dissection around the nidus.
The apex of deeper lesions tends to be periventric-
ular and thus identification and bipolar coagulation
of these vessels are critically important to prevent
vessel retraction and delayed hematoma forma-
tion.6,27 Maintenance of the major draining veins
is essential and if hemorrhage is encountered
from these sources, it is preferable to use hemo-
static agents as a primary method of control
instead of cauterization and ligation of the vein to
preserve venous outflow from the AVM. Once all
arterial feeders to the nidus have been identified
and coagulated, then the direct venous outflow
can be occluded and the nidus resected. The
resection bed should be carefully inspected

Fig. 4. Imaging from a 70-year-old man who had a 15-year history of vertigo. (A) Time-of-flight MR angiography
depicting a superior vermian AVM. (B) Angiography displays arterial supply from the right superior cerebellar
artery and venous drainage by the superior vermian vein to the torcular of Herophili. A right cerebellomesence-
phalic segment 7-mm aneurysm of the right SCA is noted. (C) New resolution on follow-up magnetic resonance
angiography 2 years after proton therapy. Interval reduction in the aneurysm is also noted.
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microscopically to obtain hemostasis, during
which the blood pressure is maintained 15 to 20
mm Hg above the baseline for the patient.27 Once
this is complete, oxidized cellulose (Surgicel) can
be used to line the nidus bed, and the patient’s
goal blood pressure should not be allowed to be
higher than the normal mean for the first 24 hours
postoperatively.
In addition to the general resection principles

discussed previously, the location of the AVM
carries significant weight in regards to surgical
planning. For example, traditionally the convexity
AVM is approached perpendicularly, but the paraf-
alcine AVM should be approached tangentially,28

which allows for the use of gravity retraction. As
further detailed by Kim,29 the parafalcine lesions
are divided into zones, and proper surgical posi-
tioning is determined based on the zone of the
lesion. Lesions of the posterior fossa account for
approximately 10% of all intracranial AVMs.30

Based on the location within the posterior fossa,
the positioning must allow for maximal exposure
and cerebrospinal fluid diversion by opening of
an adjacent cistern. For lesions of the cerebellar
tonsils, fourth ventricle, and vermis, patients are
positioned prone with the head in a flexed position.
This allows for maximal exposure for dissection of
the posterior inferior cerebellar artery and superior
cerebellar artery vessels in the case of vermian
lesions. Alternatively, a lateral position with the
head turned and flexed may be used. Superficial
brainstem AVMs are most commonly situated in
the anterolateral aspect of the brainstem surface
and are associated with the cerebellopontine
angle.6 Typical arterial feeders to an AVM in this
territory are likely to be anterior–inferior cerebellar
artery and superior cerebellar artery and a lateral
position is recommended to enhance exposure.
To determine the risks of AVM surgery, the

Spetzler-Martin Grading Scale was developed in

Fig. 5. (A–C, clockwise) Imaging of a 57-year-old right-handed woman with new-onset seizures depicting a Spet-
zler-Martin I right temporal AVM. Angiography confirmed feeders from right anterior temporal artery, right infe-
rior division M3 branches, and right PCA inferior temporal branches. Postoperative angiogram reveals a complete
resection. (Courtesy of Massachusetts General Hospital, Department of Neurosurgery and Neurointerventional
Radiology, Boston, MA.)
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1986. This grading system (see Fig. 5) allowed for
risk stratification to surgical resection based on the
size of the AVM, pattern of venous drainage, and
whether it resided in an eloquent location of the
brain. The results as seen in Table 4 from a study
of 100 consecutive patients show there is a signif-
icant increase in surgical morbidity and mortality
as the grade increases. A supplementary grading
system has also been devised to further consider
the diffuseness of the lesion, hemorrhagic presen-
tation, patient age, and deep perforating arterial
supply in conjunction with the previous grading
system. When used with the Spetzler-Martin
Grading Scale, the predictive value based on the
MRSwasmore significantly correlated with patient
outcomes.5,31 Recently, a three-tier system,
combining Spetzler-Martin Grades I to II (group
A) and IV to V (group C) is now used with similar
predictive outcome values and simplifies treat-
ment strategies. Based on these studies, surgical
resection is reserved for group A.32

EMBOLIZATION

The first report of embolization of a brain AVM ap-
peared in 1960, with a documented cure of a left
sylvian fissure AVM embolized with four spheres
of methyl methacrylate.33 Endovascular tech-
niques have advanced greatly and reported cure
rate for AVMs by embolization alone varies
between 10% and 40%.34 A higher yield of total
obliteration is expected in a single-pedicle feeder
that is small in size. Total obliteration seems
related to the anatomic arrangement of the feeding
vessels, such as in the case of an AVM with indi-
rect leptomeningeal collaterals or feeders en
passage influence the capability to safely embolize
the lesion entirely.27 Although achieving angio-
graphic cure as a unimodal treatment strategy is
not always possible, embolization can be used

for achieving significant AVM volume reduction.
As an adjunct to surgery or radiosurgery, this is
an essential treatment modality in the larger
AVMs that are located in eloquent regions of the
parenchyma and is typically performed over
multiple staged treatments. Multiple methods of
endovascular embolization of an AVM nidus
include using such materials as Onyx, Gelfoam,
platinum coils, polyvinyl alcohol (PVA), andN-butyl
cyanoacrylate (NBCA).

The Onyx liquid embolic system was first
approved in Europe in 1999 for embolization of
intracranial and peripheral vasculature lesions,
including cerebral AVMs and vascular tumors.35,36

In a study of 117 patients treated with Onyx (54) or
NBCA (63), in which success was determined by
more than 50% reduction in AVM volume, Onyx
use was found to be successful in 96% of the
cases versus 85% for NBCA.35 Increased penetra-
tion throughout the AVM nidus is likely because of
the precipitating reaction and cohesive nature of
Onyx. This along with the slower and longer injec-
tion rate results in much more effective intranidal
penetration, and higher likelihood of anatomic
cures and higher volume reductions in large
AVMs allowing them to be amenable to adjunctive
radiosurgical treatment (Fig. 6).35 Because of the
increased ability of nidal penetration by Onyx,
one must be careful not to occlude the venous
outflow, which can result in an increased chance
of posttreatment hemorrhage. In comparing
Onyx with NBCA, there was not a detectable
difference in the rate of posttreatment hemor-
rhage, although the author stated this could be
confounded by a small sample size.35 A potential
deterrent to the use of Onyx, which consists of
ethylene vinyl alcohol and dimethyl sulfoxide, is
the known toxicity of dimethyl sulfoxide. However,
dimethyl sulfoxide in treatment doses has not
been noted to carry additional toxicity in multiple
animal and preclinical studies.35,37,38 Reports of
posttreatment headaches, nuchal rigidity, and
rash have been reported. The risk of permanent
neurologic deficit or morbidity ranged from 2% to
7% in a review of multiple large trials. In using
liquid embolic agents, it is critically important to
observe for reflux of the agent, because hardening
of the cast can adhere to the microcatheter
making catheter removal difficult.

Alternative embolization material that has been
used includes PVA. Proponents of the use of this
and other dehydrated alcohol state that the effi-
cacy lies behind its immediate cytotoxic effects
on the endothelium of vessels, inducing throm-
bosis of the vessel.39 Although these modalities
have been effective for treatment of cerebral
AVMs, sequential follow-up revealed as high as

Table 4
Surgical outcome data based on Spetzler-
Martin grading

Grade #Cases
% No
Deficit

% Minor
Deficit

% Major
Deficit

I 23 100 0 0

II 21 95 5 0

III 25 84 12 4

IV 15 74 20 7

V 16 69 19 12

Data from Spetzler R,MartinN. A proposedgrading system
for arteriovenous malformations. J Neurosurg 1986;65(4):
476–83.
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43% recanalization rates within 13 months of
follow-up.40,41 A comparison of postoperative
hemorrhagic rates were higher in the PVA versus
the NBCA group.40 Additional documented risks
include the cytotoxic effect to brain parenchyma
when administered at high concentrations along
with the risk of developing pulmonary hyperten-
sion. Although the overall procedural complication
rates were similar between NBCA and PVA, the
rate of postresection hemorrhage was significantly
higher in the PVA group.33 Therefore, volume infu-
sions for treatment should not exceed 1 mL/kg.39

Coil embolization by itself is limited to adjunctive
therapy, unless in the setting of a single arterial
feeder because of the limited ability to have
coil penetration within the nidus itself. Preopera-
tive superselective angiography of pedicle branch
feeders for coil embolization can greatly reduce
the AVM volume and assist with resection.
Additionally, cerebral AVMs associated with
high-flow AVFs present a therapeutic challenge
to surgical and radiosurgical techniques, resulting
in higher rates of incomplete AVM obliteration.
These high-flow shunts are more amenable to

Fig. 6. (A, B) Left internal carotid artery angiography demonstrates a large left parietal AVMwith a nidus approx-
imately 4 cm. Supply is from the right MCA territory with venous drainage to the superior sagittal and transverse
sinuses. (C) An approximately 40% reduction with stage I Onyx embolization through the left angular artery. (D)
Near complete obliteration after stage II Onyx embolization by a left parietal inferior division MCA branch. (Cour-
tesy of Massachusetts General Hospital, Department of Neurosurgery and Neurointerventional Radiology,
Boston, MA.)
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endovascular coil placement instead of liquid
embolic agent to prevent early venous flow oc-
clusion and thus aid with additional treatment
modalities.42

Similar general principles for embolization treat-
ment exist as with surgical resection, in that strict
blood pressure parameters must be set, and one
must not occlude the venous outflow before all
arterial supply is identified and obliterated. Addi-
tionally, careful manipulation of the microcatheter
must be maintained through the pedicle branches,
which typically have a more delicate and friable
vascular architecture. Cortical branches that are
in question of supplying eloquent cortex and the
nidus can have a preembolization functional eval-
uation with a sodium amytal test.43

RADIOSURGERY

Radiosurgery is typically reserved for compact
lesions, usually less than 3 cm. It is also a preferred
treatment strategy for patients who are not favor-
able surgical candidates either radiographically
(Spetzler-Martin Grades >3) or based on other
existing comorbidities. Several different tech-
niques are available to deliver a high dose of radi-
ation to the AVM nidus while minimizing dose
to surrounding brain. With stereotactic imaging,
a focal high dose is delivered to the nidus, with
the goal of minimizing radiation to the surrounding
normal brain tissue. This mode of treatment is
highly beneficial to lesions located in central struc-
tures, such as the brainstem, thalamus, and basal
ganglia. The outcome data on central AVMs (mean
volume of 4 cm3 with a mean dose of 23 Gy) versus
peripheral AVMs demonstrate lower obliteration
rates along with the increased propensity of devel-
oping sequelae from radiation edema in follow-up
studies. These data suggest that Gamma Knife
surgery is an effective treatment modality for
central lesions.8 Treatment strategies are per-
formed by a team composed of a neurosurgeon,
radiation oncologist, and medical physicist.44 In
a study of 41 patients who had a previous AVM
rupture, postradiosurgery decline in their MRS
score was noted in 17%. Notably, in this same
study, it was concluded that patients with ruptured
and unruptured AVMs had a similar chance of
neurologic deterioration.45 Neurologic outcome
with radiosurgery has had a better predictive value
by use of the Pollock-Flickinger grading system,
which evaluates outcome based on preoperative
data that include patient age, AVM volume,
previous embolization, number of draining veins,
and AVM location.46

Recommended follow-up includes annual eval-
uations to assess for neurologic function with

magnetic resonance imaging and magnetic reso-
nance angiography to evaluate for AVM volume
and affect, if any, on surrounding tissue. With
timing for successful treatment spanning from 12
to 36 months, angiography should be completed
at the latter to evaluate for residual AVM nidus
and subsequent need for radiosurgery retreatment
or alternative treatment strategies (see Fig. 4).46 It
is essential to inform the patient that although
undergoing treatment for the AVM via radiosur-
gery, the risk of hemorrhage is not eliminated
because of the delayed timing for obliteration
with this technique. The exact risk of hemorrhage
after radiation is not definite based on current
literature. In one retrospective evaluation of 500
patients after Gamma Knife therapy there was
a risk of reduction of hemorrhage of 54%.47 Larger
AVMs and the older patient population may be risk
factors with this interval increase during treat-
ment.48 The pathophysiology of the hemorrhage
during this window may be caused by an acute
inflammatory response after tissue irradiation, re-
sulting in structural and functional vascular
changes that can lead to vessel thrombosis.49 In
the subset of patients presenting with seizures,
improvement in seizure control seems altered
related to AVM obliteration. In a study of patients
with known rolandic area AVMs and seizure
presentation, 40.7% had improved seizure control
during the latency period and 51.8% had complete
resolution with obliteration of the nidus.50 Lim and
colleagues51 reported even better results with
cerebral AVMs in multiple different areas, and in
patients presenting with medically intractable
seizures secondary to the AVM. The rates of
complete obliteration after radiosurgery are found
to be significantly greater in AVMs less than 3 cm
and in lower Spetzler-Martin grades.

Multiple series have been published regarding
proton radiosurgery, Gamma Knife therapy, linear
particle accelerator (LINAC), and more recently
cyberknife treatment results. Proton-beam therapy
uses a Bragg peak at the point of deceleration of
a particle beam of accelerated protons. Photon
energy follows the lawof exponential decay, conse-
quently resulting in its energy being deposited over
the path to the target. Considering this, proton
therapy has the distinct advantage of not losing
energy before or after the target.

In a study of 300 AVM patients treated solely
with helium ion radiosurgery, complete angio-
graphic cure was noted in 80% to 85% of patients
with at least 3-year follow-up. In this study, AVMs
greater than 14 cm3 were found to have 60% to
70% angiographic obliteration in this same time-
line. Dosing used was approximately 20 to 25
Gy. The advantage of heavy charged particle
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radiation, such as helium ion radiosurgery, is that
the physical properties of these particles allows
for the shaping of individual beams to encompass
the contours and complex shape of the AVM.52

LINAC therapy uses x-rays derived from
electron-photon administration and has been
demonstrated by Blamek and colleagues53 to
have successful complete obliteration in 77% of
patients with an average of 28-month follow-up.
It was noted that dosing less than 15 Gy signifi-
cantly reduced the probability of obliteration.53 In
regards to the larger lesions that spanned greater
than 25 mm in diameter, obliteration at 1 year
was noted to be 40% in these lesions.44 In contrast
to this, the Leksell Gamma Knife uses a cobalt
source for the administration of gamma rays to
the AVM target. In addition to the outcome results
of the Gamma Knife trials in Table 5, Lunsford and
colleagues54 document 80% complete obliteration
at 2 years.
In regards to the patient population without

obliteration after radiosurgery treatment, retreat-
ment can be performed. The Stockholm radiosur-
gery group comments on achieving angiographic
cure with second or salvage therapy, although
with a higher complication rate of 14%.44

Radiation-induced sequelae include subjective
complaints of headache, nausea, and vomiting in
theacuteposttreatment stage. Thedelayedcompli-
cations include neurologic deterioration secondary
to radiation-induced necrosis. Lunsford and
colleagues54 reported a 4.4% of neurologic deficits
likely secondary to radiation injury that occurred
between 4 and 18 months after treatments.
Improved neurologic recovery was noted in this
study with steroid administration. The documented
risk for developing a permanent radiation-induced
neurologic deficit was 3.8%.44 Actual risks with
proton therapy were best predicted using a model

that accounted for treatment dose and volume,
lesion location, and patient age.55 Doses greater
than 34.6Gy have been known to lead to a relatively
high complication rate in contrast to results from the
study by Levegrun and colleagues31 with stereo-
tactic linear accelerator treatment and a median
dose of 19 Gy and 80% isodose administered with
no resulting radiation necrosis.56–58 Although rare,
additional documented findings postradiosurgery
treatments include thedevelopment of intracerebral
vascular stenosis and dural arteriovenous fistula
development.

MULTIMODAL TREATMENT

The outcome for AVM treatment of immediate
elimination of hemorrhagic risk and cure is only
offered by open surgery. Microsurgical resection
is not always an option because of the risks that
invariably increase with larger, deeper lesions,
and those in eloquent areas. Because of this,
combining therapies to either make lesions more
safely approached by surgery or for overall volume
reduction has become more and more prevalent
compared with one-dimensional treatment strate-
gies, in particular for Spetzler-Martin Grade 3 or
higher lesions. Radiosurgery has been noted
to facilitate AVM surgical resection along with
decreasing operative morbidity by reduction in
AVM volume and subsequent Spetzler-Martin
grades compared with patients with similar
AVMs who were not radiated.59,60 In a study of
lesions greater than 3 cm, staged embolization
performed with subsequent stereotactic radiosur-
gery was found to be an effective means of treat-
ment for Spetzler-Martin grades greater than 4
(Fig. 7). Of the 19 patients with angiography
follow-up, complete obliteration was noted in 13
of the patients.56 In a larger study of patients

Table 5
Major AVM outcome series comparing different radiosurgery modalities

Reference
Colombo
et al

Pollock
et al

Karlsson
et al

Steinberg
et al

Colombo
et al

Friedman
et al

Device Cyberknife Gamma knife Gamma knife Proton LINAC LINAC

# Patients 279 313 945 86 180 388

Angiographic
cure rate %

81 61 56 92 80 67

Permanent
neurologic deficit %

0 9 5 11 2 2

Hemorrhage 8 8 fatal 55 10 15 (5 fatal) 25 (5 fatal)

Data from Youmans neurological surgery. 5th edition. New York: WB Saunders; 2004. p. 4079; and Colombo Cyberknife
results.
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treated with embolization and LINAC radiosurgery,
77% of AVMs were reduced in size for LINAC ra-
diosurgery, with 65% of those resulting in eventual
complete occlusion.61 Even though both of these
studies display significant reduction and oblitera-
tion rates in complex AVMs, both studies have
documented greater than 10% morbidity rates.

SUMMARY

The understanding of AVMs has undergone signif-
icant changes and improvements regarding diag-
nosis and management. This coincides with the
development of technologic advances in imaging
modalities, microsurgical techniques, and follow-
up outcome data of adjuvant treatment modalities,
such as endovascular and radiosurgery tech-
niques, which can be used separately or in
conjunction. Determining the treatment modality
ultimately depends on understanding the patho-
physiology of AVMs. Multiple factors including
age of presentation, constellation of symptoms,
size and location of the lesion, and the timing of
therapy along with clinical presentation influences
the decision of the treating clinician. Based
on these factors, the proper treatment arm or

combination thereof can be determined versus
observation. The latter is an option as long as
a firm understanding of the natural history of the
lesion is considered in relation to the risk of
treatment and neurologic sequela from such inter-
vention. The results of ongoing and future random-
ized trials will provide further insight into the
pathophysiology and indications for treatment,
which can be further stratified to individualize treat-
ment based on patient and lesional characteristics.
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Selection of Treatment
Modalit ies or
Observation of Dural
Arteriovenous
Fistulas
Alexandra R. Paul, MDa, Geoffrey P. Colby, MD, PhDb,
Judy Huang, MDb, Rafael J. Tamargo, MDb,
Alexander L. Coon, MDb,*

Cranial dural arteriovenous malformations, com-
monly referred to as dural arteriovenous fistulas
(DAVFs), are abnormal shunts between dural
arteries and a dural venous sinus or a cortical
vein. DAVFs occur throughout the intracranial
space, but are most often located near and involve
1 or more dural venous sinuses. Depending on the
extent of the lesion and its associated venous
drainage, DAVFs are either managed conserva-
tively by observation or treatment is recommen-
ded. Various treatment options for DAVFs are
available, including endovascular embolization,
open surgery, and radiosurgery.1–4 The clinical
decision pathways for managing patients with
DAVFs are discussed in this article.

REVIEW OF DAVF CLASSIFICATION SCHEMES

To appropriately triage a patient with a DAVF, it is
essential to first understand the anatomy of the
fistula and the involved venous pathways. Various
classifications schemes have been devised to
describe these lesions, and the Borden and the
Cognard schemes are the most widely used.5,6

The key feature for both of these grading systems

is the direction and severity of venous drainage,
and these features ultimately determine the clinical
significance of the lesion and influence the deci-
sion to treat.

The Borden classification system groups DAVFs
into 3 main types based on the location of venous
drainage (dural sinus and/or cortical vein) and on
whether cortical venous reflux (CVR) is present or
absent. Borden type 1 DAVFs have anterograde
venous drainage into a dural sinus and no CVR.
Type 2 lesions drain retrogradely into dural sinuses
and also into cortical veins, with associated CVR.
Type 3 lesions drain directly into a cortical veins,
causing significant CVR.5

The Cognard system groups DAVFs into 5 main
types based on the direction of venous sinus
drainage (anterograde or retrograde), the pres-
ence or absence of CVR, and the type of venous
outflow (eg, nonectatic vs ectatic cortical veins).
A Cognard type 1 DAVF has anterograde flow
with no CVR. A type II DAVF drains into a sinus
with retrograde flow in the sinus (type IIA), retro-
grade flow in a cortical vein (type IIb), or retrograde
flow in the sinus and cortical veins (type II A1B).
Type III DAVF drains retrogradely into a nonectatic
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cortical vein, and type IV drains into an ectatic
cortical vein. Lastly, Cognard type V DAVFs drain
into a spinal perimedullary vein.6

Both of these classification systems highlight
the importance of CVR; however, Zipfel and
colleagues7 proposed modification of these classic
schemes to include clinical information about
whether or not the CVR is symptomatic. This modi-
fication is based on studies by Soderman and
colleagues8 and Strom and colleagues9 that show
that patients presenting with intracranial hemor-
rhage (ICH) or nonhemorrhagic neurologic deficit
(defined as symptomatic CVR) have a greater
neurologic risk anddeath than patientswhopresent
incidentally or solely with symptoms of increased
dural sinus drainage (defined as asymptomatic
CVR).8,9 The new scale proposed by Zipfel and
colleagues7 is as follows: 1) type 1 DAVFs drain
only into a dural sinus and have no CVR; 2) type 2
DAVFs drain into a dural sinus and have either
asymptomatic or symptomatic CVR; and 3) type 3
DAVFs drain directly into cortical veins and have
either asymptomatic or symptomatic CVR. Neuro-
logic risk increases from type 1 lesions to type 2 or
3 lesionswith asymptomatic CVR (1.4–1.5%annual
risk of ICH) to type 2 or 3 lesions with symptomatic
CVR (7.4%–7.6% annual risk of ICH). Zipfel and
colleagues7 recommend that patients with symp-
tomaticCVR (type2 or 3DAVF) undergo immediate,
definitive treatmentof the fistulabyanendovascular
or open surgical approach. Stereotactic radiosur-
gery is not recommended in thesepatients because
of the timedelay required for occlusion of the fistula.
Carotid cavernous fistulas (CCFs) are another

important group of DAVFs. The most widely used
classification system for these fistulas is theBarrow
system. CCFs are categorized into direct (Barrow
type A) and indirect (Barrow types B–D). Indirect
CCFs are DAVFs with arterial feeders from the
internal carotid artery (Barrow type B), external
carotid artery (Barrow type C), or both (Barrow
type D).10

THE NATURAL HISTORY OF DAVFS

Insight into the natural history of DAVFs has
been instrumental in the development of clinical
decision pathways for managing patients with
DAVFs. The natural history of DAVFs is known to
be highly variable, and the potential of the lesion
to cause morbidity and mortality needs to be
weighed against the risks of the intervention
used for treatment.11 Many studies have tried to
identify independent factors predictive of the
natural history of DAVFs to develop informed treat-
ment plans and decrease mortality and morbidity.
Many patients with DAVFs have a benign course,

but 7% to 20% present with ICH.12 Mortality
and morbidity of a hemorrhagic presentation of
a DAVF has been estimated to be 20% to 30%
with poor long-term prognosis.11 Individual factors
related to the natural history of DAVFs should be
carefully considered when making clinical deci-
sions regarding treatment versus observation.

Location

Awad and colleagues11 analyzed 377 cases of
DAVFs in a meta-analysis. They defined ag-
gressive neurologic behavior as hemorrhage or
progressive focal neurologic deficit other than
ophthalmoplegia. The investigators found that
DAVFs located at the tentorial incisura (8.4% of
cases) were most often associated with aggres-
sive neurologic behavior, and 96.9% of these
tentorial lesions (31 out of 32) were associated
with a hemorrhagic or nonhemorrhagic stroke.
Conversely, DAVFs located at the transverse-
sigmoid sinuses (62.6% of cases) and at the
cavernous sinus (11.9% of cases) were least likely
to be associated with aggressive neurologic
behavior. Only about 10% of these lesions were
associated with aggressive behavior. However,
the investigators found that there was no location
of DAVFs that completely precluded aggressive
neurologic behavior.
In an analysis of 402 patients, Singh and

colleagues12 found that patients were more likely
to present with ICH if they had a DAVF in ethmoidal
or posterior fossa locations. Twelve patients in
their series had ethmoid DAVFs, and 9 of these
patients (75%) presented with ICH. Thirty-two
patients had DAVFs in the posterior fossa, and
17 (53%) of these patients presented with ICH.
The odds ratio (OR) for a hemorrhagic presentation
of a DAVF in the posterior fossa is 4. Patients
harboring DAVFs in cavernous, marginal, and
transverse-sigmoid sinus locations were least
likely to present with ICH. Hemorrhage rates
were 6.1% (10 of 163 patients) for cavernous sinus
lesions, 5.9% (1 of 17 patients) for fistulas in the
marginal sinus, and 15.3% (19 of 124 patients)
for DAVFs of the transverse-sigmoid sinus.
The anatomic location of a DAVF likely has no

direct correlation with aggressive clinical course.13

The more reasonable explanation for the findings
mentioned earlier is that certain cranial locations,
secondary to local venous anatomy, have a higher
likelihood of developing CVR. The severity of the
CVR then dictates the clinical course.

Venous Drainage

It is generally accepted that the presentation of
a DAVF is dictated by its venous drainage pattern.
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The pattern of venous drainage is used to classify
DAVFs into high-risk and low-risk groups.12 In the
meta-analysis of 377 cases of DAVFs, Awad and
colleagues11 analyzed the relationship between
angiographic features of DAVFs and aggressive
neurologic behavior. Aggressive neurologic behavior
was correlated with leptomeningeal retrograde
venous drainage, variceal or aneurysmal venous
dilatations, and galenic venous drainage. Less
than 1% of nonaggressive DAVFs were found to
exhibit these 3 features simultaneously. However,
every aggressive DAVF exhibited 1 or more of
the 3 angiographic features. The presence of
high-flow shunting or contralateral arterial contri-
bution did not correlate with aggressive neurologic
behavior.

In a series of 402 patients with DAVFs, Singh
and colleagues12 found that patients presenting
with ICH were more likely to have angiographic
evidence of venous sinus thrombosis and CVR.
Eighty-five percent of patients with DAVFs pre-
senting with ICH had angiographic evidence of
CVR, compared with 22% of patients with nonhe-
morrhagic DAVFs (P<.001, OR 10.5). Venous sinus
thrombosis was found in 33% of patients with
DAVFs presenting with ICH and only 18% of
patients with a nonhemorrhagic presentation
(P 5 .004). Ninety-five percent of DAVFs were
classified as Borden type II and III compared
with 45% in the nonhemorrhagic group (P<.001).

Strom and colleagues9 sought to differentiate
between symptomatic CVR and asymptomatic
CVR to further risk stratify patients diagnosed
with type 2 and 3 DAVFs. Patients with sym-
ptomatic CVR were defined as presenting with
symptoms of cortical venous hypertension,
namely ICH or nonhemorrhagic neurologic defi-
cits (progressive dementia, seizures, parkin-
sonism, cerebellar symptoms, or other focal
deficits). Patients with asymptomatic CVR pre-
sented incidentally or with isolated symptoms
of increased dural sinus drainage (ie, pulsatile
tinnitus for lesions of the transverse-sigmoid
sinus). The investigators followed 28 patients
with persistent cortical venous drainage (Borden
type 2 and 3), and they found that the frequency
of ICH or nonhemorrhagic neurologic deficit was
significantly lower in patients with asymptomatic
CVR (5.9%) versus symptomatic CVR (45.5%,
P 5 .022). The annual event rate for either ICH
or nonhemorrhagic neurologic deficit in patients
with symptomatic cortical venous drainage was
19.0% compared with 1.4% in patients with
asymptomatic cortical venous drainage. These
data suggest that DAVFs with asymptomatic
CVR are less aggressive than those with symp-
tomatic CVR.9

Demographics and Symptoms

Singh and colleagues12 found DAVFs to be more
prevalent in women compared with men but found
that men were more likely to present with ICH
(74% vs 36%, P<.01, OR 3.4). A history of smoking
was more common in patients presenting with ICH
(23% vs 12%, P 5 .008), and Hispanic patients
were more likely to present with ICH than a nonhe-
morrhagic presentation (15% vs 8%, P 5 .05).

Singh and colleagues12 also analyzed specific
symptoms and their association with ICH. Head-
ache, pulsatile tinnitus, and visual changes were
the most common symptoms on presentation;
however, headache, focal neurologic deficit, and
seizure were significantly associated with ICH at
presentation. Focal neurologic deficit was found
to have an OR of 4.7 for hemorrhagic presentation
in patients with DAVFs.

MANAGEMENT OF BENIGN DAVFS

The decision to treat an intracranial DAVF or
to manage it conservatively with observation
is based on both lesion-specific factors and
patient-specific factors. Lesion-specific factors
include the flow velocity (high flow vs slow flow),
location, and venous drainage direction and
anatomy, including presence of CVR or venous ec-
tasia. Patient-specific factors include the primary
presentation, severity of symptoms, and associ-
ated patient comorbidities. Various treatment
modalities are available for DAVFs, and these
include endovascular embolization (transarterial,
transvenous, or both), open surgery, radiosurgery,
or a combination of these strategies.

Borden type 1 DAVFs and Cognard type I and
type IIa fistulas without cortical venous drainage
are generally considered benign secondary to
absence of CVR. In some institutions, these
fistulas are treated with conservative management
by observation unless the associated symptoms
are severe.14 Although the primary goal of DAVF
treatment is cure, in some cases therapy should
be directed primarily at palliation of symptoms by
reduction of flow15,16 and not necessary at cure.
Attempted complete angiographic cure of a benign
fistula might be associated with increased risk of
procedural complications, and therefore might
not be warranted. Endovascular treatment is often
the best option for palliative therapy, and the risks
of endovascular treatment include arterial dissec-
tion, stroke, pulmonary embolism, infarction of
cranial nerves, and redirection of venous drainage
toward cortical veins.17

However, fistulas that are classically labeled
benign must still be monitored if cure is not
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achieved because these lesions have the pro-
pensity to transform into higher grade, aggressive
lesions. Cognard and colleagues14 reported a series
of 7 patients with DAVFs on the transverse or
sigmoid sinuses that were initially benign (5
patients with Cognard type I lesions and 2 patients
with type IIa lesions) but were later found to have
changes in venous drainage patterns on follow-
up angiography (from 1 month to 20 years). Five
of the patients developed CVR secondary to either
stenosis or thrombosis of the draining veins,
increased arterial flow, the appearance of a new
fistula, or extension of the initial fistula shunt.
Based on these results, Cognard and colleagues14

recommended close clinical observation of type I
and IIa fistulas that are treated conservatively
with observation or with an incomplete interven-
tion. Repeat angiography should be performed
for any change in clinical condition. If stenosis
of the venous drainage pathway is present,
increased vigilance is necessary because these
lesions are likely at greater risk for progression.
Satomi and colleagues9 reported a series of 117

patients with benign cranial DAVFs, only 3 of which
were asymptomatic at the time of presentation. Of
these 117 patients, 73 (62%) underwent conserva-
tive management with observation, 43 (37%)
underwent palliative embolization for treatment of
symptoms, and 1 (1%) patient had surgical treat-
ment. Follow-up was available for 112 patients
(95.7%), with a median follow-up period of 27.9
months, and repeat angiography was performed
in 50 patients because of a change in symptoms.
The investigators reported that tolerable, stable
disease was achieved in 98.5% of the patients
with observational management. Of the 50 pa-
tients with follow-up angiography, changes in
venous drainage occurred in 5 cases, and each
of these cases was associated with progressive
thrombosis in the affected sinus. Two patients
who were managed with observation had new
development of CVR. The investigators therefore
concluded that most patients with benign DAVFs
can be managed satisfactorily with either observa-
tion or palliative intervention. However, patients
with benign DAVFs have a 2% risk of develop-
ing CVR and therefore require close clinical
follow-up and repeat angiography for changes in
symptoms.

MANAGEMENT OF AGGRESSIVE DAVFS

As described in detail earlier, Borden type 2 and 3
DAVFs and Cognard type IIb to V DAVFs are
considered aggressive lesions secondary to the
presence of CVR and the propensity for hemor-
rhage andnonhemorrhagic neurologic deficits.18,19

Aggressive fistulas have also been divided into 2
main types: (1) sinus fistulas, which have retro-
grade drainage into a sinus and into leptomenin-
geal veins (also called red veins because they are
arterialized), and (2) nonsinus fistulas, which have
pure leptomeningeal drainage.20 Even though
recent reports suggest that not all patientswith lep-
tomeningeal drainage are identical and that groups
of patients with asymptomatic CVR have a more
favorable course than those with symptomatic
CVR,7–9 treatment is still justified because of
the significant long-term risk. For fistulas with
symptomatic CVR, Zipfel and colleagues7 recom-
mend prompt evaluation and immediate, definitive
treatment.
Accurate definition of the type of lesion should

be the initial management step for all aggressive
DAVFs. Treatment options for aggressive fistulas
include both endovascular and open surgical
approaches. Radiosurgery is generally not used
for these cases as a first-line therapy, unless the
patient is unable to tolerate an endovascular or
open surgical procedure. However, radiosurgery
can be used as a salvage therapy for aggressive
fistulas that have been refractory to other treat-
ment options. Most patients benefit from a combi-
nation of treatments. Several factors influence the
selection of a treatment modality.

Transarterial Embolization

Transarterial embolization is ideally used for high-
grade DAVFs, such as those with direct cortical
venous drainage, or situations in which venous
access is limited. Nelson and colleagues1 listed
the following advantages of transarterial proce-
dures forDAVFs: the arteriovenous fistula transition
can definitely be occluded through a transarterial
approach, decreasing the possibility of flow diver-
sion into an alternate venous pathway2; treatment
is not limited by venous access (eg, stenotic or
thrombosed venous sinuses)3; fistula treatment
does not require sacrificing a functional venous
pathway4; de novo DAVFs can develop at
secondary site following transvenous emboliza-
tion, possibly as a result of venous hypertension;
and5 complications specific to transvenous routes
can be avoided (eg, abducens nerve palsy from
catheterization of the superior petrosal sinus).21

Transarterial embolization with n-butyl cyanoac-
rylate (NBCA) for DAVFs has a high cure rate,
ranging from 64% to 100%, with some docu-
mented transient palsies but no permanent
complications.22–24 Geudin and colleagues22

treated 38 patients with DAVFs with CVR with
solely transarterial cyanoacrylate glue (Histoacryl,
B. Braun, Melsungen, Germany) or Glubran 2
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(GEM S.r.l., Viareggio, Italy) embolization. A com-
plete cure was achieved after a single session in
76% (29/38) of patients. A cure rate of 89.5%
(34/38) was reported, with 29 patients achieving
immediate cure and 5 patients showing postem-
bolization secondary thrombosis. Two transient
cases of cerebellar syndrome were reported but
both patients recovered rapidly. They noted no
permanent complications as well as no endovas-
cular therapy-related mortality. Acrylic glue has
been proved to be effective and stable for use in
endovascular procedures for more than 30 years.
Some investigators argue that glue is advanta-
geous in terms of cost and long-term stability
compared with newer liquid agents such as Onyx
(ev3, Irvine, CA, USA).

In the past several years, Onyx has been
increasingly used in the endovascular treatment
of DAVFs. Onyx is a favorable agent because of
its properties and predictability during injection.
Prolonged injections can be performed through
a single feeding vessel with excellent nidus pene-
tration and retrograde embolization of additional
feeders. Onyx can also be used for venous sinus
occlusion from an arterial injection.

Several large series have now been published,
reporting cure rates between 61% and 91%, with
complication rates between 0% and 16%. Some
investigators have reported cure rates of transar-
terial Onyx of 100% in small series with no compli-
cations reported.25–27 In 1 series, the treatment of
DAVFs with cortical venous drainage with transar-
terial Onyx in 30 patients were prospectively
analyzed. Complete angiographic cure was
observed in 80% (24/30) of cases, with 83% (20/
24) of these cures achieved after a single proce-
dure. Two complicationswere reported: a postpro-
cedure hemorrhage secondary to venous outlet
thrombosis and 1 temporary cranial nerve palsy.28

The role of transarterial Onyx in patients with
grade I and grade II DAVFs has also been studied.
Anatomic cure was achieved in 50% (13/26) of
patients and clinical cure was achieved in 65.4 %
(17/26) of patients. All anatomic cures were
achieved in a single procedure and follow-up angi-
ography showed no recurrence.29

Transvenous Embolization

Transvenous approaches are also commonly used
for treatment of certain DAVFs. Transvenous
embolization is generally preferred when the
primary arterial feeders to a fistula arise from the
internal carotid artery or the vertebral artery,
because these arterial pedicles can be small, and
reflux of an embolic agent during a transarterial
approach is not tolerated. Other situations in

which a transvenous approach is useful are when
potential extracranial-intracranial collaterals exist
and when the arterial supply to cranial nerves is
at risk. In addition, fistulas involving the cavernous
sinus, such as CCFs, are typically approached
transvenously.28,30,31

Selection of a transvenous route depends on the
specific venous anatomy of the patient and the
dominant venous outflow of the fistula. A transve-
nous approach is not ideal when the affected sinus
is stenotic, compartamentalized, or occluded
upstream or downstream of the fistula point. Care
must be taken during a transvenous procedure
not to inadvertently occlude a critical normal vein,
which can cause a venous stroke, or to partially
occlude the venous outlet without complete oblit-
eration of the fistula, which can promote CVR and
worsen the grade of the fistula.32–34 In certain
circumstances, a combined surgical-transvenous
approach, such as the combined surgical-
endovascular approach to the cavernous sinus
via the superior ophthalmic vein, is warranted.35

Since first being pioneered in the late 1970s
by Mullan30 and Hosobuchi,31 a transvenous ap-
proach has become the preferred method of treat-
ment of indirect CCFs.28 The 2 largest series to
date showed complete obliteration in 87% to 91%
of patients with indirect CCFs treated with transve-
nous coils with a procedure-related permanent
morbidity of 0% to 2.3%.36,37 Studies analyzing the
long-term outcome in patients who underwent
coil embolization of CCFs found a 44% rate of per-
sistent cranial nerve deficits with disturbance of
oculomotor and visual functions and a significant
correlation between coil volume and persistent
diplopia and persistent cranial nerve VI paresis.38

Liquid embolics can also be used for treatment
of indirect CCFs, either as a primary agent or as
an adjunct to coil embolization. Wakhloo and
colleagues39 evaluated the efficacy and safety of
transvenous NBCA alone or in combination with
coils in a series of 14 patients with indirect CCFs.
Eighty-eight percent (7/8) of the patients treated
with a combination of NBCA and coils had
complete angiographic obliteration of the CCF.
Eighty-three percent of patients (5/6) treated with
NBCA alone achieved immediate obliteration of
the CCF. Onyx has also been used as an adjuvant
to coils in transvenous embolization of indirect
CCFs. Complete angiographic cure rates ranged
from 67% to 100%, with complications between
0% and 33%.40–43

Surgery

Open surgical treatment of DAVFs remains a versa-
tile and effective option for management of various
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aggressive intracranial DAVFs.20 The type of
surgical procedure required to treat a fistula
depends on whether it is a sinus fistula or a nonsi-
nus fistula. In the case of a sinus fistula, the arteri-
alized sinus is not draining normal brain and can
be skeletonized and even excised. For skeletoni-
zation, the dura along both sides of the involved
sinus is incised and extensively coagulated to
disconnect the arterial supply. Hemostatic clips
can be placed along the cut edges to further
prevent future regrowth of bridging vessels. Sundt
and colleagues44,45 were the first to advocate
resection of an involved sinus. Certain groups
think that the arterialized, pathologic segment of
a sinus fistula can be safely resected without any
risk of venous hypertension or infarct regardless
of the location of the sinus segment or its depth.20

However, it can be difficult to predict whether
adequate collateral venous pathways have devel-
oped, and resection of an arterialized sinus is
often a serious undertaking with significant risk of
substantial blood loss and morbidity.44 An alterna-
tive procedure for open surgical obliteration of the
involved sinus is packing the sinus with thrombo-
genic materials such as Gelfoam (Pfizer, New
York, NY, USA), Surgicel (Johnson & Johnson,
New Brunswick, NJ, USA), or muscle. Preopera-
tive transarterial embolization, often performed in
multiple stages, is commonly used before surgical
intervention. Presurgical embolization is particu-
larly important for complex, high-flow lesions to
reduce intraoperative blood loss. Collice and
colleagues21 reported a series of 12 patients with
sinus fistulas who underwent transarterial emboli-
zation followed by surgical excision of the involved
sinus. Definitive cure without mortality or major
morbidity was obtained in all 12 cases.
Sinus excision is not recommended for a nonsi-

nus fistula because the parent sinus may drain
normal cerebral tissue. For nonsinus fistulas, the
preferred surgical intervention is the simple inter-
ruption of the arterialized draining veins at their
dural origin.20,46,47 A small surgical exposure can
be used if precise localization of the fistula is
performed. Collice and colleagues20 reported
a series of 22 patients with nonsinus fistulas, 4 of
whom had preoperative transarterial embolization.
Definitive cure without major complication was
achieved in all cases.
Lucas and colleagues17 performed a meta-

analysis of treatments for DAVFs. One of the
recommendations of this study is that surgical
ligation of arterial feeding vessels is not advised
in the modern management of DAVFs. If occlusion
of feeding vessels is the goal of treatment,
then transarterial embolization is the procedure
of choice. This meta-analysis also recommended

surgical obliteration as the treatment of choice
for anterior fossa DAVFs, finding that 95.5% of
anterior fossa DAVFs reviewed were treated
successfully by surgery alone. The rationale for
this selection is that the ethmoidal feeding vessels
for anterior fossa DAVFs arise from branches of
the ophthalmic artery, and there is significant risk
to the visual system with embolization procedures.
However, the risks of surgery are significant,
including significant blood loss, direct damage to
structures of the central nervous system, stroke,
neurologic deficits, infection, and death. Continual
advances in endovascular technology have led to
safe treatment of these lesions via endovascular
approaches as well.23,48

Intraoperative angiography (IA) is an important
tool during surgery for DAVFs. Pandey and
colleagues49 reported a series of 29 patients who
had surgical treatment of DAVFs. Thirty-eight
surgeries were performed for DAVF in these 29
patients, and IA was performed in 34 of the
surgeries for a total of 44 angiographic proce-
dures. The investigators reported that IA revealed
residual fistula in 11 patients (37.9%) after the
surgeon determined that the fistula was obliter-
ated. This finding resulted in additional exploration
in 10 patients during the same surgery and 1
patient at a later date. However, IA led to false-
negative findings in 3 patients (10.7%), thereby
justifying the need for additional higher resolution
postoperative angiography.

Radiosurgery

Radiosurgery is available as a sole treatment
option for DAVFs or in combination with other
treatment modalities. Although there are no estab-
lished criteria for the use of radiosurgery for DAVF
treatment, it is considered an option for benign
DAVFs, those with a small fistula nidus, and
patients who are either not candidates for either
open surgery or endovascular procedures or who
have already failed these treatments.50 Radiosur-
gery is a noninvasive procedure that is also good
for patients with significant medical comorbidities
that make them unable tolerate the risks of general
anesthesia, open surgery, or endovascular embo-
lization. One main disadvantage of radiosurgery is
the latency period between the time of treatment
and the effects of treatment, usually a delay of at
least 6 months.51 Radiosurgery is therefore not
selected as the primary treatment modality in
urgent cases of symptomatic CVR.
Since the introduction of radiosurgery for DAVFs

in the 1980s, a variety of reports have been pub-
lished regarding the use of this technique for
both CCFs and non-CCF DAVFs. Obliteration
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rates for indirect CCFs treated solely with radio-
surgery range from 50% to 100%, with 77% of
patients having angiographic obliteration. Obliter-
ation rates for non-CCF DAVFs treated by radio-
surgery range from 20% to 100%, with 64.3%
of patients having angiographic occlusion on
follow-up.50

Combination therapy for endovascular emboli-
zation and radiosurgery has also been widely
used for DAVF treatment of both CCFs and non-
CCF DAVFs.52,53 Meta-analysis of combined treat-
ment series by Loumiotis and colleagues50

showed that combination therapy resulted in
complete fistula obliteration in 62.5% of patients
with CCFs and 50% of patients with non-CCF
lesions. These techniques are thought to be
complimentary.53,54 The embolization procedure
provides immediate symptom relief, but might
not cure the lesion. The radiosurgery offers no
immediate benefit, but has a good chance of
longer term permanent occlusion. If combination
therapy is chosen to treat an aggressive fistula,
embolization should be used first for rapid stabili-
zation of the lesion, followed by radiosurgery for
delayed fistula closure.

SUMMARY

Cranial DAVFs represent an important class of
cranial vascular lesions. The clinical significance
of these lesions is highly dependent on the pattern
of venous drainage, with CVR being an important
marker of an aggressive, high-risk fistula. For
cases of asymptomatic benign fistulas, conserva-
tive management, consisting of observation with
follow-up, is a reasonable option. For symptom-
atic benign fistulas or aggressive fistulas, treat-
ment is recommended. A variety of treatment
modalities are available for DAVF management,
including endovascular techniques, open surgery,
and radiosurgery. A multimodality approach is
often warranted and can offer improved chances
of achieving a cure.
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Acute Management
of Ruptured
Arteriovenous
Malformations and
Dural Arteriovenous
Fistulas
Salah G. Aoun, MD, Bernard R. Bendok, MD*,
H. Hunt Batjer, MD

ARTERIOVENOUS MALFORMATIONS

Arteriovenous malformations of the brain (AVMs)
are a major cause of stroke in young healthy indi-
viduals and present multiple diagnostic and thera-
peutic challenges, particularly in the acute
setting.1,2 They present as complex tangles of
blood vessels with arterial blood flowing directly
into the veins without interposed capillary
networks and can be associated with other vas-
cular lesions, such as aneurysms or arteriovenous
fistulae,3,4 thus, adding to the complexity of patient
management. At least 50% of patients with AVM
present with hemorrhage5–8 with the resulting
significant morbidity and mortality. Although the
flow hemodynamics, biology, epidemiology, and
natural history of these lesions have been exten-
sively studied, little data have been published on
AVM surgery in the acute setting,8 and acute
surgery has been claimed to possibly increase
the risk of persistent neurological deficits.8

Although it is usually preferable to defer AVM
surgery for a few weeks or even months to allow
brain swelling to decrease and gliosis to
better delineate the lesion to be excised, acute
surgical (open and endovascular) management is,

nevertheless, essential in specific clinical and
radiological settings. Large life-threatening hema-
tomas, hydrocephalus, and the presence of an
accessible and clear rupture site are all potential
indications for acute procedural intervention. For
a life-threatening hematoma related to AVM
hemorrhage, it is generally advised to remove suffi-
cient hematoma to achieve a slack brain without
resecting the AVM. Given the differing acute
natural history risk related to rehemorrhage, distin-
guishing between AVM hemorrhage and hemor-
rhage from an associated pedicle or circle of
Willis aneurysm is paramount. Clearly identifying
an interventionally accessible intranidal aneurysm
may also be an indication for early embolization.
Although experience with early intervention for
ruptured AVMs is increasingly discussed in the
literature, no guidelines have yet been published,
and available data are mostly derived from anec-
dotal case series and limited to level V evidence.

Epidemiology of AVM Hemorrhage

AVMs are the most common cause of nontrau-
matic cerebral hemorrhage in patients aged
younger than 45 years.9,10 Patients with AVM not
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only tend to be younger than the rest of the popu-
lation suffering from cerebral vascular disorders
but also seem to have fewer or no medical comor-
bidities.11 Hemorrhage in this population can lead
to catastrophic outcomes and claim a heavy
functional toll on previously healthy young individ-
uals. Thorough knowledge of the natural history,
predictors, and presentation of AVM hemorrhage
is essential for prudent clinical decision making.

Initial hemorrhagic presentation
Approximately 50% of AVMs present with hemor-
rhage,5,11–14 with reported rates ranging between
32% and 82%, depending on the series.5 In stroke
registries, around 1% of all strokes are attributed
to AVM hemorrhage.12 Intraparenchymal hemor-
rhage is most commonly observed, but intraven-
tricular and subarachnoid hemorrhage can also
occur.1,10 Annual rupture rates among individuals
presenting with symptoms other than hemorrhage
range between 2% and 4%,5,10–12,15,16 with an
estimated lifetime risk of hemorrhage of 17% to
90%.11 It should be noted that most available
natural history data are derived from anecdotal
case series (level of evidence V). Initial results
from The New York Islands AVM study,17

a prospective population-based database, have
been released, but these data are notable for
a lack of long-term follow-up. The examination of
284 prospective AVM cases recruited in this data-
base estimated the incidence of first AVM hemor-
rhage to be approximately 0.51 per 100,000
person-years (95% CI, 0.41 to 0.61) and the prev-
alence of hemorrhage among diagnosed cases to
0.68 per 100,000 person-years (95% CI, 0.57–
0.79). Kondziolka and colleagues18 suggested
a simple model based on life expectancy and the
multiplicative law of probability to predict the life-
time risk of hemorrhage in a given individual
assuming that, for that individual, the risk of
hemorrhage is constant over time. According to
their calculations, the lifetime risk of hemorrhage
can be estimated using the following formula:

1 – (risk of no hemorrhage)expected years of remaining life

This formula would assume, for example, that
for a patient with a life expectancy of 60 years
and a yearly risk of hemorrhage of 4%, the lifetime
risk of AVM bleed would be the following:

1 – (0.96)60 z 91%

A simpler model assuming a constant 3% yearly
risk of hemorrhage can also be used and still main-
tains a similar sensitivity:

Lifetime risk of hemorrhage 5 105 – patient age in
years

For example, a 15-year-old boy with an AVM
would have a lifetime risk of hemorrhage of

105–15 5 90%

Although most studies report clinically relevant
AVM ruptures, subclinical episodes of hemorrhage
seem to occur more frequently than previously
thought.19 Magnetic resonance imaging (MRI)
frequently shows signs of hemosiderin deposits
on T1- and T2-weighted sequences, a finding sug-
gesting prior episodes of microbleeding.

Rehemorrhage rate
Although AVMs are classically reported to carry
a lower risk of hyperacute rebleeding compared
with intracranial aneurysms,10,20–22 the risk of
recurrent hemorrhage seems to increase tempo-
rarily after the initial episode and then subsequently
renormalize.15,23–26 In a retrospective series of 191
patients harboring AVMs whereby 102 patients
presented with hemorrhage and were followed for
up to 37 years, Graf and colleagues15 found that
the risk of rehemorrhage increased to 6% during
the first year and then renormalized to 2% per
year for up to 20 years. Forster and colleagues,24

in their retrospective series of 150 patients with
AVMs, identified 106 patients who presented with
acute rupture and followed them for an average
of 15 years. After a single episode of bleeding,
the risk of rehemorrhage increased to 25% in the
4 years following the episode. That same risk
quadrupled after an additional hemorrhage to
reach 25% per year. In their retrospective analysis
of 43 patients with AVM who survived their first
hemorrhage, Fults and Kelly23 found that 67.4%
suffered from an additional bleed. The risk of rehe-
morrhage was evaluated at 17.9% during the first
year following the hemorrhage and declined to
3% per year after 5 years and 2% per year after
10 years. Mast and colleagues25 provided even
higher risks of hemorrhage in their prospective
cohort. They followed a series of 281 consecutive
patients with AVM whereby 142 presented with
hemorrhage for a mean duration of 8.5 months
(0.1–96.4). The average annual risk of hemorrhage
was determined to be 17.8%, with a 32.9% risk of
rerupture during the first year that declined to
11.3% in subsequent years. In comparison,
patients who did not present with acute hemor-
rhage had a 0% risk of bleeding 1 year after
presentation and a 2.9% risk for subsequent years.
It should be noted, though, that only 20 untreated
patients were still being followed 1 year after their
hemorrhage. This finding should be contrasted
with Ondra and colleagues’27 retrospectively
analyzed series of 114 untreated patients with
AVM that were followed over a duration of
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approximately 23.7 years. The rate of major re-
bleedwas estimated at 4%per year, which surpris-
ingly showed little difference compared with the
2% to 3% per year classically reported rate.

Risk factors for AVM hemorrhage
Evidence describing predictors of AVM hemor-
rhage is largely derived from anecdotal case series
or nonrandomized cohort studies using historical
controls (levels of evidence V and IV).12 Most
studies only retrospectively examine features
related to hemorrhage and many convey conflict-
ing results. Radiological parameters predicting
hemorrhage can be categorized into (1) morpho-
logical, (2) arterial, and (3) venous factors.

AVM nidal size or volume has been inconsis-
tently reported as a risk factor for hemor-
rhage.15,28–32 Although smaller AVMs may tend to
have higher pressure in their feeding arteries and,
thus, a higher propensity to bleed, it has been sug-
gested that although large and giant AVMs most
frequently present with steal or seizures because
of their size, smaller AVMs were more likely to be
detected in the context of hemorrhage, with size
actually being a confounding factor. A prospective
analysis of 73 consecutive patients with Spetzler-
Martin grade (SMG) IV and V AVMs estimated
a 1.5% annual bleeding risk, a number lower than
those classically reported for grades I through
III.33 On the other hand, a prospective study of
390 patients by Stefani and colleagues34 found
that large AVMs tended to bleed more frequently
than smaller lesions (odds ratio: 2.5, 1.41–4.35,
P<.0001). Similarly, Jayaraman and colleagues35

suggested, after the retrospective examination of
the medical records of 61 patients with SMG IV
and V lesions, that the annual hemorrhage risk for
these lesions could be as high as 10.4%, a number
substantially higher than that reported for all other
AVMs.16 Diffuse AVM morphology has also been
suggested as a possible factor for rupture.36 Intra-
ventricular, periventricular, basal ganglia, and
deep brain AVM locations have also been
suggested12,13,32,37 as predisposing factors for
hemorrhage.

Second, on the arterial side, increased feeding
artery pressure, the presence of intranidal aneu-
rysms, and a perforator origin for arterial supply
have all been postulated as potential risks factors
for AVM rupture.12,24,36,38,39

Finally, venous predictors of hemorrhage
include the presence of deep venous drainage,
a single draining vein, draining vein stenosis, or
other causes of impaired venous drainage.36,40,41

A deep venous component has also been linked
to subsequent episodes of hemorrhage.14

Suggested clinical predictors of AVMhemorrhage
include patient presentation with seizures15,42; male
sex; increasing age, especially the fourth, fifth, and
sixth decades15; and, most importantly, a history of
prior hemorrhage.13,14,43 Increasing age has also
been linked to the risk of rehemorrhage.15

Although individual risk factors for AVM hemor-
rhage have been suggested, it seems that orga-
nizing findings into a personalized risk profile
may provide an optimized model for predicting
the risk of rupture and rerupture. Olivecrona and
colleagues44 used the history of prior hemorrhage,
angiographic findings of a single draining vein, and
the presence of diffuse AVM morphology to define
a high-risk patient population. They found that
these patients had an 8.9% yearly risk of rupture
compared with 1% in triple-negative controls.12

Similarly, in a prospectively collected cohort of
622 consecutive patients with AVM, Stapf and
colleagues13 identified initial hemorrhagic AVM
presentation, deep brain location, and exclusive
deep venous drainage as individual risk factors
for subsequent AVM bleed, with respective hazard
ratios of 5.38, 3.25, and 3.25. When these 3 factors
were found in combination, the annual risk of
hemorrhage increased dramatically to 34.4%
compared with 0.9% in individuals who had none
of these 3 factors.

Natural History of AVM Hemorrhage

Although considerable information related to cere-
bral AVM pathophysiology and management is
available, surprisingly scarce publications address
the issue of morbidity and mortality from repeat
bleeds.Most available studies have produced level
V data and provide assumptions from the analysis
of small anecdotal case series or retrospective
chart reviews of patients with AVM.14,26,45

Mortality from a first hemorrhage is thought to
range from 10% to 30%,12,14,26,46 although lower
rates have been reported.14 Overall morbidity is
generally estimated at around 50%,26 with
a long-term permanent disability rate of 10% to
20%.12 Fults and Kelly,23 in a retrospective anal-
ysis of 131 patients with AVM, discovered a
tendency of increasing mortality with subsequent
episodes of hemorrhage from 13.6% to 20.7% to
25.0%, after the first, second, and third episodes
respectively, although statistical significance was
not reached. Svien and McRae47 also found that
the mortality rate from AVM rupture doubled from
3% to 6% after subsequent hemorrhages.48 This
trend was not found in the analysis by Hartmann
and colleagues14,49 of 115 prospectively enrolled
patientswith AVMwhopresentedwith hemorrhage
as part of the Columbia-Presbyterian Medical

Acute Management 89



Center AVM Study Project. In that study, 84% of
the patients did not suffer from any neurological
deficit or were independent in their daily activities
(modified Rankin score of 1) after a single episode
of hemorrhage, with only 16% severely disabled
(modified Rankin score �4). Of the 27 patients
who had recurrent hemorrhages, 74% were
neurologically intact or independent in their
daily activities, with only 4% severely disabled.
These findings seem to go against the hypothesis
of a cumulative impact of recurrent hemorrhage
on prognosis. Interestingly, no fatalities were
recorded after either episode. Although this
data may seem reassuring, it does go against
observations from many other studies and anec-
dotal observations.12,14,26,45 The lower morbidity
of AVM rupture compared with intracranial hemor-
rhage attributed to other causes, such as hyperten-
sive or aneurysmal bleeds, may be attributed to
several factors.49 Although small AVMs with high
intranidal pressure may lead to extensive bleed-
ings, larger lesions with low-resistance arteriove-
nous shunts and low feeding artery pressure
would tend to cause less damage. AVMs also
rarely tend to cause vasospasm after they rupture.
Rupture of deep draining veins often results in
purely intraventricular hemorrhage.15 Additionally,
bleeding limited to the nidus tends to spare normal
brain parenchyma and minimally disrupt functional
neuronal tissue. On the other hand, parenchymal
AVM hemorrhages have been shown to have the
highest rate of associated focal deficits (51.9%),
followed by exclusively subarachnoid (41.2%) or
purely intraventricular (27.8%) locations. Finally,
patients with AVM tend to be younger,27 a fact
that may contribute positively to recovery.50,51

Medical Management of Acute AVM
Hemorrhage

Recommendations for secondary intracranial
hemorrhage management have been detailed in
the American Heart Association–American Stroke
Association guidelines.52 Although a thorough
discussion of these recommendations is beyond
the scope of this article, the authors briefly present
available evidence.
All patients should be admitted in an intensive

care unit where they can be monitored for erratic
variations in intracerebral and systemic pressures
and where ventilator support is available (class I,
level of evidence B). Antiepileptic treatment should
be administered promptly at the first sign of clinical
seizures (class I, level of evidence B) and may be
continued for a brief period after the onset of intra-
cerebral hemorrhage because it may reduce the
risk of subsequent epileptic episodes, especially

in cases of lobar hemorrhage (class IIb, level of
evidence C). Fever and hyperthermia of any cause
should be appropriately treated, and antipyretics
should be administered to prevent additional brain
injury because elevated cerebral temperature has
been shown to increase ischemic brain damage
(class I, level of evidence C). Persisting early
hyperglycemia is associated with poor outcome
and should bemanaged with insulin administration
if levels go more than 185 mg/dL (class IIa, level of
evidence C). Incomplete evidence is available on
blood pressure management in the setting of intra-
cranial hemorrhage, but intravenous drug adminis-
tration to reduce extremely high variations and
maintain cerebral perfusion pressure more than
60 to 80 mm Hg is recommended (class IIB, level
of evidence C). Medical treatment of elevated
intracranial pressure should start with simple
measures, such as elevating the patient’s head
and appropriate analgesia, but may include seda-
tion, osmotic diuretics, hyperventilation, and cere-
brospinal fluid drainage (class IIa, level of evidence
B). Early mobilization of clinically stable patients is
recommended to prevent deep vein thrombosis
and pulmonary embolism (class I, level of evidence
C), and hemiparetic/hemiplegic individuals should
have intermittent pneumatic compression of their
lower limbs (class I, level of evidence B). Subcuta-
neous heparin should only be administered after
cessation of bleeding has been documented (class
IIB, level of evidence B).

Acute Surgical Management After AVM
Rupture

Early versus delayed surgical removal
Although most intracranial aneurysms are oper-
ated on acutely because of the high risk and
morbid consequences of early rerupture, surgeons
have been classically reluctant to operate acutely
on patients with AVM presenting with hemorrhage
unless the hemorrhage is aneurismal in origin or
the hematoma is life threatening.8 Reports in the
literature suggest that acute surgical removal of
ruptured AVMs may be hazardous and lead to
persistent and possibly preventable neurological
deficits.8 AVMs are reported to have a lower risk
and morbidity from acute rerupture compared
with intracranial aneurysms,8,10,20 a fact that lead
to recommendations to defer surgery weeks or
even months after the initial bleed to allow brain
swelling to subside and patients to recover.20

Ruptured AVMs often result in intraparenchymal
clots and brain edema that is most severe during
the first days after the hemorrhage, a fact that
may require retraction and manipulation of non-
compliant brain tissue to improve visualization.21
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Compression of the AVM by the hematoma may
also partially mask parts of the lesion that may
not be evident using digital subtraction angiog-
raphy53 because contrast may not completely
fill the nidus causing incongruence between
the radiological image and operative surgical
anatomy. Waiting 3 to 6 weeks for the hematoma
to resolve or liquefy may improve visualization of
the AVM, with the resulting hematoma cavity
usually creating a well-defined dissection plane
between the lesion and normal brain paren-
chyma.10,20 An exception to this principle may be
extremely superficial and small AVMs whereby
the anatomy necessary for lesion access and
removal is straightforward.10,11

Early surgery for intraparenchymal brain
hemorrhage can quickly reduce mass effect and
potentially spare healthy neuronal tissue from a
prolonged exposure to toxic blood degradation
products.54 Kuhmonen and colleagues8 reported
a large series of 45 patients with AVM presenting
acutely with hemorrhage who were treated with
surgery within 4 days. Although two-thirds of
the patients were admitted with a Hunt-Hess
score of 4 to 5, 55% had good functional
outcome 2 to 3 months after surgery. It was the
investigator’s conclusion that aggressive and
early surgical management of the lesions with
evacuation of the hematoma can lead to favor-
able outcomes and accelerated rehabilitation
compared with the natural history of the disease
or delayed surgical management. One should
consider, though, that 60% of the AVMs that
were treated were classified as SMG I and II. Pav-
esis and colleagues21 retrospectively reviewed 27
SMG I and II AVMs that presented acutely with
hemorrhage and were surgically treated within 6
days and came to the same conclusions: early
surgery with hematoma evacuation provided
complete lesion excision, immediate decompres-
sion, bleeding control, shorter hospital stay, and
favorable functional outcome. Acute surgery for
lesions with SMG greater than or equal to III
may require further study before any conclusions
are reached because the risk of direct surgery
increases in that population and because careful
planning of multimodal therapy is more likely
needed.

All this being said, it should be noted that
instances of ultra-early rebleeding have been re-
ported.55 In cases whereby the origin of bleeding
can be determined with certainty (eg, obvious in-
tranidal or prenidal ruptured aneurysms), early
embolization can provide security against rehe-
morrhage. Microsurgical or endovascular repair
of a proximal saccular aneurysm should also be
considered early when indicated.

Perioperative anesthetic considerations
Although AVM surgery is usually not emergent and
allows for the optimization of patient parameters
and careful operative planning, acute resection
often requires strict blood pressure control,
placing patients in a barbiturate-induced coma
with vasopressor administration in cases of
myocardial depression as well as invasive moni-
toring of systemic and intracranial pressures.20

Increases in intracranial pressure have been asso-
ciated with higher morbidity and mortality in
patients with intracranial hemorrhage. Close
monitoring and control of intracranial pressure
with hyperventilation, hyperosmotic treatment,
and barbiturate administration is, therefore, essen-
tial to ensure good postoperative functional
outcome. Intracranial pressure monitoring is also
essential during a barbiturate coma because an
increase in intracranial pressure may be the only
sign of a postoperative hematoma and impending
herniation. In their series of 10 patients who under-
went emergency AVM surgery in the context of
hemorrhage, Jafar and colleagues concluded
that the 2 conditions necessary to ensure good
surgical results were prompt decompression with
hematoma evacuation and aggressive periopera-
tive management of intracranial pressure.20

Predictors of outcome after acute surgery
Although some risk factors for elective AVM
surgery have been identified,56 such as increasing
patient age, lesion size, and eloquent location,
little data are available on predictors of good func-
tional outcome in the acute surgical setting. In their
3-month follow-up of 49 patients with ruptured
AVMs that were operated within 4 days of hemor-
rhage, Kuhmonen and colleagues8 identified the
severity of the hemorrhage at presentation re-
flected by the Hunt-Hess score (P 5 .001), as
well as increasing patient age (P 5 .006), as clear
predictors of worse postoperative outcome. The
concomitant presence of intraventricular hemor-
rhage also seemed to correlate with increasing
morbidity and mortality (P 5 .049).

Clinical Case Presentations

Clinical case I
A 50-year-oldman presented to the authors’ emer-
gency department complaining of headaches.
Clinical examination was normal, but computed
tomography revealed signs of subarachnoid
hemorrhage (Fig. 1). An angiogram showed a left
inferior/posterior frontal lobe and left basal
ganglia AVM, measuring 4.5 � 3.0-cm with super-
ficial venous drainage (Fig. 2). Five intracranial
aneurysms were also detected, including an 8 �
5-mm flow-related aneurysm (Fig. 3A) that was
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discovered at the posterior communicating
(PCOM)-P1 segment of the posterior cerebral
artery junction andwas determined to be the cause
of the bleeding. The patient underwent immediate
coiling of his PCOM aneurysm (see Fig. 3B) and
was discharged home in normal neurological
condition. Four months later, the patient was read-
mitted and underwent surgical clipping of his 4 re-
maining aneurysms (a 2-mm aneurysm of the
anterior communicating artery, a 3-mm aneurysm
adjacent to an enlarged left choroidal artery infun-
dibulum, a 4-mm wide-necked aneurysm on the
M1 segment of the left middle cerebral artery,
and a 3-mm left medial paraclinoid aneurysm).
Subsequently, the patient elected to undergo
staged embolization sessions followed by staged
radiosurgery over 2 sessions. Thirty months later,
he was neurologically intact, and his AVM was
completely obliterated on digital subtraction angi-
ography (see Fig. 3C).

Clinical case II
A 30-year-old woman was brought unresponsive
to our emergency department. She had com-
plained of headaches before losing conscious-
ness. Her computed tomography scan showed
a 3-cm intraparenchymal cerebellar and vermian
hemorrhage, with blood in the fourth ventricle
(Fig. 4). She was taken to the operating room for
an immediate posterior fossa craniectomy and
underwent partial hematoma evacuation. An
external ventricular drain was placed initially and
opened once the posterior fossa dura was
exposed. An AVM was noted but not removed
because of significant brain swelling. Postopera-
tively, a vermian AVM was determined to be the

source of the bleeding (Fig. 5). She was dis-
charged home complaining only of mild gait inco-
ordination and left-hand apraxia, with plans to be
later readmitted for AVM resection. Three months
later, the AVM was uneventfully resected micro-
surgically and she made a full recovery.

Clinical case III
A 51-year-old woman was transferred to the
authors’ institution from a peripheral hospital
unresponsive, with intracranial bleeding and acute
hydrocephalus, which was treated with external
ventricular drain placement. Her computed
tomography scan revealed a large vermian and
cerebellar hematoma with mass effect (Fig. 6). A
vertebral angiogram revealed a small (<1 cm)
AVM in the midportion of the vermis with a single
cortical draining vein (Fig. 7). Her posterior fossa
was decompressed with a craniectomy and partial
hematoma evacuation (Fig. 8). Two months later,
the AVM was resected uneventfully and she
made an excellent recovery.

Clinical case IV
A 32-year-old woman was diagnosed with a right
frontoparietal parasagittal 4-cm AVM (Fig. 9)
when she was 13 years old.57 The AVM was
managed conservatively. She was left with spastic
hyperreflexic paresis on her left side after her
lesion ruptured. Ultimately, she was referred for
evaluation of her AVM and possible treatment.
After careful counseling, the patient and family
elected to have the AVM managed with staged
embolization followed by microsurgical resection.
The initial angiogram and embolization were
uneventful, and multiple small intranidal aneu-
rysms were noted (Fig. 10). The second emboliza-
tion took place 2 weeks later without any notable
clinical changes. The following day, however, she
quickly became unresponsive and her computed
tomography scan revealed a diffuse intraventric-
ular hemorrhage with fourth ventricle dilation
(Fig. 11). An external ventricular derivation drain
was placed, and she underwent embolization to
secure the intranidal aneurysm that was deemed
responsible of her hemorrhage (Fig. 12). Recombi-
nant tissue plasminogen activator was then
administered through her ventricular drain for
a total of 9 injections and gradually started to
improve her coma with the resolution of her
hemorrhage (Fig. 13). She was discharged 20
days after her hemorrhage and was clinically at
her preadmission baseline.

Key Messages

� A key principle in the surgical management
of patients with AVM presenting with

Fig. 1. Computed tomography scan revealing intra-
ventricular hemorrhage.
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hemorrhage that require surgical decom-
pression is to evacuate hematoma and
defer AVM treatment by several weeks to
months.

� If the source of hemorrhage can be clearly
attributed to an accessible intranidal aneu-
rysm, endovascular embolization of the
rupture site may be indicated. Ruptured
prenidal aneurysms should be treated mi-
crosurgically or endovascularly if they are
determined to be the cause of the hemor-
rhage and if access can be achieved safely.

� Approximately 50% of AVMs present with
hemorrhage, with an estimated mortality
that can be as high as 30%.

� The risk of AVM rehemorrhage can increase
by a factor of 3 for a duration of up to 1 year
after the initial hemorrhage.

� Increasing age (especially the fourth, fifth,
and sixth decades of life) has been linked
to a higher risk of rehemorrhage and worse
postoperative outcomes.

DURAL ARTERIOVENOUS FISTULAS

Dural arteriovenous fistulas (DAVFs), also known
as dural arteriovenous malformations or dural
arteriovenous fistulous malformations,26,58 are
uncommon lesions of the central nervous system
that compose approximately 10% to 15% of all
intracranial AVMs.29 They are described as iso-
lated or a multitude of dural-based arteriovenous
fistulas, often without the presence of a well-
defined nidus.26,58 Postulations about their origin
vary from congenital to acquired after traumatic
injury or venous sinus thrombosis.31,55,59–61 These

Fig. 2. (A–C) Admission carotid angiogram revealing a large AVM involving the left inferior-posterior frontal lobe
and the anterior basal ganglia.
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complex lesions can either remain asymptomatic
for an extended period of time, lead to minor
discomfort and be managed conservatively, or
cause debilitating intracranial hemorrhage,26,60–63

with a reported estimated mortality rate as high
as 19% per year.60,64

Although several studies address the risk of
initial hemorrhage from DAVFs and the radiological
risk factors for hemorrhage, literature describing
rebleeding rates is exceedingly sparse.26,65 Avail-
able natural history data on morbidity rates and
predictors of outcome after hemorrhage are also
lacking, likely because of the rarity of these lesions
because most reports only reach class V level of
evidence.

Epidemiology of DAVF Hemorrhage

Although the incidence of DAVFs may be lower
than that of other central nervous system lesions,
such as AVMs or aneurysms, they, nevertheless,
significantly contribute to the incidence of
secondary intracerebral hemorrhage and espe-
cially to the resulting mortality. In a prospective
analysis of 141 adults presenting with intracranial
hemorrhage caused by an underlying intracranial
vascular malformation, Cordonnier and col-
leagues66 found DAVFs to be responsible for the
bleed in 6.4% of cases. Mortality rates after an
initial episode of hemorrhage have been reported
to be as high as 20% to 30%.26,60,64,67 As with

Fig. 3. (A) An 8 � 5-mm aneurysm of the posterior communicating-P1 segment of the posterior cerebral artery
junction that was the likely cause of hemorrhage, before (A) and after (B) coiling. Follow-up carotid angiogram
(C) showed complete angiographic occlusion of the AVM.
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AVMs, thorough knowledge of the classification,
behavior, natural history, and treatment complica-
tion rates of these often complex lesions is essen-
tial to a neurosurgeon’s ability to correctly advise
his or her patients and provide them with viable
therapeutic options.

Initial and recurrent hemorrhage
The hemorrhage rate of DAVFs has been exten-
sively studied by many investigators,26,39,67–73

with an overall estimated yearly rate of around
1.8%.26,67 Considerably higher risk is associated
with specific anatomical and radiological features,

particularly cortical venous drainage, a fact that
lead to the creation of multiple DAVFs classifica-
tion systems in an attempt to predict clinical lesion
behavior.58,61,72 The Borden58 and Cognard72

systems are currently most widely used to deter-
mine a lesion’s natural history and grossly group
DAVFS into benign versus aggressive lesions.
Aggressive lesions all have retrograde cortical
reflux filling in common, with a reported overall
hemorrhage rate ranging between 20%26 and
66%62 and an annual bleeding rate between
8.1%60 and 19.2%.60 Even benign DAVFs have
a 2% risk of developing cortical venous reflux
and consequently pose a risk for brain hemor-
rhage.73 The location of hemorrhage secondary
to DAVF, as is the case with AVMs, is most
frequently parenchymal, accounting for the high
mortality rate associated with a hemorrhagic
presentation but could also involve the ventricles
and the subdural or subarachnoid spaces. The
incidence of rehemorrhage has been less exten-
sively studied. Duffau and colleagues65 reported
a series of 20 patients with Cognard type III and
type IV DAVF who presented with hemorrhage
and did not receive early surgical treatment; 35%
of the patients suffered from radiologically proven
rebleeding within an interval of 2 weeks after diag-
nosis. Borden and colleagues58 found similar
results in their series of 14 patients, with 20% to
35% of radiologically proven recurrent hemor-
rhages within 2 weeks. Davies and colleagues60

also saw the risk of hemorrhage increase to
19.2% per lesion year in patients who refused
treatment. Furthermore, the second hemorrhage
had a heavier clinical toll on these patients
compared with their initial bleed. In light of these
findings, many investigators advocate early and
definitive treatment of lesions with cortical venous
drainage presenting with hemorrhage.

Risk factors for DAVF hemorrhage
The presence of retrograde cortical venous
drainage seems to be the main predictor of malig-
nant DAVF behavior reported in the literature.
It is also at the foundation of the Borden58 and
Cognard72 classification scales, which are
frequently used to predict lesional natural history
and either encourage or defer surgical manage-
ment. Additional risk factors have been identified
and are often related to cortical drainage. These
factors include variceal or aneurysmal venous dila-
tions, galenic vein drainage, and stenosis or occlu-
sion of associated venous sinuses.63,74–76 Awad
and colleagues,63 in a comparison of 100 aggres-
sive with 227 benign DAVFs, concluded that
although aggressive lesions could occur at any
intracranial location, the floor of the anterior

Fig. 4. Computed tomography scan showing a 3.5-cm
hemorrhage in the cerebellar vermis.

Fig. 5. Vertebral angiogram showing a vermian AVM.
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cranial fossa, the tentorial incisura, and associa-
tions with the transverse-sigmoid sinuses and
the cavernous sinus were more likely to behave
malignantly. This finding can be partially explained
by the fact that DAVFs of the floor of the anterior
fossa and of the tentorial incisura are often drained
by cortical vein and, therefore, are constitutionally
more prone to bleed.

Natural history of DAVF hemorrhage
As is the case with AVMs, scarce data are found in
the literature on mortality rates after intracerebral
hemorrhage secondary to DAVFs and even less
on the associated morbidity. Mortality rates after
an initial hemorrhagic episode range between
10.0% and 19.3% per year, depending on the

Fig. 6. (A, B) Computed tomography scan showing a large parenchymal hemorrhage centered in the cerebellar
vermis with ventricular extension (A). Significant ventricular hemorrhage with moderate ventricular enlargement
can also be seen (B).

Fig. 7. Vertebral angiogram showing a small AVM of
the vermis.

Fig. 8. Computed tomography scan after cerebellar
hematoma evacuation.
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persistence of cortical drainage and on lesion
grade.60,62,64 The overall estimated mortality rate
reported by some series can be as high as
45%.64 Clinical course is reported to be even
more morbid in the setting of early rebleeding.65

Medical Management of Acute DAVF
Hemorrhage

As is the case with AVMs, the recommendations
for the management of DAVF bleeds follow the
American Heart Association–American Stroke

Association guidelines52 that were reported in the
previous section.

Microsurgical and Endovascular Management
of DAVF

Asdiscussedearlier in this article,malignantDAVFs
are characterized by an abnormal retrograde filling
of leptomeningeal veins with fragilization, in-
creased tortuosity, and possible variceal dilation
of cortical drainingveins andhaveahighpropensity
of causing cerebral bleeding and nonhemorrhagic

Fig. 9. (A, B) MRI of the brain revealing a large right frontal parasagittal AVM.

Fig. 10. (A, B) Preembolization angiogram showing multiple intranidal aneurysms.
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neurological deterioration. Cortical drainage in
malignant DAVFs is further classified as direct
(non–sinus-type) or indirect (sinus-type), depend-
ing on the involvement of venous sinuses in retro-
grade venous drainage. Although there is currently
no consensus about preferred absolute treatment
modality, with open surgical, endovascular, and
hybrid approaches described in the literature,
experts unanimously agree that these high-risk
lesions need to be treated because of their inherent
morbidity and mortality. In the following sections,
the authors provide a general overview of available
surgical and endovascular treatment options, dis-
cussing the technical advantages, success rate,

and morbidity/mortality of each technique, as well
as specific recommendations depending on the
location of the DAVF, based on available evidence.
Stereotactic radiosurgery and gamma knife are not
discussed because these options are not usually
appropriate in an emergent setting because of the
significant 1- to 3-year lag64 between the initiation
of treatment and the observation of a clinically and
radiologically significant response.

Microsurgical treatment
General considerations Surgical management
with or without prior embolization has evolved
considerably since its description by Sundt and

Fig. 11. (A, B) Brain computed tomography scan after hemorrhage.

Fig. 12. (A, B) Anteroposterior left carotid angiogram showing the aneurysm (black arrow) (A). Microselective
catheter angiography (B).
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Piepgras in 198377 and is considered to be both
a versatile and effective therapeutic option.26 It is
particularly useful in cases of acute hemorrhage
whereby parenchymal hematomas cannot be
managed medically or expectantly. Early surgical
reports advocated ligating the feeding arteries,
but cure rates were very low (0%–8%) with
frequent recurrence because of new feeder
recruitment and exposed the patient to perilesion-
al hemodynamic disturbances with the potential
for an increased risk of rupture.26,62,78 Although
definitive cure historically required complete
surgical excision, extensive blood loss with re-
ported rates as high as 300 mL/min77 lead to the
innovation of new but effective surgical concepts.
Currently adopted techniques differ for sinus-type
fistulas and fistulas with direct cortical drainage
(non–sinus-type)79 but can provide highly satisfac-
tory and definitive results.

DAVFSwithsinus involvement (sinus-type) Excision
of the diseased sinus segment can be effective and
provide definitive cure, but care should be taken
not to remove patent sinuses or sinuses without
prominent collateral venous drainage to avoid the
morbid consequences of edema and venous infarc-
tion.26,62 In surgically accessible sinuses, direct
access and incision with packing using oxidized
cellulose, or catheterization followed by coiling,
can efficiently stop DAVF arterial blood flow.
Reported occlusion rates with this technique
approach 100%, with acceptable morbidity and
mortality.54,79,80 Alternatively, Van Djik and col-
leagues38 advocated disconnecting the sinus
cortical reflux while preserving the integrity of the

arterialized sinus, thus, converting aggressive
DAVFs into more benign lesions with a lower risk
of hemorrhage.

DAVFS with direct cortical drainage (non–sinus-

type) In non–sinus-type DAVFs, the discontinua-
tion of the cortical draining vein at its entry point at
the dura without interfering with the nidus, arterial-
ized dura, or feeding arteries seems to be a safe
and highly effective method.60,79 Normal hemody-
namic flow resumes in the cortical vessels, and the
draining vein spontaneously thromboses. Reported
success rates for this procedure can be as high
as 97.6%, with minimal morbidity and mortality.

Endovascular embolization
General considerations New endovascular tech-
niques and embolic materials and increasing oper-
ator expertise have transformed the endovascular
approach from a palliative means of treating
surgically inaccessible DAVFs to an effective ther-
apeutic option. Transvenous embolization with
coils of the nidus or the arterialized sinus was clas-
sically the preferred approach and provided the
best chance of complete cure, although success
rates were significantly lower than those reported
today. Stenting of a stenosed sinus to reduce
venous congestion and obliterate the DAVF by
engaging its pathophysiological mechanism has
also been reported in a few case illustrations, but
long-term patency and efficacy has not been
adequately presented. The transarterial route
was classically avoided because older generation
embolic materials, such as silk sutures, coils,
collagen, and particles, failed to completely oblit-
erate the lesion, and were often dislodged over
time with consequential recanalization of the
fistula.81 These materials also tended to block
the feeding arteries, preventing further access to
the lesion.17 New-generation embolic materials,
such as Onyx (Microtherapeutics, Inc, Irvine, Cali-
fornia) and N-butyl-cyanoacrylate (NBCA, Cod-
man Neurovascular, Inc, Irvine, California), have
radically changed these outdated concepts. The
rapid precipitation of NBCA makes it highly effec-
tive in obliterating high-flow lesions, whereas the
distal penetration and diffusion of Onyx is ideal
for transarterial embolization of the nidus and the
draining veins. These advances have made the en-
dovascular approach as effective as surgery, with
occlusion rates as high as 100%79 and many
investigators advocating it as a first-line treatment.

DAVFS with sinus involvement (sinus-type)

Retrograde transvenous sinus embolization can
be as effective as surgical packing, with low
mortality and reported obliteration rates of 81.0%
to 87.5%. Transarterial administration of Onyx

Fig. 13. Brain computed tomography after 5 days of
tissue plasminogen activator administration.
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has also been advocated, with occlusion as high
as 78%.79,82,83 Positioning of the microcatheter
in a dural feeder close to the nidus is the most
important factor that determines the likelihood of
lesion obliteration.

DAVFS with direct cortical drainage (non–sinus-

type) As the authors previously mentioned, new-
generation embolic materials, such as NBCA and
Onyx, have revolutionized the treatment of fistulas
with leptomeningeal drainage. Retrograde venous
access in non–sinus-type DAVF is usually avoided
because of the fragility and tortuosity of cortical
veins, but transarterial embolization using Onyx
has been reported to be effective in a high
percentage of cases (68.4%–100%).79,84–87 It
should be noted that complication rates ranging
from 9% to 21%, and cases of morbidity have
been reported in recent series,49,82,88–90 making
microsurgical interruption of the draining vein the
procedure of choice of some investigators for
this type of lesion.79

Key Messages

� The risk of hemorrhage from DAVFs is
approximately 1.8% per year but can
increase significantly from patient to patient
based on specific anatomical features.

� Cortical venous lesiondrainage is correlated
with an increased risk for brain hemorrhage.

� Cortical venous drainage is the single most
important factor affecting the natural history
of DAVFs.

� For high-grade dural fistulas that present
with hemorrhage, rehemorrhage rates are
high within the first 2 weeks, hence, justi-
fying aggressive early intervention.

� Transarterial embolization has become
more effective at lesion obliteration since
the introduction of Onyx.

� Microsurgical disconnection of the arterial-
ized draining vein may be all that is needed
to eliminate the dural fistula or at least its
high-risk feature.

� The choice between an endovascular and
a microsurgical approach in DAVF manage-
ment depends in great part on the anatom-
ical features of the lesion.

� Disconnection of the arterialized veins may
beaddressedat the timeof hematomaevac-
uation if an adequate understanding of the
anatomy was achieved preoperatively.
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Surgical Treatment of
Cranial Arteriovenous
Malformations and
Dural Arteriovenous
Fistulas
Gustavo Pradilla, MD, Alexander L. Coon, MD,
Judy Huang, MD, Rafael J. Tamargo, MD*

Microsurgical resection remains the treatment of
choice for more than half of all patients with arte-
riovenous malformations (AVMs). It compresses
the treatment window into a span of a few weeks
and is curative. Careful patient selection, meticu-
lous surgical planning, and painstaking technical
execution of the surgery are typically rewarded
with excellent outcomes. The techniques for
AVM resection have improved steadily over the
past 80 years since the first report of the complete
resection of an AVM. Five milestones in this
surgical field have been: (1) the introduction of
cerebral angiography in 1927 by Antonio Caetano
de Abreu Freire Egas Moniz from Portugal,1 (2) the
first reported complete resection of a posterior
fossa AVM in 1932 by Herbert Olivecrona from
Sweden,2 (3) the first reported embolization of an
intracranial AVM in 1960 by Luessenhop and
Spence,3 (4) the introduction of the operating
microscope in neurosurgery in the mid-1960s,4

and (5) the first large microsurgical series of AVM
resections reported in 1988 by M. Gazi Yasargil
(414 patients).5 In the case of dural arteriovenous
fistulas (DAVFs), microsurgical obliteration is
often reserved for cases in which endovascular
therapy either cannot be pursued or fails. When
performed, however, microsurgical obliteration of

DAVFs is associated with excellent outcomes as
well. This article reviews the current state of micro-
surgical treatment of AVMs and DAVFs.

ARTERIOVENOUS MALFORMATIONS
Case Selection

In general terms, the angioarchitecture of the AVM
as well as the patient’s age and medical/
neurologic condition are the major determinants
of whether a patient is a candidate for surgery.
Age is the major determinant of the patient’s risk
of hemorrhage and also of how well he or she
can tolerate surgery. To calculate the actuarial life-
time risk of hemorrhage for a specific patient, one
of twomethods can be used. The simple method is
to subtract the patient’s age from 105.6 This
method assumes a 3% annual risk of hemorrhage.
The more accurate, but also more complex
method, is to use the formula for the multiplicative
law of probability (1 � [1 � annual risk of hemor-
rhage]expected years remaining of life), which assumes
a constant annual risk of hemorrhage and inde-
pendent event behavior each year.7 Older patients
and those with debilitating medical conditions are
obviously poor surgical candidates.
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Determining whether a particular AVM is suit-
able for surgery, on the other hand, is a more
complex issue, given the numerous anatomic vari-
ations associated with these lesions. This analysis,
however, was simplified by the introduction in
1986 of the Spetzler-Martin scale8 and by its
modification in 2003 by Lawton.9 The Spetzler-
Martin scale reduces the analysis of an AVM to
its size (S), pattern of venous drainage (V), and
eloquence of adjacent brain (E), and has proved
to be predictive of surgical outcomes. In the large
Finnish series of 623 AVM cases accrued over
55 years (1951–2005), 13% were Grade I, 29%
were Grade II, 32% were Grade III, 19% were
Grade IV, and 4% were Grade V.10 Grade I and II
AVMs, which comprise about 42% of all AVMs,
are generally considered favorable for surgery.
In their original series of 100 cases, Spetzler and
Martin8 reported no morbidity in 23 Grade I
AVMs and a 5% morbidity in 21 Grade II AVMs.
By contrast, they reported 27% and 31%
morbidity in Grade IV and Grade V AVMs, respec-
tively. Therefore, Grade I and II AVMs are favorable
for surgery, but Grade IV and V AVMs are not. Han
and colleagues11 as well as Heros12 have gone on
to recommend no treatment for most Grade IV
and V AVMs.
Grade III AVMs are a varied group at the

boundary between favorable and unfavorable
surgical outcomes, and also happen to be the
most common type of AVM. In the original
Spetzler-Martin series, all Grade III AVMs were
associated with 16% morbidity. Lawton studied in
detail 76 Grade III AVMs (out of 174 total AVMs)
and proposed a modification of the Spetzler-
Martin system that has proved valuable in terms
of surgical selection.9 Of the 76 Grade III AVMs,
46.1% were small (S1V1E1), 18.4% were medium/
deep (S2V1E0), and 35.5%weremedium/eloquent
(S2V0E1). (Lawton did not encounter any S3V0E0
AVMs.) In this series of Grade III AVMs, the
combined surgical morbidity/mortality was 2.9%
for small AVMs, 7.1% for medium/deep AVMs,
and 14.8% for medium/eloquent AVMs. Therefore,
whereas a small Grade III AVM (<3 cm) with deep
drainage and in an eloquent location is still a
favorable surgical lesion, a medium Grade III AVM
(3–6cm) in aneloquent location is not.Deepvenous
drainage alone does not seem to be associated
with poor surgical outcomes.
It follows that because Grade I and II AVMs

make up about 42% of all AVMs, and Grade III
AVMs make up about 32% of all AVMs,10 and
because S1V1E1 and S1V1E0 lesions combined
make up about 64% of all Grade III AVMs,9 the
total proportion of AVMs that are favorable for
surgery is about 62% (42% 1 [32% � 64%]).

Although these two scales provide helpful guide-
lines for surgical selection, many other factors will
affect this decision. Lawton and colleagues13 have
proposed a further refinement of their selection
criteria by considering older age, hemorrhagic
presentation, nidal diffuseness, and a deep perfo-
rating arterial supply as negative predictive features.
Patients with Grade I and II AVMs but with serious
medical conditions, such as severe coronary dis-
ease, are best treated radiosurgically. By contrast,
a patient with a Grade IV AVM previously treated
with serial embolizations and several rounds of ra-
diosurgery, who presents with recurrent hemor-
rhages, then becomes a reasonable surgical
candidate. Incidentally, theauthorscontinue to favor
the original formulation of the Spetzler-Martin scale
over its recent 3-tier modification.14

Preoperative Imaging

Conceptually, AVMs are best approached as both
vascular lesions and mass lesions. As such, they
should be imaged with computed tomography
(CT) and magnetic resonance imaging (MRI)
scans, as well as full catheter angiography, which
should include external carotid artery circulation
injections. The CT scan is best for identifying acute
and resolving hemorrhages, calcifications, and the
location of embolic material. The MRI, particularly
the T2 sequence, provides an excellent correlation
of the AVM components with the surrounding
parenchyma. The angiogram obviously provides
detailed imaging of the arterial feeders and the
draining veins. One should recognize that the
angiogram typically shows only the major arterial
feeders and anticipate that more will be encoun-
tered during surgery as the dissection proceeds,
especially in the deepest portions of the AVM.
The venous phase of the angiogram is particularly
important because once the surface of the brain is
exposed at the time of surgery, one will use the
surface veins to become oriented to the location
of the nidus. The benefits of functional MRI in the
planning of AVM resection remain to be
established.15,16

Preoperative Embolization

Preoperative embolization of an AVM should be
considered strategically, keeping in mind that
each embolization carries approximately 3%
morbidity and 1% mortality.17 AVM embolization
has dramatically changed the surgery of com-
plex AVMs. Deep arterial feeders likely to be
encountered late in the dissection are excellent
candidates for embolization. Embolization can
also be used to demarcate an arterial boundary
of an AVM in eloquent cortex, or to reduce flow
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through a hyperdynamic AVM. From the perspec-
tive of surgical manipulation, both n-butyl-2-
cyanoacrylate (NBCA; Cordis Microvascular Inc,
New Brunswick, NJ) and ethylene vinyl alcohol
copolymer (Onyx; ev3 Inc, Irvine, CA) are easy to
displace and cut. In general, the authors prefer to
dissociate the risks of embolization from those of
surgery by allowing 7 to 10 days between the
two interventions.

Associated Aneurysms

Approximately 7% to 8% of AVM patients have at
least one intracranial aneurysm.18,19 Nidal aneu-
rysms are an integral part of the AVM and do not
require separate surgical consideration. Prenidal
aneurysms, by contrast, are potentially treach-
erous and should be treated at the time of AVM
resection, preferably before occlusion of the
main arterial feeders (Fig. 1) or before surgery if
they are distant from the surgical field. The
concern is that serial occlusion of the AVM arterial
feeders can result in an increase in pressure and
rupture of a prenidal aneurysm.

Intraoperative Adjuvants

Electrophysiologic monitoring, in the form of
electroencephalography, somatosensory evoked
potentials and, in the case of posterior fossa
AVMs, brainstem auditory evoked responses,
is essential during AVM surgery.20 Although
motor evoked potentials (MEPs) have been advo-
cated by some groups,21 the muscular contrac-
tions during MEP runs are inconvenient during

microsurgical dissection. MRI-guided or CT-
guided intraoperative navigation can be helpful in
centering the craniotomy over small or medium
convexity AVMs. For very small convexity AVMs,
the authors use intraoperative angiography for
localization.22 Intraoperative angiography is essen-
tial to confirm complete resection of the nidus
and detect inadvertent compromise of a normal
vessel. A recent review of 14 series (330 patients)
of intraoperative angiography in AVM surgery
showed that in 15% of cases management was
changed by the angiogram results.23 The benefits
of microscope-integrated indocyanine green
angiography during intracranial AVM surgery
remain to be established, although its usefulness
in DAVFs is becoming apparent.24

Staged AVM Surgery

Up until the early 1990s, the authors treated 3 large
AVMs in two scheduled surgical sessions. During
that time they were still operating on many Grade
IV and a few Grade V AVMs while assessing the
efficacy of combined treatment with serial emboli-
zations followed by radiosurgery. At present the
authors rarely use this option, but staged surgeries
should be kept in mind in the case of a large and
complex AVM that may require more than 12 hours
of surgery or one that has arterial feeders that
cannot be reached through a single exposure. In
the Andrews and Wilson25 series of 319 AVMs,
9 (3%)were treated in two staged surgerieswithout
apparent adverse effects from the staging itself. In
the authors’ 3 cases the first surgery was limited to

Fig. 1. Left temporal lobe AVM associated with a left posterior cerebral artery (PCA) aneurysm. Both were treated
at the same time during surgery. (A) Preoperative image; (B) intraoperative image after AVM resection and aneu-
rysm clipping.
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occlusion of the major feeders and taking even
minor draining veins was avoided. At the conclu-
sion of the first surgery, the dissection plane was
marked with oxidized regenerated cellulose sheets
(Surgicel; Ethicon SARL, Neuchatel, Switzerland).
The patients were extubated and kept sedated in
the intensive care unit. Their mean arterial pressure
(MAP) was kept below 100. The two surgeries
were separated by 1 to 3 days. The day before the
second surgery, a catheter angiogramwasobtained
to update the anatomy of the AVM. No adverse
sequelae from the staging itself were found.

Surgical Approach

From an angioarchitectonic perspective, AVMs are
highly variable and each lesion requires an individ-
ualized surgical strategy that builds on the 4 basic
steps described below. Surgically AVMs can be
divided into cortical (surface) lesions, which are
visible on the surface, or subcortical (deep)
lesions. Cortical AVMs can be limited to the cortex,
or can traverse the cortex and white matter, and
breach the subependymal layer into the ventricle
(Fig. 2). Subcortical AVMs can be found within
the deep white matter with or without extension

into the ventricular surface, within the deep gray
matter structures, or, in rare instances, exclusively
within the ventricle (choroidal AVMs).26

In almost all cases, the basic strategy for micro-
surgical AVM resection consists of: (1) creating
a wide craniotomy centered over the nidus and
comfortably encompassing the arterial feeders
and all the draining veins, (2) gradually devascula-
rizing the AVM by occluding the arterial feeders, (3)
circumferentially separating the AVM from the
adjacent parenchyma, and (4) finally dividing the
draining veins (Fig. 3). Early compromise of amajor
draining vein should be avoided at all costs. When
properly executed, an AVM resection is one of the
most elegant and satisfying procedures in neuro-
surgery. With the exception of life-threatening
hematomas, AVM surgery should be scheduled
electively.

Positioning

The authors use either the supine or the lateral de-
cubitus (“park bench”) position for AVM surgery.
The head should always be above the level of
the heart. Whenever possible it is ideal to keep
the head straight (in relation to the chest) and

Fig. 2. Typical angioarchitecture of a transcortical parasagittal parietal AVM. The major arterial feeders,
en passage artery, nidal aneurysms, deep ventricular arterial feeders, and major draining vein are highlighted.
(Courtesy of Ian Suk, Johns Hopkins University; with permission.)
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slightly extended to maximize venous return in the
neck (the “sniffing position”). The authors
avoid extreme head rotation in the supine position,
which can compromise contralateral venous
drainage, and prefer the lateral decubitus position
in such cases. The authors rarely use the prone or
Concorde position because it compromises
venous return in both chest cavities, requires
marked flexion of the neck, and often causes brain
swelling and increased venous pressure intracra-
nially. Chi and Lawton27 have discussed the
advantages of the lateral versus prone positions
in 46 patients (23 lateral and 23 prone) who under-
went the posterior interhemispheric approach for
vascular lesions. The authors have found that
interhemispheric and posterior midline AVMs can
be reached comfortably with the patient in the
lateral decubitus position. Whether the patient is
placed in the right lateral or left lateral position
depends on how far off the midline the lesion lies
(keeping in mind the advantages of the contralat-
eral interhemispheric transcallosal or transcingu-
late approach28), and on maximizing gravity
retraction on the dependent lobe or hemisphere.
An additional advantage of the lateral position for

interhemispheric lesions is that the surgeon can
work with his hands side by side as opposed to
one on top of the other, as required in interhemi-
spheric cases positioned either supine or prone.

The authors use lumbar drains intraoperatively
for AVM locations in which large cisterns will not
be accessible in the early stages of the surgery,
such as interhemispheric (parafalcine, callosal,
cingulate) or occipital AVMs. In such cases,
lumbar cerebrospinal fluid (CSF) drainage can be
used for relaxation early on in the case until a large
cistern or the ventricle is reached for removal of
larger quantities of CSF. The authors no longer
use the sitting position because of the risks of
hypotension and venous air embolism.

Craniotomy and Dural Opening

The craniotomy should be wide enough to
comfortably expose the normal brain surrounding
the AVM. The entire superficial draining venous
system should be exposed, including the superior
sagittal sinus in the case of parafalcine, callosal,
cingulate, or convexity AVMs, or the transverse
sinus in the case of posterior temporal, inferior

Fig. 3. The basic steps in the resection of an AVM include temporary clipping and division of the major arterial
feeders, circumferential dissection and isolation of the nidus, placement of cottonoids on the parenchymal wall
for gravity retraction and protection of the brain, dissection of en passage arteries and division of their feeder
arterioles, division of deep ependymal feeders, and finally division of the major draining veins. (Courtesy of
Ian Suk, Johns Hopkins University; with permission.)
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parietal, or occipital AVMs. If external carotid
circulation feeders are present, they should be
incorporated into the flap to occlude them early
in the approach. When making and connecting
the burr holes, one should be mindful of the course
of the major draining veins to avoid inadvertent
injury or compression of bulging veins. In general,
more burr holes and short passes between burr
holes are preferable (Figs. 4–7).
The dural opening should be similarly wide. The

dural opening should be started away from the
draining veins and nidus. The dura overlying
the draining veins should be opened carefully,
keeping in mind potential adhesions of these to
the underside of the dura, which are particularly
common after embolization or hemorrhage. In
case of injury of a major draining vein, pressure
should be applied with cotton and/or oxidized
regenerated cellulose (Surgicel) and moderated
to allow ongoing drainage until bleeding subsides;
occluding a draining vein at this early stage could
be disastrous. At times the dura may be densely
adherent to a draining vein or the nidus itself,
and it is preferable to simply cut this portion of
dura and leave it attached to the AVM.

Initial Exposure and Inspection of the AVM

The superficial draining veins are often the key to
orientation regarding the exact location of the
nidus. On exposing the AVM, one should take
a couple of minutes to correlate the surgical
anatomy with that on the angiogram. Feeding
arteries, although prominent in the angiogram,

are often not visible on the surface. Opening all
accessible sulci and fissures allows for better
understanding of the surface components of the
AVM, relaxes the brain, and often dissociates the
surface draining veins from the bulk of the AVM,
so that manipulation of the nidus does not torque
the draining veins. Obviously, any adjacent arach-
noid cisterns should be similarly opened and
drained.
Subcortical AVMs may have a single arterialized

vein apparent on the surface. In these cases the
draining vein can be followed retrogradely as it
dives into the brain to reach the nidus. Ultrasonog-
raphy may also be helpful in finding the nidus in
these cases.

Initial Dissection: Division of Arterial Feeders

Ideally the approach should be planned to allow
access to the major feeding arteries early on and
to minimize manipulation of the draining veins
during the early dissection. Often, however, a
compromise has to be reached. The initial dissec-
tion should be immediately directed toward the
major arterial feeders for early reduction in the
flow of the AVM. As these are identified, it is best
to temporarily clip them and observe the AVM for
a few minutes. Electrophysiologic data are also
helpful during this period of temporary occlusion.
Alternatively, smaller arteries can be gently
pinched with the bipolar forceps and observed. It
often can be difficult to distinguish between an
arterial feeder and an arterialized draining vein.
Arterial feeders should be divided as close to the

Fig. 4. (A) Frontosphenotemporal (pterional) craniotomy and combined pterional/subtemporal craniotomy. In
general, for AVM surgery more burr holes and short passes between burr holes are preferable to avoid inadver-
tent injury of superficial draining veins. (B) Temporal/subtemporal craniotomy for AVMs restricted to the
temporal lobe. (Courtesy of Ian Suk, Johns Hopkins University; with permission.)
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nidus as possible. Correct identification and occlu-
sion of a major arterial feeder is often rewarded
with an immediate change in color of the blood in
the draining veins, which turns darker, as well as
decreased pulsation and turgidity of the nidus.
By contrast, erroneous temporary occlusion of
an arterialized vein often results in increased
pulsation, turgidity, and even hemorrhage. Small
to medium arterial feeders can simply be coagu-
lated and cut. For permanent occlusion of large
arterial feeders, the authors prefer to use hemo-
static clips instead of aneurysm clips; as aneurysm
clips accumulate in the field, their hubs and bulk
interfere with visualization of the deeper planes
and with manipulation of the AVM.

“En passage” vessels are arteries that supply
the brain surrounding the AVM but give rise to
small feeding arterioles to the AVM. Painstaking
dissection of these arteries is necessary to under-
stand their anatomy and divide the feeding

arterioles without compromising the en passage
parent artery.

Circumferential Dissection

The next stage consists of a spiral dissection
around the nidus down to its apex, which in many
cases reaches the ventricular surface. In general,
large AVMs start wide on the cortical surface and
become narrower as they reach the ventricular
surface (see Fig. 2). These AVMs have the general-
ized shape of an inverted conical frustum (a
geometric figure shaped like a cone but with its
tip cut off). Keeping this in mind, one should tighten
the radius of the spiral dissection as one proceeds
toward the ventricular surface. The objective is to
penetrate the parenchyma evenly around the
nidus, level by level, and avoid a lopsided dissec-
tion in terms of depth. The technique of simulta-
neous bipolaring and suction is used to separate

Fig. 5. Anterior parasagittal interhemispheric craniotomy and posterior parasagittal convexity craniotomy. The
midline burr holes over the superior sagittal sinus are made with the high-speed drill and not the perforator.
The parasagittal interhemispheric craniotomy can be shifted depending on the location of the AVM. Similarly,
the parasagittal convexity craniotomy can be shifted depending on the location of the AVM. (Courtesy of Ian
Suk, Johns Hopkins University; with permission.)
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the nidus from the parenchyma. This boundary is
often gliotic and feels slightly firmer than normal
white matter. It also can have a darker, yellowish
color in comparison with normal white matter. In
cases of a prior hemorrhage, this boundary can be
clear-cut with a porencephalic plane between the
nidus and the brain.Whenworking in a noneloquent
boundary, one may intentionally drift away from the
AVMslightlyandavoid thesmall venousorarteriove-
nous loops (Hashimoto’s U-shaped channels29) that
protrude from thenidus. Although injuryof any single
venousorarteriovenous loopdoesnotmuchchange
the hemodynamics of the AVM, the cumulative
effect of occlusion of many of these loops can be
equivalent to taking amajor draining vein, and could
result in increased nidal turgidity and hemorrhage.
By contrast, when working in an eloquent boundary
one should stay close to the AVM, which often
results in more entries into the nidus as the dissec-
tion proceeds. In general, the spiral dissection
weaves in and out of the AVM plane; bleeding indi-
cates that one should correct the trajectory and
dissect further out into the white matter, but
complete absence of bleeding suggests that one
has strayed away from the nidus and should dissect
back into the direction of the nidus.

Progress in the spiral dissection around the
nidus should be marked by placing cottonoids
(Premium Americot strips; American Surgical
Sponges, Lynn, MA) on the brain side at the newly
defined nidus-parenchyma interface. These cotto-
noids will mark this region of the dissection as
“completed,” will retract the brain tissue away
from the nidus cavity, and will eventually create
a cottonoid surface around the dissection cavity
that protects the brain from injury and desiccation
under the hot microscope light. Gravity retraction
with cottonoids often obviates use of a brain
retractor.
AVMs with subependymal and ventricular

extension present a special problem during the
final stages of the dissection. These AVMs have
periventricular arterial feeders that are extremely
friable. A lower bipolar setting, broader bipolar
tips, coating of the tips with wax, repeated irriga-
tion, and rapid entry into the ventricle to eliminate
the small ventricular feeders are all techniques that
can help during this often frustrating portion of the
surgery. It is important to avoid the tendency to
tamponade these small feeders because this can
result in an intraparenchymal or intraventricular
hematoma.

Fig. 6. Occipital supratentorial/interhemispheric craniotomy. The midline burr holes over the superior sagittal
sinus and the lateral burr hole over the transverse sinus are made with the high-speed drill and not the perfo-
rator. (Courtesy of Ian Suk, Johns Hopkins University; with permission.)
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Final Dissection: Division of the Draining
Veins

As the circumferential dissection comes to a close,
the tips of the cottonoids that have been placed
along the wall of the cavity will meet at the apex
of the cavity, thus confirming that the AVM is
completely separated from the brain and that all
feeders have been divided. At this point the AVM
should be soft, have only venous flow, and be
attached by only one or two major draining veins.
If the AVM remains arterialized, one should suspect
an arterial feeder hiding immediately below a
draining vein. Although it is best to preserve all
draining veins until the end of the dissection, small-
er veins may obstruct the early dissection and
may have to be divided before this final stage, as
long as their temporary occlusion does not result
in increased nidal turgidity, pulsation, and/or
hemorrhage.Major draining veins, however, should
not be divided until all arterial feeders have been
eliminated. Draining veins should be divided as
close as possible to a normal vein or sinus to avoid
leaving a blind venous sac in which a thrombus can
form and then propagate into the normal venous
system, eventually resulting in occlusive hyper-
emia. Once the AVM is removed, the resection
cavity is inspected for any bleeding,which can indi-
cate that there is an AVM remnant. The authors

typically test the resection cavity with two Valsalva
maneuvers to peak pressures of 30 to 40 mm Hg
and with a 5-minute period of sustained systolic
blood pressure to 140 mm Hg. An intraoperative
angiogram is always obtained to confirm a
complete resection. At times the angiogram may
show residual dysplastic vessels that resemble
a residual portion of the AVM, but are not associ-
ated with an early draining vein. If no shunting into
the venous system is noted, no further resection
is necessary, as these dysplastic vessels will invo-
lute over the next few days or weeks.30

In patients with epilepsy and temporal lobe
AVMs, strong consideration should be given to
removing the amygdala and hippocampus after
resection of the AVM, to improve seizure control.
This approach has been validated in both AVMs
and cavernous malformations.31,32

Routine Postoperative Management

Postoperatively the authors maintain the patient’s
MAP in the range of 80 to 100 mm Hg, allowing for
slightly higher values in hypertensive patients.
Patients are kept in a monitored setting for at least
48 hours even if they are doing well, and anticon-
vulsants are discontinued prior to discharge
if the patient does not have a history of seizures
and does not have a seizure postoperatively.

Fig. 7. The posterior fossa craniotomies: midline suboccipital and lateral suboccipital with far-lateral transcondy-
lar extension. (Courtesy of Ian Suk, Johns Hopkins University; with permission.)
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The authors are currently routinely loading AVM
patients intraoperatively with both fosphenytoin,
15 mg/kg and levetiracetam, 30 mg/kg.

Complications

The two major idiosyncratic postoperative compli-
cations peculiar to AVM resection are hemorrhage
and edema of unclear etiology. Such complica-
tions are more common after resection of large
AVMs, but can occur also after extensive AVM
embolization and even after resection of small
AVMs. An unrecognized AVM remnant as the
source of a postoperative hemorrhage has been
practically eliminated by the use of intraoperative
angiography. Two mechanisms have been postu-
lated to explain idiopathic hemorrhages and/or
edema after AVM resection. The first is occlusive
hyperemia, a concept introduced in 1993 by
al-Rodhan and colleagues33 from the Mayo Clinic.
These investigators reported that of 295 patients,
13 (4%) developed hemorrhages and edema and
6 (2%) developed edema alone despite confirma-
tion of complete AVM resection. The investigators
proposed that these complications were the result
of either obstruction of the venous outflow adja-
cent to the AVMwith hyperemia and engorgement,
or stagnant arterial flow in former AVM feeders
with worsening of hypoperfusion, ischemia, and
hemorrhage or edema in these areas. The second
mechanism is normal perfusion pressure break-
through, a concept introduced in 1978 by Spetzler
and colleagues.34 These investigators postulated
that the arterial system surrounding an AVM is
chronically dysautoregulated to allow for maximal
vasodilatation, and that after resection of the AVM
these arteries cannot vasoconstrict, leading to
hyperemia, edema, and hemorrhage. It is likely
that components of both are present in any given
case. The authors currently manage this complica-
tion with the administration of hypertonic (3% or
2%) sodium chloride/acetate solutions with serum
sodium goals as high as 165mEq/L titrated tomini-
mizing neurologic deficits or improving the level of
consciousness, and wait for the dysautoregulation
to subside.35 This therapy reduces edema while
maintainingadequateperfusion in the regionat risk.
Other complications include neurologic deficits,

seizures, infection, and hydrocephalus. Acute
postoperative hydrocephalus can be avoided by
placing an intraventricular catheter after resection
of ventricular AVMs associated with extensive
bleeding.

Surgical Outcomes

Since 1986, when the Spetzler-Martin system was
introduced,8 surgical outcomes have been

reported and compared using this scale. Earlier
series reported outcomes in different forms, which
have made comparisons difficult. For instance, in
the Yasargil series of 414 AVMs operated on
between 1967 and 1985 and published in 1988,5

surgical outcomes were broken down by AVM
locations. Since 1986, 8 series have been reported
with outcomes broken down by Spetzler-Martin
grades.8,13,36–41 Of these 8 series, 2 are updates
of earlier series.37,40 The cumulative outcomes of
7 of these series have been reviewed by Spetzler
and Ponce.14 (The eighth series consists of an
update of Heros’ 578 cases in a recent article.40)
The following 5 series, published between 1994
and 2011, all reported similar results. In 1994,
Spetzler and Martin8 updated their earlier series
and reported the following surgical morbidity rates
at 1 year in 120 patients: Grade I, 6%; Grade II,
17%; Grade III, 11%; Grade IV, 34%; and Grade
V, 42%.37 In 1998, Schaller and colleagues41

reported the following rates of late “permanent
neurologic major andminor deficit” in 150 patients:
Grade I, 3%; Grade II, 0; Grade III, 23%; Grade IV,
38%; and Grade V, 50%. In 2000, Hartmann
and colleagues38 reported the following rates of
“any deficit/disabling deficit” morbidity in 124
patients: Grade I, 8%/8%; Grade II, 36%/6%;
Grade III, 32%/4%; Grade IV, 65%/4%; and Grade
V, 33%/33%. In 2010, Lawton and colleagues13

reported the following rates of “worse, dead”
outcomes in 300 patients treated between 2000
and 2007: Grade I, 9%; Grade II, 24%; Grade III,
30%; Grade IV, 31%; and Grade V, 100%. In
2011, Heros and colleagues39 updated their earlier
series and reported the following rates of “fair,
poor, or dead” outcomes in 578 patients treated
between 1981 and 2008: Grade I, 3%; Grade II,
7%; Grade III, 22%; Grade IV, 29%; and Grade V,
67%.40 There was no mortality associated with
AVM resection in most of these series.
Therefore, after microsurgical resection favor-

able outcomes can be expected in most Grade I
and II AVMs (91%–97% and 76%–100%, respec-
tively), in many Grade III AVMs (70%–89%), but
only a reduced proportion of Grade IV and partic-
ularly Grade V AVMs (62%–71% and 0%–58%,
respectively).13,37,40,41 Death as a consequence
of AVM surgery, however, is exceedingly rare.

Overview of AVMs by Location

This section provides a tabular summary of the
different types of AVMs by anatomic location
(Table 1). Given that AVMs can be found anywhere
in the brain parenchyma, ependymal surfaces, or
choroid plexus, listing AVMs by anatomic location
is no less complex a task than describing the entire

Pradilla et al114



anatomy of the brain itself. Nevertheless, an over-
view of common locations is helpful. Although
a comprehensive discussion of each type of AVM
is beyond the scope of this article, Table 1
summarizes the typical anatomic features of
each type of AVM as well as its preferred surgical
approach. The fact that surgical approaches for
lesions such as thalamic/capsular/basal ganglia
or brainstem AVMs have been listed does not
mean that the authors necessarily favor surgery
for most of these lesions, for which radiosurgery
is currently the treatment of choice. Anatomically,
AVMs can be classified as either supratentorial or
infratentorial lesions. Supratentorial and infraten-
torial lesions in turn can each be subdivided into
peripheral or central types, depending on whether
they are associated with superficial or deep brain
structures, respectively. The subtypes of each of
these 4 groups (supratentorial peripheral, supra-
tentorial central, infratentorial peripheral, and
infratentorial central) are listed in Table 1. Please
note that this anatomic classification serves a
different purpose to that of the surgical classifica-
tion described earlier (cortical or surface lesions
versus subcortical or deep lesions). The authors’
anatomic classification follows closely that pro-
posed by Yasargil and colleagues,5,26 but modifi-
cations by other investigators have also been
adopted.42

DURAL ARTERIOVENOUS FISTULAS

DAVFs are anatomically different from AVMs.
Whereas AVMs are found at the level of or below
the pial layer, DAVFs are “epipial” and are associ-
ated with the dura or in the subarachnoid space.
In the vast majority of cases, AVMs have a nidus
but AVFs do not. Most DAVFs are currently
treated endovascularly. On rare occasions, how-
ever, surgical treatment of an aggressive DAVF
may be indicated. Circumstances that lead
to surgical consideration include DAVFs with
numerous and/or tortuous arterial feeders not
appropriate for embolization, an arterial feeder
with prominent branches into normal structures
near or at the fistulous connection, a long and
tortuous feeder that is difficult to navigate, or
a persistent fistula after endovascular or radiosur-
gical therapy. DAVFs considered for surgery are
typically high-grade lesions with retrograde
cortical drainage, as determined by either the
Merland-Cognard43 or Borden44 classification
systems. High-grade DAVFs have a higher rate of
hemorrhage, approximately 20%.45 The cumula-
tive experience of surgical treatment of DAVFs is
not as extensive as that of AVMs by an order of
magnitude; DAVF surgical series typically consist

of 30 to 50 cases, as opposed to hundreds of
cases in AVM series.46–48

For surgical purposes, one must differentiate
between direct or indirect DAVFs. Direct DAVFs
(nonsinus type) typically are simple lesions that
have a well-defined arterial-feeder-to-draining-
vein connection. Indirect DAVFs (sinus type), on
the other hand, are more complex lesions that
typically have numerous, small arterial feeders
that drain into a venous sinus. These arterial
feeders travel through the dura. The special case
of carotid cavernous fistulas is not considered
here and is discussed in detail by Miller elsewhere
in this issue.

Surgical Approaches

With 2 major exceptions, most of the principles
described for AVM surgery apply to surgery of
DAVFs. The first exception is that whereas with
AVMs the nidus has to be removed, with DAVFs
there is no nidus and thus simple interruption of
the arteriovenous shunt is sufficient to treat the
DAVF.48–50 The second is that whereas in AVM
surgery the draining vein is initially avoided and is
taken only after the arterial supply is eliminated,
in the case of direct DAVFs simple occlusion of
the draining vein is often sufficient to treat the
lesion.

The authors have used two surgical strategies
for DAVFs. In the case of a direct (nonsinus type)
DAVF, the draining vein is exposed at the point
where it exits or enters the dura and is coagulated,
clipped, and divided. If the arterial feeders are
readily accessible and are not supplying any
important structures, the authors may coagulate
and cut them as well. An intraoperative angiogram
typically confirms obliteration of the fistula.

In the case of indirect (sinus type) DAVFs, the
authors prefer the technique of sinus isolation or
skeletonization, as originally described in 1974
by Hugosson and Bergstrom51 from Sweden and
later advocated by Kuhner and colleagues52 and
Lucas and colleagues.53 For this purpose, the
authors expose the entire length of the involved
sinus and skeletonize it by cutting the dura along
both sides of the sinus, to interrupt the drainage
of the feeding arteries into it; they then bipolar
both edges of the dura on both sides of the sinus,
and place hemostatic clips along them to prevent
recanalization. This action preserves patency of
the sinus. An intraoperative angiogram is then
performed. In the case of indirect DAVFs, the
authors have found often that new segments of
the DAVF become apparent and thus the skeleto-
nization of the sinus has to be extended. Several
repeat angiograms during these cases are not
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Table 1
AVM classification by anatomic location

AVM Location Structures Involved Arterial Supply Venous Drainage Position, Surgical Approach

SUPRATENTORIAL

Supratentorial Peripheral

Lobar

Frontal

Paramedian Superior and medial
frontal gyri

ACA, secondarily MCA Superior sagittal sinus Supine, interhemispheric

Dorsolateral Middle and inferior
frontal gyri

MCA, secondarily ACA Middle cerebral vein,
sphenoparietal sinus

Supine, pterional

Frontobasal Orbital gyrus, gyrus
rectus

A1 and A2 segments, M1
perforators, ethmoidal
arteries

Superior sagittal sinus,
sphenoparietal sinus

Supine, pterional

Frontopolar Frontal pole A1 and A2 segments, M1
perforators, ethmoidal
arteries

Superior sagittal sinus,
sphenoparietal sinus

Supine, pterional

Temporal

Temporopolar Superior and middle
temporal gyri

MCA Sphenoparietal sinus Supine, pterional

Dorsal Superior temporal gyrus MCA Sphenoparietal sinus,
vein of Labbe

Supine, pterional

Laterobasal
anterior

Middle and inferior
temporal gyri

MCA and secondarily PCA Vein of Labbe,
Sphenoparietal sinus

Supine, pterional

Laterobasal
posterior

Middle and inferior
temporal gyri

MCA and PCA Vein of Labbe Lateral decubitus,
temporal/subtemporal

Parietal

Paramedian Postcentral gyrus,
precuneal region

ACA and MCA Superior sagittal sinus Supine, interhemispheric

Dorsolateral
anterior

Postcentral gyrus ACA and MCA Sylvian veins, vein
of Labbe

Lateral decubitus, parietal

Dorsolateral
posterior

Superior and inferior
parietal lobules

ACA, MCA, and PCA Sylvian veins, vein
of Labbe

Lateral decubitus, parietal

Occipital

Paramedian Cuneus, lingual gyrus PCA, secondarily ACA Superior sagittal sinus,
tentorial veins

Lateral decubitus,
interhemispheric
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Dorsolateral Lateral occipital gyri MCA and PCA Tentorial veins,
transverse sinus

Lateral decubitus, occipital

Inferolateral Lateral occipital gyri MCA and PCA Tentorial veins,
transverse sinus

Lateral decubitus, occipital

Mediobasal Occipitotemporal gyrus MCA and PCA Tentorial veins,
transverse sinus

Lateral decubitus, occipital

Occipitopolar Lateral occipital gyri PCA Tentorial veins,
transverse sinus

Lateral decubitus, occipital

Sylvian

Opercular Frontal, temporal, and
parietal opercula

MCA Vein of Labbe Supine, pterional

Insular Insula, opercula,
basal ganglia

MCA Vein of Labbe Supine, pterional

Supratentorial Central

Callosal/Cingulate

Anterior corpus
callosum and
anterior cingulate
gyrus

Rostrum and genu,
cingulate gyrus

ACA, thalamoperforators Internal cerebral vein,
inferior or superior
sagittal sinuses

Supine, interhemispheric

Middle corpus
callosum and middle
cingulate gyrus

Body of corpus callosum,
cingulate gyrus

ACA Internal cerebral vein,
inferior or superior
sagittal sinuses

Supine, interhemispheric

Posterior corpus
callosum and
posterior
cingulate gyrus

Splenium, cingulate gyrus ACA, PCA Medial atrial vein,
basilar veins, inferior or
superior sagittal sinuses

Lateral decubitus,
interhemispheric

Ventricular

Frontal horn/body
of lateral ventricle

Caudate, fornix, choroid
plexus, corpus callosum

ACA, lenticulostriates Internal cerebral vein Supine, interhemispheric

Trigone/occipital horn Fornix, basal ganglia,
corpus callosum

Lateral posterior choroidal
artery, thalamoperforators,
anterior choroidal artery

Internal cerebral vein Supine, interhemispheric
or lateral decubitus,
parietal

Temporal horn Stria terminalis, tail of
caudate, fimbria

Anterior choroidal artery,
thalamoperforators of
posterior communicating
artery

Basal vein of Rosenthal Supine, pterional

(continued on next page)
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Table 1

(continued)

AVM Location Structures Involved Arterial Supply Venous Drainage
Position, Surgical
Approach

Third ventricle Fornix, thalamus,
hypothalamus

Posterior choroidal
arteries,
thalamoperforators,
thalamogeniculates

Internal cerebral veins Supine,
interhemispheric

Mesial Temporal (Amygdalohippocampal)

Anterior Amygdala/uncus Anterior choroidal
artery, PCA

Amygdalar vein, inferior
ventricular vein,
longitudinal
hippocampal vein,
basal vein of
Rosenthal

Supine, pterional

Posterior Hippocampus Anterior choroidal
artery, PCA

Amygdalar vein, inferior
ventricular vein,
longitudinal
hippocampal vein,
basal vein of
Rosenthal

Lateral decubitus,
temporal

Thalamic–capsular-basal ganglia

Thalamus, internal
capsule, caudate,
putamen/globus
pallidus,
hypothalamus

ACA and MCA,
lenticulostriates,
thalamoperforators

Anterior thalamic vein,
septal vein, basilar
vein,
sphenoparietal sinus

(Preferred treatment is
radiosurgery) Supine,
interhemispheric or
supine, pterional

INFRATENTORIAL

Infratentorial Peripheral

Cerebellar

Hemisphere

Superior Cerebellum superior
to great horizontal
fissure

SCA, secondarily AICA,
PICA

Superior cerebellar,
precentral cerebellar,
superior vermian,
lateral
mesencephalic veins,
or single paramedian
vein, straight sinus

Lateral decubitus,
lateral
suboccipital
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Inferior Cerebellum inferior
to great horizontal
fissure

PICA, secondarily AICA Median cerebellar,
vermian veins

Lateral decubitus,
lateral suboccipital

Vermis

Superior Superior vermis,
fourth ventricle

SCA Superior vermian vein Lateral decubitus,
midline suboccipital

Inferior Inferior vermis,
fourth ventricle

PICA, secondarily AICA Inferior vermian vein Lateral decubitus,
midline suboccipital

Tonsillar Cerebellar tonsil PICA Inferior vermian vein Lateral decubitus,
midline suboccipital
and C1 laminectomy

Cerebellopontine Angle

Extrinsic Epipial, choroid plexus
of Luschka (?)

PICA, AICA, SCA Vein of the lateral
recess,
lateral pontine vein,
petrosal vein

Lateral decubitus,
lateral suboccipital

Intrinsic Ventral cerebellum AICA Vein of the lateral
recess,
lateral pontine vein,
petrosal vein

Lateral decubitus,
lateral suboccipital

Infratentorial Central

Brainstem

Mesencephalon Collicular plate,
dorsolateral
midbrain

Vertebrobasilar
perforators,
SCA, AICA

Dorsal mesencephalic
vein

(Preferred treatment is
radiosurgery) Lateral
decubitus, lateral
suboccipital

Pons Pons Vertebrobasilar
perforators,
AICA, PICA

Basal vein of Rosenthal,
petrosal sinus

(Preferred treatment is
radiosurgery) Lateral
decubitus, lateral
suboccipital

Fourth ventricle Fourth ventricular floor AICA, PICA Intraventricular
ependymal veins

Lateral decubitus,
midline suboccipital

Surgical approaches are listed even for lesions for which radiosurgery is the treatment of choice, such as thalamic/capsular/basal ganglia or brainstem AVMs. The purpose of the
summary is to record the surgical approaches that would be used if surgery were to be pursued in these lesions. This anatomic classification follows closely that proposed by Yasargil,
but the authors have adopted modifications by other investigators as well.

Abbreviations: ACA, anterior cerebral artery; AICA, anterior inferior cerebellar artery; MCA, middle cerebral artery; PCA, posterior cerebral artery; PICA, posterior inferior cere-
bellar artery; SCA, superior cerebellar artery.

Data from Refs.5,26,42

Su
rg
e
ry

fo
r
C
ra
n
ia
l
A
V
M

a
n
d
D
A
V
F

1
1
9



unusual. The drawbacks of sinus skeletonization,
however, have been discussed by D’Aliberti and
colleagues.54

Surgical Outcomes

Surgical treatment of DAVFs is generally associ-
ated with favorable outcomes. It must be recog-
nized that surgical DAVF series include highly
selected patients, and that their results may be
difficult to generalize and compare. Wachter and
colleagues48 reported a series of 42 patients with
a transient surgical morbidity of 11.9% and perma-
nent surgical morbidity of 7.1%. Kakarla and
colleagues47 reported a series of 54 patients in
which 92% had good or excellent outcomes and
6% died. Five patients had a residual fistula.
Collice and colleagues46 reported a series of
34 patients with no lasting morbidity, no mortality,
and complete radiographic obliteration in all cases.

SUMMARY

Careful patient selection, meticulous surgical plan-
ning, and painstaking technical execution of AVM
and DAVF surgery are typically rewarded with
excellent outcomes.Surgery remains the treatment
of choice for about 60% of all AVMs. By contrast,
DAVFs are generally treated endovascularly, but
a few require surgery. With the exception of life-
threatening hematomas, AVM and DAVF surgery
should be scheduled electively. When properly
executed, an AVM resection is one of the most
elegant and satisfying procedures in neurosurgery.
Surgery for AVMs and DAVFs has evolved
considerably over the past 80 years, since the first
report in 1932 of the complete resection of an
intracranial AVM. Improved imaging of these
lesionswith angiography,MRI, andCT has clarified
their angioarchitecture and relationships to other
brain structures. The Spetzler-Martin/Lawton
scales for AVMs and Merland-Cognard/Borden
scales for DAVFs have simplified the selection of
favorable surgical candidates. Increasingly sophis-
ticated endovascular embolization techniques
have reduced the surgical risks of complex lesions.
The combination of embolization and radiosurgery
has provided an alternative treatment for AVMs
and DAVFs, which were previously associated
with poor surgical outcomes, and has removed
them from surgical consideration. Most impor-
tantly, the introduction of the microscope, increas-
ingly sophisticated microsurgical techniques, and
improved understanding of the microsurgical
anatomy of AVMs and DAVFs have resulted in
extremely lowmortality andmorbidity rates in care-
fully selected patients.
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Endovascular
Treatment of Cranial
Arteriovenous
Malformations and
Dural Arteriovenous
Fistulas
Martin G. Radvany, MD*, Lydia Gregg, MA, CMI

Pial arteriovenous malformations (AVMs) and
dural arteriovenous fistulas (DAVFs) are high-flow
vascular lesions with abnormal communications
between the arterial and venous system. AVMs
are congenital lesions, whereas DAVFs are consid-
ered acquired lesions. Both can cause significant
morbidity and mortality if they rupture and result
in intracranial hemorrhage. The primary goal of
treatment is to eliminate the risk of bleeding or at
least decrease it. Because the epidemiology, clin-
ical presentation, and classification of AVMs and
DAVFs have been covered in previous articles in
this issue, the authors only briefly touch on these
subjects as they relate to endovascular treatment.

ENDOVASCULAR THERAPY FOR AVMS

When considering the treatment of an AVM, it is
useful to distinguish between those that have
hemorrhaged from those that have not. The annual
risk of AVM rupture ranges between 2% and
4%1–6; however, the risk of repeat hemorrhage
increases to between 7% and 17%5,7 during the
first year following the initial event. It is because
of this increased risk that prompt treatment of
ruptured AVMs is recommended.

The main determinant for the role of endovascu-
lar therapy is the location of the AVMwith regard to
tissue eloquence. If a lesion is within eloquent
tissue, the role of endovascular therapy may be
limited because the risk of stroke may be unac-
ceptable. For superficial lesions near the motor
cortex or deep lesions near the corona radiata or
the internal capsule, the intraoperative monitoring
of somatosensory-evoked potentials and muscle
motor–evoked potentials in combination with
pharmacologic provocative testing with amobar-
bital (Amytal) and lidocaine8,9 can increase the
safety of such procedures.

For unruptured AVMs, it is important to properly
select patients in whom therapy is indicated. Initial
evaluation of patients with an unruptured AVM
should attempt to determine if the patients’ clinical
symptoms are related to the AVM. AVMswith high-
flow shunts may present in childhood with signs of
cardiac insufficiency10 or developmental delay.11

Venous congestionmay also be present secondary
to stenosis of the outflow vein or increased
vascular resistance secondary to a long draining
vein and may result in dementia.12 Venous varices
have been associated with seizures.13 The
supplying arteries and draining veins of an AVM
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should be further evaluated for anatomic features
that may predispose patients to intracranial
hemorrhage (Fig. 1) (ie, intranidal aneurysms,
venous ectasias, venous stenosis, and exclusive
deep venous drainage).14,15

The angioarchitecture of the AVM must also be
evaluated to determine whether endovascular
therapy is technically feasible. On the arterial
side, the number and size of the feeding vessels
will determine the feasibility of endovascular treat-
ment. Catheterization of a large number of small,
minimally dilated feeding vessels is more techni-
cally demanding than the treatment of a single,
large feeding artery. Feeding arteries may be
further categorized as direct arterial feeders that
end in the AVM and indirect feeders that supply
the normal cortex with small branches to the
AVM, so-called en passant vessels. The treatment
of direct feeding vessels is relatively safe because
the injection of liquid embolic agents with the cath-
eter tip distal to the arterial branches supplying

normal brain tissue can usually be achieved. If
there is reflux of the embolic material around the
catheter tip, it is usually inconsequential. If there
is not sufficient purchase of the catheter tip into
an indirect feeding vessel, reflux of embolic mate-
rial into the parent vessel may occur with distal
embolization into normal brain tissue with cata-
strophic consequences, (ie, stroke).
The connection between the feeding arteries

and the draining veins should be evaluated to
determine the nature of the connection, nidal or
fistulous, and the number of compartments in the
AVM.16 This evalutaion may be difficult if the
AVM is large and there is rapid shunting. The
venous outflow should be scrutinized for features
that increase the risk of endovascular therapy.
Multiple draining veins have a decreased risk as
compared with a single vein with a stenosis.
Embolization of the outflow vein without treatment
of the feeding arteries may lead to a sudden
increase in pressure within the AVM with

Fig. 1. Various features of AVMs are associated with clinical presentations, including hemorrhage, seizures, and
dementia.Venouscongestion inanAVMmaybecausedby stenosisofanoutflowveinor increasedvascular resistance
secondary to a long draining vein with patients presenting with dementia. Venous ectasia has been associatedwith
seizures and hemorrhage. Other features that predispose AVMs to hemorrhage include deep venous drainage and
intranidal aneurysms. ACA, anterior cerebral artery; MCA, middle cerebral artery. (Copyright � 2011, Lydia Gregg.)
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subsequent rupture and catastrophic results.17 By
studying the angioarchitectue on the AVM, one
can begin to understand the underlying patho-
physiology and appropriately select patients for
treatment.

Complete cure of an AVM by endovascular
means is only possible in approximately 20% of
cases.18,19 Those AVMs that exhibit an angioarch-
itecture favorable for complete cure are those that
are small and have a single feeding artery and
a single compartment. As the size of the AVM
nidus increases, the success of embolization as
a single mode of treatment decreases and the
risk of complication increases. In these cases,
partial targeted embolization17,20 becomes a much
more reasonable option. Partial targeted emboli-
zation may be used alone or in conjunction with
surgery or radiosurgery (Fig. 2). In the case of ra-
diosurgery, the periphery of the AVM may be the
target of embolization with the goal of reducing
the size of the AVM to limit the area and, thus,
the radiation dose required to treat the residual
AVM and to secure focal weak areas within the
AVM while the AVM undergoes complete occlu-
sion. When combined with microsurgery, the
goal is to secure those regions that will be more
difficult for surgical access, which are the deep
feeding vessels that are more difficult for the
surgeon to directly visualize and control. Because
no two AVMs are the same, every patient requires
a tailored, team approach that takes into account
the specifics of each case.

Endovascular Therapy for DAVFS

As with AVMs, the location, drainage pattern, and
symptoms attributable to a DAVF dictate treatment
strategies. The risk of hemorrhagic complications
from a DAVF is related to its drainage pattern.
This relationship between drainage pattern and
risk of hemorrhage has been studied,21,22 and it is
thought that as the grade increases the risk of intra-
cranial hemorrhage increases. DAVFs with cortical
venous reflux have a reported morbidity and
mortality rate of 20%23 and a repeat hemorrhage
rate of 35%.24 As opposed to AVMs in which there
is more debate as to the need for treatment, treat-
ment of ruptured and high-grade DAVFs is gener-
ally agreed on.

DAVFs of the transverse sinus are the most
common type of fistula and have many different
approaches to treatment, as such, the authors
focus on this specific DAVF for the discussion of
endovascular treatment techniques. Within the
wall of the transverse sinus there are fistulous
connections25 or pouches, and it is the obliteration
of these pathologic connections that must be
achieved to treat the DAVF. The treatment of an
AVMs is almost exclusively via a transarterial
approach, whereas the treatment of DAVFs from
a transvenous approach is feasible in a large
percentage of cases and is dictated by the arterial
supply as well as the venous drainage of the
fistula. When treating a fistula of the transverse
sinus, it is the direction of flow in the vein of Labbé
that that dictates possible treatment strategies. If

Fig. 2. A 32-year-old woman with a right parietal arteriovenous malformation (Spetzler Martin grade III AVM)
presented with left-sided seizures. (A) The AVMmeasures approximately 3 cm and is fed primarily by middle cere-
bral artery branches with (B) superficial venous drainage with venous varices. It is located in the primary sensory
cortex. (C) NBCA embolization with provocative testing was performed in preparation for radiosurgery.
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there is antegrade flow in the vein of Labbé, the
transverse sinus cannot be sacrificed because
there is a risk of venous infarction and transarterial
embolization is mandated (Fig. 3A). If there is
clearly retrograde flow in the vein of Labbé, the
transverse sinus is not functioning normally and
can be sacrificed without the fear of venous infarc-
tion. One can consider sacrificing the transverse
sinus from a venous approach provided that the
contralateral transverse sinus is widely patent. If
the transverse sinus distal to the fistula is patent,
the microcatheter used for coil placement can be
advanced in a retrograde manner (see Fig. 3B). If
the sinus is occluded, the microcather used for
coiling may be advanced through the contralateral
transverse sinus (see Fig. 3C). In either case, a mi-
crocatheter is advanced into the sinus and
a balloon catheter inflated to provide support so
that a dense coil pack can be created to compress
and occlude the pouches in the wall of the

transverse sinus. If the antegrade and retrograde
transvenous approaches are not feasible because
of vessel occlusion, there is still the possibility of
a transarterial approach into the transverse sinus
with coil embolization to obliterate the remaining
portion or the transverse sinus (see Fig. 3D). Endo-
vascular occlusion of the sinus is often successful
in curing these lesions.26,27

Embolic Agents

Successful transarterial treatment of AVMs and
DAVFs entails the deposition of an embolic agent
in the nidus/venous pouches of the respective
lesions. If this cannot be achieved, there will be
recanalization or recruitment of alternate arteries
that will often be more difficult to engage and navi-
gate with a catheter than the initially treated
vessels. Although many agents, including cali-
brated particles,28 silk,29 and absolute alcohol

Fig. 3. There are several possible techniques for endovascular treatment of DAVFs. (A) The antegrade arterial
approach may be required when the cortical veins have a normal drainage pattern and cannot be sacrificed. If
the transverse sinus is no longer functioning properly and there is cortical venous reflux, a (B) retrograde
approach through a stenotic sinus may be performed. If the sinus is occluded, a (C) contralateral approach across
the torcular may be advantageous. If the sinus is isolated, it may be possible to occlude the sinus via a (D) trans-
arterial approach. (Copyright � 2009 Lydia Gregg.)
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(ETOH),30 have been used in the treatment of cere-
bral AVMs and DAVFs, it is the liquid embolic
agents n-butyl-2-cyanoacrylate (NBCA) and
ethylene vinyl alcohol copolymer (EVOH) that are
the most successful at achieving this goal. Both
agents are approved for the preoperative emboli-
zation of AVMs and other uses are considered
off label, although they are standard of practice.
Detachable coils are sometimes used in conjunc-
tion with liquid embolics in the treatment of high-
flow AMVs or as a single agent in the treatment
of DAVFs.

NBCA

Cyanoacrylates have a long track record for the
treatment of cerebral AVMs and DAVFs. NBCA
(Trufil, Codman) is a liquid adhesive monomer
that polymerizes on contact with hydroxyl ions in
blood. It induces a chronic inflammatory response
in the embolized vessel,31,32 which is thought to
play an important role in the durability of vessel
occlusion obtained with NBCA. It is the penetra-
tion of the nidus and not just the feeding vessels
that is required,33 and recanalization can occur
when the nidus is not filled.34 However, when nidal
penetration is achieved, the durability of emboliza-
tion with NBCA has been demonstrated at a mean
follow-up of 5 years (Fig. 4).35

NBCA may be mixed with lipiodol in varying
concentrations (1:1–1:3) to vary the rate at which
it polymerizes. Tanatalum power can be added
to it to improve opacification; however, this is typi-
cally not required unless the concentration of
NBCA to lipiodol is less than 1:1. Tantalum can
cause clumping, which makes it difficult to use.
The addition of glacial acetic acid has also been
described as a means to delay the polymerization
of NBCA.36

Because NBCA polymerizes when in contact
with an ionic solution, operators must take
extreme care to keep the equipment free of blood
and other ionic solutions. The glue is typically
prepared on a separate sterile table after changing
gloves. The catheter is then prepared by flushing
with a 5% dextrose solution before the injection
of the NBCA.

The key is to have the catheter as distal and
close to the nidus as possible. Once injection of
NBCA begins, it should no be stopped before the
NBCA reaches the nidus or the NBCA may poly-
merize and occlude the artery proximally, without
penetrating the nidus. If the catheter cannot be
advanced distally in a small vessel but it can be
wedged proximally so that no blood can flow
around it, the dextrose solution will replace the
blood distal to the catheter, which will effectively

promote deposition of the NBCA into the nidus.37

Another technique that can be used to improve
penetration of NBCA when the catheter cannot
be wedged is the D5 push technique in which
5% dextrose in injected with a large syringe
through the guiding catheter, helping to promote
the penetration of the nidus.38

EVOH

EVOH is a new liquid embolic agent. As opposed
to NBCA, it solidifies by precipitation and not poly-
merization when it is exposed to an aqueous solu-
tion. It has a much longer working time than NBCA
and, as such, can be injected over a longer period
of time. Because of its longer working time and
lack of adherence to devices, it is easier for less-
experienced operators to work with. However,
higher morbidity rates have been reported
with the use of EVOH because of embolization-
induced hemorrhages and arterial ischemic
complications.39

EVOH is dissolved in dimethyl-sulfoxide (DMSO)
and mixed with tantalum powder to make it radi-
opaque. It is approved by the Food and Drug
Administration for the preoperative embolization
of cerebral AVMs and is available in 2 predeter-
mined viscosities (Onyx, EV3): Onyx 18 (6%
EVOH) and Onyx 34 (8% EVOH). EVOH forms
a cast of the vessel as it is injected. It must be
injected slowly, using a DMSO-compatible micro-
catheter. Injection of DMSO can cause angionec-
rosis when performed too quickly.40 After slowly
flushing the catheter with DMSO, the operator
injects the EVOH to form a plug at the catheter
tip. Some operators will begin with Onyx 34 to
create a plug and then switch to Onyx 18 to
promote penetration into the AVM nidus.41 EVOH
can be injected over a prolonged period of minutes
to hours.42 Experience with EVOH is growing;
however, there is evidence that recanalization
can occur with EVOH.43

EQUIPMENT

There are many combinations of catheters and
guidewires that can be used for endovascular
treatment of DAVFs and AVMs, and every operator
should have a set of tools that they are familiar with.
The basic starting point for an endovascular proce-
dure is a stable platform. This platform consists of
advancing a guiding catheter or a long sheath into
a more proximal vessel in the cervical region. If
the path to the lesion is exceedingly tortuous, it
may be difficult to advance the microcatheter
because it may displace the platform or prolapse
into a proximal branch vessel. Recently a series
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Fig. 4. A 60-year-old woman with left-sided tinnitus and a condylar canal vascular anomaly by magnetic reso-
nance (MR) imaging and MR angiography. Diagnostic angiography demonstrated a Cognard type IIB DAVF of
the condyal canal confluence supplied primarily by branches of the right ascending pharyngeal artery (APA).
(A) Anteroposterior view and (B) lateral projection from selective right APA angiogram. The patient was sched-
uled to return for treatment; however, she had a sudden onset of headache. (C) CT demonstrated hemorrhage in
the left temporal lobe. (D) Selective angiography of the right APA, lateral projection, demonstrates spontaneous
occlusion of the condylar venous outflow. The fistula was treated with NBCA embolization of the fistula. Follow-
up angiography at 5 years demonstrates persistent occlusion of the fistula. (E) Right common carotid (RCC) and
(F) left common carotid (LCC) artery angiograms. (Courtesy of Philippe Gailloud, MD.)
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of catheters have been developed, distal access
catheters (Concentric Medical, Mountain View,
CA, USA), that can be used in conjunction with
traditional microcatheters and guiding catheters
to provide additional support44 for complex cases.
Although this coaxial approach increases the
complexity of theprocedure, the additional support
provided by these cathetersmaybeessential to the
success of an individual case (Fig. 5).

SUMMARY

Endovascular treatment of AVMs and DAVFs is
technically challenging and requires experience
with a variety of endovascular techniques as well
as a thorough understanding of the unique

vascular anatomy associated with each lesion.
Continuing development of techniques and equip-
ment is increasing the number of patients who can
be successfully treated. Each patient is different
and a team approach is necessary to treat these
complex lesions, with some cases requiring multi-
modality treatment or possibly no treatment at all.
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Stereotactic
Radiosurgery of
Cranial Arteriovenous
Malformations and
Dural Arteriovenous
Fistulas
Alfred P. See, BS, Shaan Raza, MD, Rafael J. Tamargo, MD,
Michael Lim, MD*

Cranial arteriovenous malformations (AVM) are
collections and anastomoses of arterial and
venous vasculature.1 These are nonneoplastic
and are distinguished from hemangiomas, which
have increased endothelial cell turnover. In some
cases, they may demonstrate slow growth, but
this is caused by hypertrophy and not increased
cell cycle.2 Left untreated, 3% to 5% of AVMs
bleed each year, with higher rates of bleeding in
AVMs that have previously ruptured or contain in-
tranidal aneurysms.3–5 High flow rate and venous
outflow stenosis have also been proposed to
increase the risk of hemorrhage, but these vari-
ables have not been reported because they are
difficult to measure. In AVMs with no history of
bleeding, the annual risk is slightly lower at 2%,
but after the first bleed, the annual risk of bleed is
nearly 18%.1,6 A total of 1% to 1.5% of AVM
patients die each year, most commonly because
of hemorrhage.1,7,8 Although hemorrhage contrib-
utes to significant morbidity and mortality in AVM
patients, about 1% also develop new seizures
each year.1 Management of AVMs is a delicate
balance of the morbidity and mortality of treatment
versus the symptoms of the patient, risk of recur-
rent hemorrhages, seizure risk, and quality of life.

Dural arteriovenous fistulas (AVFs) are abnormal
connections between meningeal arteries and a du-
ral venous sinus, or subarachnoid veins. AVFs have
a variable natural history, and not all cases may
require intervention. The natural history of AVFs is
predicted by the Borden classification scale, which
describes AVFs based primarily on the draining
veins and the direction of flow (Table 1). Risks for
hemorrhage can vary from 2% (Borden Grade I)
to 19.2% (Borden Grade II or III).9,10 Furthermore,
higher-grade AVFs have increased morbidity and
mortality. For example, Borden Grade II and III
AVFs have a 10.9% annual neurologic deficit inci-
dence, and a 19.3% annual mortality rate.10 In
addition, AVFs that present with cortical venous
drainage are thought to have an increased chance
of hemorrhage, and are typically treated regardless
of clinical presentation, but this opinion continues
to evolve.11,12 In a similarmanner toAVMs, the risks
of treatment and the natural history of AVFs must
be considered in developing a treatment plan.13–17

STEREOTACTIC RADIOSURGERY

Stereotactic radiosurgery (SRS) is a technique in
radiosurgery that delivers a conformal dose of
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intense radiation on a target, such as an AVM. A
number of different technologies have been devel-
oped to achieve this result: Gamma Knife; linear
accelerators (LINACs; e.g., CyberKnife, Synergy S,
and Trilogy); and proton-beam. Gamma Knife
uses a radioactive source (cobalt) and aims radia-
tion through a circular array of ports to focus the
beams at a single point. LINACs, which are made
by a number of different companies with different
designs and implementations, do not have a radio-
active source but rather accelerate electrons,
which either directly interact with the target tissue
or produce an X-ray beam directed at the tissue.
Proton-beam therapy uses a synchrotron to accel-
erate protons to interact with the target tissue.
Proton-beam therapy is often distinguished from
the Gamma Knife and LINAC by the use of
protons, which have more mass. As a result, the
steep radiation dose fall-off allows for treatment
of larger lesions and use of higher doses to mini-
mize damage to neighboring tissue.18,19

By definition, in addition to the radiation source,
SRS involves a navigation system that allows the
radiation to be delivered accurately and precisely.
The original solution developed for the Gamma
Knife was a stereotactic frame that was fixed to
the skull, providing a set of reference coordinate
axes. Other SRS systems, such as the CyberKnife,
use frameless guidance involving a thermoplastic
mask to minimize movement; built-in imaging
systems update the position of the patient in
real-time to improve the accuracy.

MECHANISM AND TECHNIQUES OF
RADIOSURGERY FOR AVMS AND AVFS

Radiosurgery works to obliterate the AVM through
two stages. Initially, radiosurgery damages the
endothelial cells.20 The intimal layer thickens
because of smooth muscle proliferation and
deposits of hyaline, calcium, and collagen in the
extracellular matrix.20–22 Ultimately, radiosurgery
effects thrombosis and necrosis of AVM vessels

resulting in a durable response that lasts at least
a decade after radiosurgery.21,23 It is important
to note that this process can take years to work.
The exact mechanism of action for obliteration of
AVFs is unknown; however, given the observed
time course of obliteration, we believe that the
mechanism of endothelial cell damage and throm-
bosis are likely applicable in AVFs.
Radiosurgery requires a median of 20 months to

achieve subtotal (>95%) obliteration in AVMs.3,24

As a result, radiosurgery is not typically used in
AVMs that present with hemorrhage.25 There is
a significantly increased incidence of repeat
hemorrhage (18%per 12months) in these patients,
so the immediate effect of microsurgery is a signif-
icant benefit compared with radiosurgery.
The important technical point for treating AVMs

and AVFs is localization. In appropriately selected
patients, radiosurgery obliteration depends on
accurate targeting of the nidus or the fistula.
Although digital subtraction angiography (DSA)
serves as the gold standard for detection of AVM
and AVF before and after radiosurgery, the two-
dimensional study alone cannot be used for treat-
ment planning.26,27 Therefore, thin-slice magnetic
resonance imaging (MRI) and computed tomog-
raphy (CT) are used to determine nidus geometry
and neighboring at-risk structures for generating
radiosurgery treatment plans.28 However, even
MRI and CT have an average of 1-mm difference
in stereotactic coordinates.29

Technologic advancements in MRI and CT may
eventually obviate the need for confirmatory DSA,
but they are still insufficiently sensitive. As an
example, patients can be followed with MRI or
CT while an AVM nidus is visible, but a negative
MRI or CT is followed by DSA to confirm AVM
obliteration.30–32 Concurrently, advancements in
DSA techniques offer the possibility of three-
dimensional information needed for radiosurgery
at the high resolution and sensitivity of DSA.33

In terms of the actual machines, studies have
suggested that the various radiosurgical systems

Table 1
Borden AVF classification

Type Arterial Supply Venous Drainage Direction of Flow

Type I Meningeal artery Dural venous sinus or meningeal
vein

Anterograde

Type II Meningeal artery Venous sinus Retrograde flow into subarachnoid
veins

Type III Meningeal artery Subarachnoid veins or isolated
segment of dural venous sinus
draining into subarachnoid veins

Retrograde flow into subarachnoid
veins

See et al134



are likely to be equivalent. One comparison of
LINAC at 16 Gy the 70% isodose line with Gamma
Knife at 20 Gy at the 50% isodose line found
angiography-confirmed obliteration rates of 60%
and 72%, respectively.34 Toxicity was observed
in 8% of patients in both groups.34 The subse-
quent studies for the Gamma Knife and LINAC
have also suggested no difference in effi-
cacty.34–36 However, these studies are small and
further comparative studies are necessary.

CHOOSING THE APPROPRIATE AVM AND AVF
FOR RADIOSURGERY

In determining the role of SRS for AVM patients,
various scales are used to guide treatment. In un-
hemorrhaged AVMs, case selection can be guided
by a number of AVM grading scales, such as the
Spetzler-Martin scale (SM), modified Spetzler-
Martin scale (mSM), and Pittsburgh radiosurgery-
based AVM grading scale (Table 2).37,38 Key
components shared by these scales are AVM
size and location. Although the SM scale was
developed for predicting surgical morbidity and
mortality, its role in guiding surgery has led to its
use in guiding SRS.39 General recommendations
are microsurgery for mSM Grades I to IIIA,
whereas SRS or multimodal therapies are applied

for mSM Grades IIIB to V.39,40 It is important to
note that SM and mSM grading does not reflect
the degree of protection from AVM hemorrhage,
which is nearly 100%, but is dependent on extent
of resection.41 Microsurgery remains the gold
standard for AVM treatment; therefore, typical
cases that are considered for SRS are SM Grade
III or higher: greater than 3 cm involving eloquent
cortex or deep drainage, or greater than 6 cm.41–43

In SRS, successful obliteration of the AVM nidus
has been found to depend on nidus volume,
marginal dose, age, and gender, in addition to
the SM grade.37,43 The Radiosurgery Based AVM
Scale (RBAS) captures the effect of nidus volume,
age, and location (hemisphere, corpus callosum,
and cerebellum vs basal ganglia, thalamus, or
brainstem). The location is closely related to the
marginal dose, because the location determines
the maximum dose deliverable to the nidus
without clinically significant damage to neigh-
boring structures.44 The RBAS score is calculated
as follows: (0.1) (volume, mL) 1 (0.02) (age, yr) 1
(0.5) (location). Cases scoring less than 1 have
90% chance of AVM obliteration without a new
neurologic deficit, whereas cases scoring greater
than 2 have greater than 50% chance of such an
outcome. For lesions greater than 15 cm3, nearly
half have new neurologic deficits or incompletely

Table 2
AVM grading scales

Stereotactic Radiosurgery 135



obliterated AVMs when treated with SRS. In
eloquent locations, such as the basal ganglia,
brainstem, and the optic nerve, SRS can be chal-
lenging for lesions as small as 10 cm3.44

Because the variables that predict radiosurgical
success overlap with the criteria used for selecting
microsurgery patients, some patients are not suit-
able candidates for either treatment alone. Giant
AVMs (>25 cm3) may require a combination of
surgery, embolization, and SRS.45,46 Moderately
sized lesions in challenging locations, such as
the brainstem, may also necessitate combination
therapy.47

AVMs in pediatric patients present a distinct
risk–benefit balance. Pediatric patients are ex-
posed to a longer posttreatment at-risk period,
increasing the cumulative lifetime risk.48,49 There-
fore, successful obliteration and reduction of
hemorrhage risk is very important. Many groups
have resorted to a multidisciplinary treatment
team delivering combination therapy.50

Patients who present with a history of a prior
bleed may not be good candidates for SRS.
Studies have reported an increase in the relative
risk of hemorrhage: the annual incidence of AVM
hemorrhage is 2%, but the incidence of recurrent
AVM hemorrhage is 18%. This is reflected in
a 9.09 (confidence interval [CI], 5.44–15.19;
P<.001) relative risk of recurrent hemorrhage.3,25

However, sometimes SRS can be an appropriate
choice in patients who present with a prior hemor-
rhage if the risks of microsurgery or observation
are also high.
In addressing AVFs, some AVFs have been re-

ported to spontaneously resolve, particularly
cavernous sinus AVFs.9,51 Therefore, some AVFs
that present incidentally may not require interven-
tion.51 In addition, up to 81% of patients receiving
conservative treatment may have improvement or
resolution of their symptoms.9 However, AVFs pre-
senting with hemorrhage or severe neurologic
deficit are likely to require treatment. Embolization
or surgery, which both achieve immediate obliter-
ation of the nidus, is the treatment of choice for
cases with high risk of bleeding or with severe
symptoms.13,52 Surgery can also be used as an
adjunct to embolization for large AVFs that are
incompletely obliterated by embolization or that
are not amenable to embolization.13,15,16 There-
fore, SRS monotherapy is most often used to treat
small AVFs that are difficult to access surgically
and present with significant but not severe symp-
toms.53 Larger lesions that are not amenable to
surgery may also be responsive to combined
embolization and SRS.53 Treatment of AVFs can
be complicated by venous sinus thrombosis,
which leads to increasing venous hypertension

and edema after occlusive therapies, such as
embolization or SRS.16,54,55 These patients can
also be treated with SRS, but may require adjunc-
tive therapies to restore cerebral drainage before
SRS.54

FACTORS IMPACTING OUTCOME OF
RADIOSURGERY IN AVMS AND AVFS

To determine the factors that affect the outcome of
SRS, one must acknowledge that there are varying
opinions on the definition of successful treatment
of an AVM or AVF. Success of SRS has been
defined in terms of hemorrhage prevention and
symptommanagement, or nidus obliteration. Typi-
cally, the most severe consequence of AVMs and
AVFs is morbidity and mortality from hemorrhage,
so seizure control is less well studied. However,
only a subset of AVMs and AVFs hemorrhage
each year, which limits statistical power. There-
fore, many studies also define success as nidus
or fistula obliteration. The likelihood of SRS
success is associated with the patient’s clinical
history, characteristics of the AVMs and AVFs,
and the SRS technique.
History of embolization decreases the likelihood

of SRS-induced AVM obliteration by an estimated
86%.56,57 This has not been shown to be a result of
direct interaction between embolization therapy
and SRS.58 Rather, embolization has an associ-
ated failure rate, either from inadequate penetra-
tion or from local recanalization; one study found
this in 18.2% of embolizations.59 A nidus may
develop where the prior embolization site is
thought to be obliterated, and is therefore
excluded from the radiation plan. Persistence of
this nidus is referred to as an “out-of-field nidus.”57

Embolization may also create multiple segments
of AVM, complicating SRS treatment design, but
this has not been studied.58 This may be resolved
by including the embolized region in the SRS plan.
SRS has been shown to reduce local angiogen-
esis, which may decrease recanalization.60 How-
ever, this may not be feasible in cases where
embolization is used to obliterate nidus that is
near radiation-sensitive structures.
Characteristics of the AVM (size, venous

drainage, and location) are associated with
success of SRS.56 AVM size is often measured
by maximum linear dimension or by nidus volume.
A common threshold is maximum linear dimension
of 3 and 6 cm, but studies have used numerous
different thresholds for their statistical analysis.
Increased AVM size is consistently associated
with decreased obliteration rates or increased
treatment-associated deficits.36,56,61 For example,
AVMs greater than 10 cm3 may have as much as
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a fivefold increase (7%–35.7%) in posttreatment
hemorrhage rate.62 The number of draining veins
and pattern of venous drainage are associated
with microsurgical success, but are unclear
factors for hemorrhage after SRS.37 One study
observed that a single draining vein increases the
relative risk of hemorrhage (relative risk, 1.66;
P<.01), but another study found no difference in
AVMs: 5 of 66 (7.6%) single draining vein AVMs
hemorrhaged, compared with 8 (7%) of 115 in
the overall population.62 Deep venous drainage
was associated with double the odds of hemor-
rhage, but another study suggests that this may
be confounded by an association with the location
of the AVM.25,62 Proximity to eloquent structures is
associated with decreased obliteration rates, but
is not associated with hemorrhage rates.44,63

Lower nidus density, as defined on CT, is associ-
ated with a decreased obliteration rate (odds ratio,
0.246; P5 .008),63 and as defined on MRI, is asso-
ciated with an increased hemorrhage rate (relative
risk, 1.64; P<.01).25 A history of AVM hemorrhage
and prior treatment are not included in the
common scoring systems, but are strongly associ-
ated with SRS success. RBAS and SM scales
classify AVMs by characteristics of the patient
and AVM at presentation.

Scales such as the RBAS and mSM may be
used to help predict the success for SRS in
AVMs because they incorporate the aforemen-
tioned clinical characteristics. RBAS and mSM
scales are designed for ease of use and incorpo-
rate significant, clinically applicable predictive
variables. The RBAS score is a simple method of
determining the likelihood of obliteration without
new neurologic deficits, but only considers the
AVM size, patient age, and location.44 In the
RBAS, the likelihood of obliteration without new
neurologic deficit is 91.7% for less than 1, 74.1%
for 1 to 1.5, 60% for 1.5 to 2, and 33.3% for greater
than 2.64 Although designed for assessing micro-
surgery success, the mSM scale evaluates based
on size (<3, 3–6, and >6 cm); location (eloquent or
not); and venous drainage (superficial or deep). It
approximately correlates with the RBAS score:
88.9% for Grade 1, 69.6% for Grade 2, 61.5%
for Grade IIIB, and 44.8% for Grades IIIA and IV.64

Finally, hemorrhage and nidus obliteration are
also associated with radiation marginal dose,
dose homogeneity, and fraction of nidus treated,
but are not associated with the system used to
deliver SRS. Increasing marginal dose of radiation
correlates with increasing rates of nidus oblitera-
tion, as measured on MRI. At a threshold of 15
Gy, the odds ratio of successful obliteration is
3.743.63 A detailed study of dose-response
suggests that this is a logistical function, with the

inflection point near 16 Gy, and the plateau
between 18 and 25 Gy, with a maximum oblitera-
tion rate of about 88% (Fig. 1).57 However, it is
also important to note that increasing dose can
also lead to increased complications, such as radi-
ation necrosis, and dose selection should also
take into account the various regions of the brain.
For example, the dose tolerance of surrounding
brain tissue is significantly lower in the area around
the thalamus than around the frontal lobe. The
homogeneity index is another measure of radiation
delivered. It is a ratio of the maximum dose to the
prescribed dose. Increased homogeneity index is
associated with slower nidus obliteration.24

Although the natural history of AVF is unpredict-
ably variable, AVF outcomes in patients receiving
treatment are known to depend on the pattern of
drainage. The Borden Classification system clas-
sifies AVFs into three types (see Table 1).65 It
associates lower rehemorrhage rates for drainage
into a dural venous sinus or meningeal vein versus
a cortical vein, and also with anterograde flow
versus retrograde flow. The Cognard system
further distinguishes AVFs based on dilation of
the draining vein and considers spinal perimedul-
lary veins as a separate type.66 Because higher-
grade lesions more often present with hemorrhage
and acute risk of rehemorrhage, they are typically
treated with surgical or endovascular techniques,
limiting the statistical power of studies that report
SRS outcomes to identify differences between
grades.12 Of note, AVFs involving the cavernous
sinus are associated with better obliteration

Fig. 1. Model of nidus obliteration as a function of
marginal dose in patients without prior embolization.
This illustrates the dramatic increase in obliteration rate
observed around 15 GY, and the flattening of the curve
around 18 GY, which is the approximate dose typically
used in AVM SRS. (From Flickinger JC, Kondziolka D,
Maitz AH, et al. An analysis of the dose-response for
arteriovenous malformation radiosurgery and other
factors affecting obliteration. Radiother Oncol 2002;
63(3):347–54; with permission.)
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rates.53 However, this may be confounded by
a higher rate of spontaneous resolution in
cavernous sinus AVFs.51

RADIOSURGERY OUTCOMES IN TREATMENT
OF AVMS AND AVFS

SRSmay aim to control AVM symptoms or prevent
morbidity and mortality from AVM hemorrhage,
but many studies focus on the prevention of
hemorrhage. In addition to hemorrhage events,
studies also measure AVM nidus or AVF oblitera-
tion, which is typically very strongly associated
and is thought to be causatively related to
hemorrhage.

Hemorrhage Prevention

Hemorrhage occurs after SRS, particularly during
the latent period, before complete obliteration by
the initial SRS, repeat SRS, or other definitive
treatment (Tables 3 and 4). Although a number
of conflicting studies have analyzed the risk of
hemorrhage in the latent period, a recently pub-
lished large retrospective study of 500 patients
found that the risk is unchanged or slightly
decreased (hazard ratio, 0.26; 95% CI, 0.10–
0.68).67 After SRS but before nidus obliteration,
annual hemorrhage rates are estimated at 4.8%
to 7.9% per year for the first 2 years, then 2.2%
to 5% per year in the third, fourth, and fifth
years.68,69 However, after the nidus is obliterated,
the risk of hemorrhage is near zero.68,69 In one
large study where post-obliteration hemorrhage
was observed, the risk of hemorrhage is estimated

at 0.12 (hazard ratio; CI, 0.1–0.68) of the pretreat-
ment risk.67

AVM Nidus Obliteration

In the ideal AVMs (RBAS <1: small nidus, young
patient, and in an uncomplicated location), total
nidus obliteration is achieved in 75% of cases
(see Tables 3 and 4).35,57,70 However, this de-
creases to 33% in AVMs that are larger than
20 cm3 (2.7-cm length cube, or 3.4-cm diameter
sphere), or are larger than 10 cm3 in a complex
location. The RBAS was developed based on
a mix of MRI and angiogram follow-up imaging
to assess posttreatment nidus volume.
Comparison of MRI and angiogram for detecting

residual AVMnidushasshown thatMRI hasanega-
tive predictive value of 84% to 91%. For example,
in one patient set, MRI detected no nidus in 75
(86%) of 87 cases, whereas angiography detected
no nidus in 193 (73%) of 264 cases.71 Clinical
studies continue to report obliteration rates from
MRI, angiogram, or amix. A straightforward correc-
tion to compare MRI and angiogram success rates
is division by the appropriate ratio.57 However, this
remains challenging as technology evolves.
In non-giant AVMs, the radiation dose is a signif-

icant predictor of total obliteration rate.57 The like-
lihood of final obliteration ranges from 50% to 88%
as a function of dose from 16 to 25 Gy.35,57,72

Pediatric AVMS

Although SRS in pediatric patients has a different
long-term impact, pediatric AVM SRS case series

Table 3
Outcomes of SRS in overall AVM case series

Median
Volume
(cm3)

Median
Marginal
Dose (Gy)

Follow-up
(mo) N

Obliteration
(%)

Imaging
Modality

Hemorrhage
(%)

Death
(%) Source

3.3 20 39 293 68 MRI or
angiography

6 3 38

3.8 20 38 108 71 angiography 14 2 96

4.48 — — 54 76 CT or MRI or
angiography

13 — 97

6.64 16 26.8 62 35 CT or MRI 5 — 98

7.3 18 42 127 64 MRI or
angiography

— 1 36

9.9 15 — 330 55 MRI 8 — 99

17.7 18 — 75 56 MRI or
angiography

12 6 100

48.8 13.9 109 44 34 MRI or
angiography

7 — 46
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Table 4
Outcomes of SRS in AVM of deep or eloquent brain

Grade (Mean
RBAS, Median SM)

Median Volume
(cm3)

Median Marginal
Dose (Gy) Follow-Up (mo) N

Obliteration
(%) Imaging Modality

Hemorrhage
(%)

Death
(%) Source

1.69 5.2 18 24 65 55 CT or angiography 9 — 101

1.83 3.8 18 45 56 43 MRI or angiography 13 9 102

1.63 1.5 20 72 45 66 Angiography 4 0 103

— 1.35 18.4 52.2 29 41 Angiography 17 14 104

III 4.3 25 28 19 74 Angiography — — 105

— 9.1 18.75 23 15 47 Angiography — — 106

1.51 2.8 16.2 39 42 62 MRI or angiography 14 7 107
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report low RBAS grade lesions. These patients
have excellent outcomes: AVM obliteration without
new neurologic deficits at 24, 36, and 42 months is
seen in approximately 45%, 65%, and 68% of
patients, respectively.73,74 Most studies have
found overall obliteration rates between 50% and
70% at latest follow-up (Table 5). In addition,
SRS in pediatric patients provides excellent
seizure control: one series of 13 patients reported
11 patients to be free of seizures and medications
over 47 months of follow-up. The remaining two
had improvement of seizure management, but still
require medication. However, 2 of 72 patients
developed new seizures.75 SRS in selected pedi-
atric patients offers effective control of the nidus
volume and seizures associated with AVM.

Proton-beam Therapy

Proton-beam has been reported to control
seizures related to AVM and reduce the AVM
nidus. In a small study of AVMs less than
10 cm3, proton-beam achieved complete oblitera-
tion in at least 50% and greater than 98% obliter-
ation in another 20%. However, in this study, no
AVMs greater than 25 cm3 were obliterated.18

Another study found 67% of AVMs less than 14
cm3 were obliterated, whereas 43% of AVMs
greater than 14 cm3 were obliterated, but included
a hypofractionated proton-beam protocol.76

Proton-beam has also been reported to control
up to 78% of AVM-related seizures.

AVF Obliteration

Success for AVFs is measured primarily through
angiographic occlusion, as a surrogate for hemor-
rhage prevention. Interpretation of reported AVF

series are difficult because most reported AVF
series combine patients who received SRS mono-
therapy with those who received combination
therapy. In one series, 30 (55%) of 55 patients
had demonstrated angiographic obliteration of
the AVF, whereas three patients (5%) had post-
treatment hemorrhage.11 Another series reported
67% obliteration with SRS monotherapy, and
75% obliteration in low-risk AVFs treated by SRS
alone, but 83% obliteration when SRS was
combined with embolization.53 This series re-
ported one death caused by hemorrhage (3%) 2
months after SRS. Another series reported SRS
outcomes where half of the patients had prior
surgery or embolization: 11 (58%) of 19 patients
had complete obliteration by MRI or magnetic
resonance angiography, and no patients hemor-
rhaged after treatment.77 Finally, in a series of
mixed SRS and combination SRS–embolization,
11 (64%) of 17 patients with angiographic follow-
up had complete obliteration.78

It is important to interpret these results with
consideration for the limitations of these studies:
some AVFs are known to spontaneously resolve,
although the rate is unknown in the various grades
of AVFs; and angiographic follow-up is resource
intensive and typically is achieved in only a portion
of the treated patients, making the studies prone
to selection bias.9,51

LIMITATIONS AND COMPLICATIONS OF
RADIOSURGERY

Although SRS is suitable for treating many AVMs,
there are specific challenges that limit its ap-
plication. In addition to adverse effects and

Table 5
Outcomes of SRS in pediatric AVM

Grade
(Mean RBAS)

Median
Volume (cm3)

Median
Marginal
Dose (Gy)

Follow-Up
(mo) N

Obliteration
(%)

Yearly Hemorrhage
Risk (%) Source

1.07 4.2 18 36 22 54 9 (yr 1), 13.6 (yr 2) 108

1.08 3.4 — 42 38 68 — 73

1.5 20 24 34 47 — 109

1.7 20 36 53 72 — 110

2.8 23 26 103 70 — 111

2.9 18.8 24 22 68 — 74

3.2 21.9 — 186 50 5.4 (yr 0–2), 0.8 (yr 2–5) 112

5.37 18 60 31 35 3.2–4.3 113

6.9 18 21 17 53 0 114
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complications of SRS, the most distinct limitation
is the delayed effect of SRS on nidus obliteration.

The time from SRS treatment to maximum nidus
obliteration is typically cited as 24 to 36 months.
An exponential decay model estimated an average
of 44% decrease in volume annually.79 The obliter-
ation rate of SRS has been found to depend on the
dose homogeneity index, and the volume of nidus
irradiated to 22 Gy.24 These two variables can alter
the median time to obliteration from 11.6 to 27.8
months.24

Although total obliteration eliminates the risk of
hemorrhage,68 the delayed obliteration after SRS
exposes the patient to an extended duration of
risk. In addition, it is unclear whether the risk of
hemorrhage during the latent period is different
than before treatment. Studies have found
that during the latent period, there is no difference
in the hemorrhage risk,68,80 an increase in hemor-
rhage risk,81–83 and a decrease in hemorrhage
risk.46,67,84,85

In addition to the risks of an AVM, SRS treat-
ment has its own risks. Radiation damage to
neighboring healthy tissues can occur when large
volumes are irradiated, in about 2% to 10%
of cases.86–88 Resolution of neurologic deficits
caused by this damage is dependent on severity
of the symptoms (hazard rate ratio, 2.74;
P<.0001) and prior hemorrhage (hazard rate ratio,
1.65; P 5 .0126). In addition to neurologic deficits,
SRS is known to induce hair loss, particularly in
superficial lesions, which occurs approximately 3
weeks after treatment, and typically lasts for about
3 months. Although the mechanism is unclear,
there have also been reports of increased seizures
in up to 1% of patients after SRS.88,89 Most
severely, fatal complications occur in approxi-
mately 0.1% of cases.88

Similar to SRS in AVMs, there is a latent period in
AVF SRS during which the nidus is not obliterated
and the patient remains at risk of hemorrhage.11

This is one of the reasons for considering embo-
lization or surgery as a first option. Likewise,
radiation damage to neighboring tissue is also
possible in SRS treatment of AVFs. Radiation-
induced change in MRI was observed in 33
(63%) of 52 patients in one series, but this did
not associate with radiation dose, and did not
have clear clinical implications.11 The series
reported one case of hemiparesis.11 Although
not observed in AVMs, venous hypertension
and edema may be associated with AVFs, and
may be exacerbated after SRS. In cases with
complicated venous drainage, a combination of
endovascular angioplasty preceding SRS may
restore physiologic cerebral perfusion before
the occlusion of the AVF.54

NUANCES AND PEARLS IN TREATING
PATIENTS WITH AVMS AND AVFS USING
RADIOSURGERY

There are situations where radiosurgery may be
useful, but where traditional single-dose radiosur-
gery does not offer a viable solution, such as
geometrically complex AVMs or extremely large
AVMs. A number of variations have been explored
but are less well studied. Because the radiobiology
of radiosurgery is not completely understood, it
has been difficult to predict which of these modifi-
cations will improve obliteration rate or decrease
hemorrhage. In addition, the applicable patient
population is insufficient for large studies powered
to detect complications or demonstrate that the
variations do not achieve improved outcomes.

SRS delivers a large number of radiation beams
focused at the target to administer a high dose of
radiation delivery to the target, compared with
a low dose in the neighboring tissue, in one sitting.
Even with the optimum SRS treatment plan, at
least 12% of AVMs are not entirely obliterated.
Some of these have been retreated with SRS.
Repeat SRS can achieve obliteration in 34.1% at
a median follow-up of 109.4 months.46

Large AVMs may require high doses to neigh-
boring tissue or subtherapeutic doses to the
AVM nidus. One proposed solution is volume-
staged radiosurgery, where the nidus volume is
treated in multiple sessions, allowing lower radia-
tion of normal tissue while maintaining therapeutic
radiosurgery in the nidus. This has been applied to
AVMs greater than 40 cm3, but in some studies the
threshold has been as low as 15 cm3. Most studies
report less than 50 patients but have found 28% to
50% with total obliteration and 29% with near-
total obliteration.90,91 Critics of this technique
suggest that, based on surgical resection of
AVMs previously treated by radiosurgery, the
interval between the first and second therapy
may expose the patient to a higher risk of hemor-
rhage in the untreated volume; first because of
increased time before treatment, and second
because of histologic changes, such as angiogen-
esis and venous stenosis, which may increase the
interval bleed risk.92 Additional investigations in
volume-staged radiosurgery in AVMs need to
identify the interval risk of hemorrhage and deter-
mine a threshold where this risk is balanced with
the benefits of volume-staging.

An alternative to volume fractionation is dose
fractionation. This has been implemented as
a monotherapy, and in combination with follow-
up surgery. Interpretation of these studies is chal-
lenging because the patients are a heterogeneous
population with history of embolization and prior
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radiosurgery, and because the sample sizes are
very small at less than 30.79,93,94 Critics have
questioned whether the radiobiology of AVMs,
essentially normal cells that are disordered at the
level of tissue organization, may be distinct from
the radiobiology of neoplastic cells, which can be
treated with fractionated radiosurgery to accom-
plish a cumulative therapeutic dose.95

SUMMARY

SRS is a complementary treatment option to
microsurgery and embolization for AVMs and
AVFs. AVM and AVF patient selection needs to
be carefully considered given the immediate
benefit and high success rate of microsurgery.
Cases that are not amenable to surgery may also
be poorly suited for monotherapy SRS and combi-
nation therapy should be considered. History of
hemorrhage or embolization, size of the AVM or
AVF, proximity to radiosensitive structures, and
patient age are key factors in identifying patients
likely to benefit from SRS. After determining SRS
as the appropriate therapy, the most significant
factor in successfully obliterating the nidus or
fistula and reducing hemorrhage risk is accurate
definition of the nidus or fistula for treatment plan-
ning. SRS failure is often caused by the AVM nidus
or fistula falling outside of the treatment volume;
therefore, complete obliteration is hightly depen-
dent on the accuracy of the treatment plan in tar-
geting the entire nidus volume. In addition to the
well-known risk of hemorrhage during the latent
period, dreaded complications of SRS include
radiation damage to neighboring structure and
ischemic stroke. However, SRS is a viable treat-
ment option with up to 88% success for patients
with difficult-to-resect AVMs that are not in immi-
nent risk of hemorrhage. For AVFs, complications
are a result of the venous congestion or direct radi-
ation injury. In addition, the success rate of AVFs
seems to be lower than the rate of AVMs but the
studies are less clearly defined because they
include patients who received multimodal therapy.
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Occlusive Hyperemia
Versus Normal
Perfusion Pressure
Breakthrough after
Treatment of Cranial
Arteriovenous
Malformations
Brad E. Zacharia, MDa,*, Samuel Bruce, BAa,
Geoffrey Appelboom, MDa, E. Sander Connolly Jr, MDb

Cerebral vascular malformations occur in 0.1% to
4.0%of thegeneral population.1Arteriovenousmal-
formations (AVMs), vascular lesions characterized
by direct connections between feeding arteries
and draining veins without an intervening capillary
network, are some of the most dangerous congen-
ital vascular malformations, and occur in approxi-
mately 15 of every 100,000 adults.2 Patients with
AVMs tend to present symptomatically between
the ages of 10 and 40, most commonly as a result
of intracranial hemorrhage.3 Complete obliteration
of the AVM nidus, which can be accomplished by
microsurgical resection, endovascular emboliza-
tion, or radiosurgery, alone or in combination, elim-
inates the risk of hemorrhage from these lesions. An
infrequent but potentially devastating consequence
following excision or occlusion of an intracranial
AVM involves hemorrhage into the surrounding
parenchyma or edema of the surrounding paren-
chyma.Twohypotheses, normalperfusionpressure
breakthrough (NPPB) and occlusive hyperemia,

prevail in the literature regarding postoperative
hemorrhage following AVM resection. Since the
occlusive hyperemia hypothesis was first postu-
lated in 1993, a debate has persisted within the
cerebrovascular community.4 This article discusses
recent advances in cerebrovascular imaging and
analysis that have allowed a more complete eval-
uation of intracerebral changes following AVM
resection.

CEREBRAL HEMODYNAMICS

Cerebral perfusion pressure (CPP) is the net pres-
sure gradient causing blood flow to the brain, and
it is defined as the mean arterial pressure (MAP)
minus the intracranial pressure (ICP). Cerebral
blood flow (CBF) is dependent on both perfusion
pressure and cerebrovascular resistance (CVR),
such that:

CBF 5 CPP=CVR
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In a single vessel level, cerebral blood flow can
be summarized according to Hagen-Poiseuille’s
formula (Fig. 1). The magnitude of blood flow is
proportional to the vessel resistance, and the
blood velocity is directly proportional to the pres-
sure difference along the blood vessel. The resis-
tance in a vessel is inversely related to the fourth
power of the vessel diameter. Thus even marginal
changes of the vessel’s radius result in significant
alterations of resistance. The ability of intracranial
vessels to alter their radius in response to alter-
ations in CPP is termed cerebrovascular autoregu-
lation and is an essential mechanism by which the
brain maintains CBF in the face of changes in
systemic blood pressure or ICP.

BASIC AVM PHYSIOLOGY

A basic knowledge of flow and pressure alterations
induced by AVMs is important in understanding the
mechanisms dictating postoperative complica-
tions following AVM resection. Studies regarding
flow in and around AVMs, however, are controver-
sial.While somebelieve that AVMs lead to impaired
autoregulation, others contend that loss of autore-
gulation may be the root cause of AVM formation.
For instance, flow regulation can be impaired
when perfusion pressures are above or below the
limits of autoregulation. Such is the case with
venous hypertension, which is often seen in
AVMs. The idea of autoregulatory dysfunction has
become common thinking in the physiology of
AVMs, yet studies have consistently demonstrated
preserved CO2 responsiveness both before and
after AVM resection.5,6 An alternative hypothesis,
adaptive autoregulatory displacement, contends
that vascular territories adjacent to AVMs shift the
autoregulatory curve to the left, thus placing the
lower pressure limit at a level lower than that postu-
lated for the normal brain.7

Brain AVMs are characterized by low resistance
within the nidus secondary to the lack of an inter-
posing capillary bed, thus depriving surrounding
parenchyma of blood flow. Vascular steal is
a phenomenon often associated with AVMs.5

Single-photon emission computed tomography
(CT) studies have demonstrated decreased flow in
areas surrounding the malformation. Local CBF
measured on Xenon-CT has also demonstrated
impairment in areas surrounding the AVM nidus
with improvement following AVM resection.8,9

Using magnetic resonance (MR) perfusion imaging,
Guo and colleagues10 demonstrated perinidal
perfusion abnormalities within AVMs that gradually
reversed following radiosurgery. Few individuals
appear to suffer ischemic consequences as a result
of steal, which may be explained by adaptive autor-
egulatory displacement.

Postresection Hemorrhage and Edema

NPPB
Thepioneeringhypothesis attempting to explain the
phenomenon of postoperative hemorrhage and
edema was offered by Spetzler and colleagues4 in
1978. The hypothesis, termed normal perfusion
pressure breakthrough (NPPB), suggests that the
parenchyma surrounding a high-flow AVM is chron-
ically hypoperfused; as a result, it has impaired
autoregulation, rendering it vulnerable to the normal
perfusion pressure likely to be seen following AVM
resection. Thus, following removal of an AVM, the
local capillary beds and arterioles in the remaining
normal parenchyma experience increased perfu-
sion but lack the ability to vasoconstrict and au-
toregulate. This could lead, in some cases, to
hyperemia, compromise of the capillary beds, and
resultant edema and/or hemorrhage.

Occlusive hyperemia
For more than a decade NPPB remained the
primary explanation for postoperative hemorrhage
and edema following AVM resection. An alternative
explanation termed occlusive hyperemia was
offered by Al-Rodhan and colleagues11 in 1993
based on their retrospective reviewof 295 operative
AVM cases and mounting evidence against the
NPPB hypothesis. Multiple studies before 1993
had demonstrated decreased perinidal CBF that
normalized followingexcision, suggesting that there
was perhaps some mechanism maintaining CBF
within the normal rangedespite increased perfusion
pressures.9,12,13 The ability to autoregulate was
tested with CO2 reactivity by multiple groups that
almost universally demonstrated restoration of
normal reactivity after excision.13–16 The authors
concluded that hemorrhage and edema associated
with resection of high-flow AVMs was the result of

Fig. 1. Hagen-Poiseuille’s formula demonstrates the
key concepts affecting blood flow through the cerebral
vasculature.
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two interrelated mechanisms. First, stagnant arte-
rial flow in former AVM feeders worsens the existing
hypoperfusion and ischemia. Postoperative angio-
grams have frequently demonstrated reduced
or stagnant arterial flow in former AVM-feeding
vessels, often leading to retrograde throm-
bosis.16–19 Al-Rodhan attributed this stagnation to
increased resistance to flow, endothelial abnormal-
ities, and a reflex vasoconstriction compensating
for normal or increased perfusion pressures.

Second, obstruction of the venous outflow of
surrounding parenchyma leads to passive hyper-
emia and further arterial stagnation, the end result
of which is cerebral edema and possible hemor-
rhage. Al-Rodhan cites prior studies demonstrating
abnormalities of the venous system in AVMs
including stenosis, agenesis, or occlusion of major
venous sinuses.14,20,21

Barnett and colleagues observed rapid reduction
in elevated draining vein pressure following exci-
sion, changes that likely predispose to increased
incidence of thrombotic occlusion.11,14

The Current Debate

The basic assumption of NPPB is that a dramatic
increase in perinidal pressure reroutes flow toward
territories incapable of vasoconstriction in
response to the increase in CBF, and several earlier
studies support this hypothesis.13–15,22–24 For
example, Muraszko and colleagues25 tested re-
sected AVM samples with vasoactive substances
in vitro; 4 out 24 AVMs were considered nonreac-
tive and lacked spontaneous activity. They found
that patients with nonreactive vessels in vitro
developed more frequent postoperative edema
and hemorrhage. Moreover, using orthogonal
polarization spectral (OPS) imaging in 2 patients,
Pennings and colleagues26 assessed arteriolar pul-
satility before surgical resection of an AVM. While
visualizing microvessel flow, they observed
a significant decrease in arteriolar pulsatility imme-
diately after AVM exclusion. Furthermore, they
were also able to show a drastic increase in micro-
vascular flow in the perinidal brain tissue following
surgery. In 1997, Chyatte used transcranial
Doppler ultrasound in conjunction with acetazol-
amide and CO2 to challenge vessel reactivity in
patients before AVM surgery. While vasomotor
paralysis was observed in only 2 of the 35 patients,
those patients went on to develop postoperative
edema/hemorrhage following surgical resection.27

De Salles and colleagues22 used angiographic and
transcranial doppler ultrasound imaging and also
demonstrated impaired vasoreactivity in response
to hyperventilation in AVM feeding vessels.

Though the previously mentioned studies using
various methodologies have offered evidence in
support of NPPB, the hypothesis has been the
subject of significant controversy. More recent
investigations have contradicted many aspects of
the NPPB hypothesis, casting doubt on the link
between impaired autoregulation and postopera-
tive complications.28 As discussed previously,
multiple studies demonstrated intact CO2 vaso-
reactivity following AVM resection.13–16 Young and
colleagues29 demonstrated improved perfusion in
the ipsilateral hemisphere following resection, but
no increase in CBF in response to increasing
MAP, suggesting intact autoregulation. They
demonstrated this phenomenon both in cases
without postoperative complications and in those
with presumed NPPB. The culmination of these
findings led Young and colleagues to postulate
adaptive autoregulation as a possible explanation
for the hemodynamic alterations seen in
AVMs.6,24,29 A condition of the NPPB hypothesis
is that complications occur adjacent to the malfor-
mation, as these are the areas placed under chronic
stress from the AVM. Barnett and colleagues
demonstrated that the worst vascular steal effect
actually occurs 2 to 4 cmdistal to themalformation,
and Young and colleagues demonstrated global
increases in CBF following resection, suggesting
that focal mechanisms may not predominate.14,30

Recent studies have also shed doubt on the
mechanisms implicated in the occlusive hyperemia
hypothesis. The occlusive hyperemia hypothesis
suggests that arterial stagnation leads to hypoper-
fusion and ischemia in surrounding brain tissue.
Meyer and colleagues first noted that arterial stag-
nation is a common observation following AVM
resection. They also noted that stagnating flow is
often seen in former feeding arteries, but not their
smaller branches. Additionally, they noted that
slow transitwithin thevessels likely reflects a reduc-
tion in flow velocity rather than a linear reduction in
blood flow. Meyer and colleagues31 went on to
show that postoperative brain tissue oxygenation
levels are highest in patients with excessive angio-
graphically confirmed stagnation of flow. Asgari
and colleagues32 confirmed these significant eleva-
tions in oxygen saturation in patientswith postoper-
ative hyperemic complications, and they felt this
finding was significant enough to dispute the possi-
bility of a venous mechanism for postoperative
hemorrhagic complications.

As an increasing number of AVMs are being
treatedwith radiosurgery, reports are slowly begin-
ning to come out of similar hemorrhagic complica-
tions after treatment. Pollock described 2 patients
with abrupt neurologic deterioration within months
of AVM radiosurgery, and in both instances, there

Occlusive Hyperemia Versus Normal 149



was radiographic evidence of venous outflow
occlusion.33 Chapman and colleagues34 followed
this with a report of 2 patients who suffered edema
and hemorrhagic complications after radiosurgery
and demonstrated evidence of venous occlusion.
Chapman concluded that a venous occlusive
mechanismwas likely causative in all 4 cases. Celix
and colleagues35 added further to the evidence
regarding postradiosurgery venous occlusion in
a 57-year-old man who experienced hemorrhage
within 9 days of treatment and had radiographic
evidence of a thrombus in the primary draining
vein.

SUMMARY

The pathophysiology underlying the swelling,
hemorrhage, and edema that can manifest after
AVM resection remains a matter of debate.
Throughout the literature, one can find evidence in
favor and against the two prevailing hypotheses
used to explain postoperative hemorrhage and
edema following AVM obliteration, namely NPPB
and occlusive hyperemia. As new advances
develop in imaging modalities, analysis of oxygen-
ation and CBF, and real-time probing of interstitial
biochemical makeup using multimodality moni-
toring and microdialysis, the mechanism respon-
sible for postoperative complications will continue
to be revisited. The authors believe that ultimately
these hypotheses are not mutually exclusive and
perhaps exist in a spectrum of hemodynamic alter-
ation following AVM resection. Understanding the
characteristics of an individual malformation will
be crucial in understanding the propensity for post-
operative complications and how to optimize treat-
ment to prevent these complications.
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Anesthesia
Considerations and
Intraoperative
Monitoring During
Surgery for
Arteriovenous
Malformations and
Dural Arteriovenous
Fistulas
Christina Miller, MD*, Marek Mirski, MD, PhD

CEREBRAL VASCULAR PHYSIOLOGY OF
ARTERIOVENOUS MALFORMATIONS AND
DURAL ARTERIOVENOUS FISTULAS

Brain arteriovenous malformations (AVMs) are
anatomically characterized by a tangle of thin-
walled vessels that connect the high-pressure
arterial circulation to the low-pressure venous
system, without an intervening capillary network.
Dural arteriovenous fistulas (DAVFs), by compar-
ison, are simpler lesions typically described as
either direct or indirect. Direct DAVFs (nonsinus
type) have a well-defined arteriovenous shunt
and involve only a few vessels. Indirect DAVFs
(sinus type) are more complex lesions with
numerous, small arterial feeders that travel in the
dura and drain into a venous sinus. DAVFs are
found outside the pia and involve the dura. The
abnormal vasculature of AVMs and, to a lesser
degree DAVFs, has several major physiologic
effects. Steal phenomenon results when there is

high flow across a low-resistance shunt, directly
from arterial to venous circulation. The shunt
results in decreased pressure in feeding arteries
(lower than systemic pressure) and elevated pres-
sure in draining veins. The arterial feeders and
venous drainers of the AVM are derived from
normal cerebral circulation, and the normal brain
tissue adjacent to the nidus that they supply
suffers from reduced cerebral perfusion pressure
(CPP). Giant AVMs or DAVFs can steal flow from
remote vascular territories.1 The degree of hypo-
tension may result in cerebral blood flow that falls
below the normal range of autoregulation.2

However, studies suggest that vascular reactivity
to CO2 is preserved, indicating intact autoregula-
tion that has been shifted to the left rather than
completely abolished.3 The tissue adjacent to the
AVM has a lower tissue PO2 than normal, but
normal pH and PCO2, suggesting an adaptive capil-
lary exchange mechanism to maintain normal CO2

clearance despite chronic hypoxia. During AVM
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resection, the tissue PO2 and pH increase while
the PCO2 falls.4 Another type of pathophysiology
characteristic of AVMs is the development of
diffuse bleeding and brain edema intraoperatively
or postoperatively. One proposed mechanism,
normal perfusion pressure breakthrough (NPPB),
postulates that elimination of the AVM shunt redis-
tributes blood flow to vasculature accustomed to
chronic hypotension.5 The “occlusive hyperemia”
hypothesis attributes brain edema to the occlusion
of normal venous drainage of tissue adjacent to
the AVM during surgery, resulting in vascular
engorgement.6 These phenomena are discussed
in detail by Miller and Mirski elsewhere in this
issue.
Although less has been reported regarding the

pathophysiology of DAVFs, there seems to be
less of a concern for physiologic steal and reset-
ting of autoregulation than that which may occur
in larger cortical AVMs. Likewise, there is less of
an issue with perfusion “breakthrough” edema.
However, resection attempts of large DAVFs still
pose an anesthetic concern with respect to
sudden acute blood loss, venous air embolism,
and postoperative seizures. Hence, many of the
major anesthetic considerations for resection of
parenchymal AVMs are applicable to craniotomies
for other indications such as DAVFs.

MAIN ANESTHETIC CONSIDERATIONS
Targeted Cerebral Perfusion Pressure

Normotension versus induced hypotension
Under normal physiologic conditions, cerebral
blood flow (CBF) is controlled by autoregulation
over a range of mean arterial pressures (MAPs),
traditionally 50 to 150 mm Hg. The introduction
of an AVM, which functions as a low-pressure,
high-flow shunt, can result in arterial hypotension
in territories adjacent to the AVM. Under condi-
tions of chronic hypoperfusion, the lower limit of
autoregulatory pressure range (LAR) may be less
than normal (shifted to the left) (Fig. 1). At pres-
sures below this lower limit, despite maximal vaso-
dilation, these penumbral areas may become
ischemic. Larger, more vascular AVMs place
a more extensive penumbral area at risk for
ischemia. The deliberate use of hypotension as
a technique for minimizing blood loss prior to treat-
ment of the AVM must be used with caution and
serious consideration given to the impact of
a further drop in pressure to a chronically hypoper-
fused area. If autoregulation is impaired because
of chronic hypoperfusion, therapeutic interven-
tions may result in an abnormal increase in CBF,
hyperemia, cerebral edema, or hemorrhage. With
progressive occlusion of the AVM and increase in

perfusion pressure to the surrounding tissue, it
may be beneficial to lower the mean arterial pres-
sure to prevent hyperemia, and at the very least
prevent elevation of the pressure above baseline.

Treatment of hypertension
Careful management of hemodynamic parameters
is a consideration during general anesthesia for
nearly any type of surgery, but avoidance of hemo-
dynamic lability resulting in either ischemia or
hyperemia is even more crucial with surgery for
intracranial vascular malformations. Large varia-
tions in blood pressure are associated with induc-
tion of general anesthesia, direct laryngoscopy,
placement of Mayfield pins, and surgical incision,
and should be managed aggressively.

Required hypertension during ischemia
Certain interventions or complications of treat-
ment for AVM may necessitate induced hyperten-
sion to prevent ischemia. The brain tissue adjacent
to the AVM that is subject to chronic hypoperfu-
sion may be exquisitely sensitive to interruption
of normal blood flow. Thrombosis, embolization,
compression from retraction, or temporary
mechanical occlusion of feeding vessels may
compromise already meager blood flow to penum-
bral areas, making may it necessary to increase
CPP and promote flow through collateral means.
Changes in the visual appearance of the brain
tissue, attenuation of evoked potential signals, or
poor or delayed flow seen on intraoperative angi-
ography may alert the surgeon and anesthesiolo-
gist to the possibility that a higher pressure is
required to perfuse vulnerable areas. Drugs with

Fig. 1. Normal blood pressure parameters for cerebral
vascular autoregulation. Chronic hypotension secon-
dary to AVM shunting causes the normal curve to shift
to the left. Chronic hypertension results in the normal
curve shifting to the right. (From Serrador JM, Wood
SJ, Picot PA, et al. Effect of acute exposure to hyper-
gravity (GXvs.GZ) ondynamic cerebral autoregulation.
J Appl Physiol 2001;91(5):1987; with permission.)
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a1-agonist effects such as phenylephrine, ephed-
rine, norepinephrine, and epinephrine do not alter
CBF in primates and humans,7 though they do
cause cerebral vasoconstriction in other animal
models. If autoregulation is intact, augmentation
of MAP and thus CPP does not result in a change
in CBF within the limits of autoregulation. In cases
where the blood-brain barrier (BBB) is defective,
norepinephrine may cause vasodilation. b-Adren-
ergic agonists in small doses have minimal effect
on cerebral vasculature, but at higher doses can
increase cerebral metabolic rate for O2 (CMRO2)
with accompanying increase in CBF.

Hemorrhage Risk

Postoperative intracerebral hemorrhage after exci-
sion of an AVM may be caused by insufficient
hemostasis and/or inadequate blood pressure
control, incomplete resection with residual AVM
nidus, NPPB, or venous thrombosis.

Blood product transfusion: packed red blood
cells, fresh frozen plasma, platelets
The need for perioperative transfusion is affected
by the patient’s starting hematocrit, cardiovas-
cular status, and intraoperative blood loss. Surgi-
cally induced blood loss is dependent on several
important factors: the size and location of the
AVM, surgical expertise, and history of preopera-
tive embolization or radiotherapy to minimize the
number and caliber of feeding vessels. Blood
loss can also be influenced by operative patient
position and intraoperative manipulation of blood
pressure. In one retrospective, nonrandomized
study, embolization was performed for AVM in
168 patients, 124 of whom had embolization as
an adjunct to surgery. Thirty-one percent of the
surgical patients required a blood transfusion
with a mean of 1.4 units of packed red blood cells
per surgical patient with a range of 0 to 18 units.8 In
cases where ongoing surgical blood loss is
modest, transfusion of red cells, fresh frozen
plasma (FFP), and platelets should be based on
serial measures of hematocrit, coagulation
studies, and platelet count and function, respec-
tively. In the event of massive hemorrhage, current
data from trauma literature supports a more
empiric transfusion formulation with a high propor-
tional target ratio of red cells/plasma/platelets of
1:1:1.9 It is reasonable to have several units typed
and crossed at the start of the case; if the AVM is
complex or technically difficult to approach, blood
loss may be sudden and massive, and a cooler of
stored blood should be available in the room and
checked in advance for immediate use.

The threshold for transfusion of red cells is
a subject of long-standing debate. General

guidelines from the American Society of Anesthe-
siologists (ASA) state that “transfusion is indicated
if the hemoglobin concentration is less than 6 g/dL
and not indicated if >10 g/dL.”10 However, it is
readily accepted that such guidelines must be
modified in cases of high-risk procedures where
there may be ongoing and substantial blood loss,
such as AVM resection. Many guidelines, in addi-
tion, promote the consideration of organ ischemia
(especially cerebral), ongoing bleeding, intravas-
cular volume status, and patient’s risk factors in
addition to the hemoglobin threshold.

Other considerations in addition to hemoglobin
concentrations alone should assist in dictating
optimal transfusion triggers during AVM resection
surgery. Early canine studies, for example, demon-
strated that hemodilution to a hematocrit of 30%
resulted in limiting infarct volume following induc-
tion of focal cerebral ischemia as compared with
either a higher or lower hematocrit.11 Thus, this
hematocrit level was thought to strike the optimal
balance between oxygen-carrying capacity and
hemorheology or blood viscosity by decreasing
cerebrovascular resistance and enhancing cere-
bral perfusion. Without definitive clinical support,
the 30% blood hematocrit goal has nonetheless
been a relative standard in neurosurgical cases
over many years. Additional evidence in support
of a more generous hemoglobin level during AVM
cases comes from studies demonstrating that
ischemic areas of the brain often lose their capacity
for vascular autoregulation, in which case viscosity
has a more significant impact on cerebral perfu-
sion. Dhar and colleagues12 used positron emis-
sion topography scanning to demonstrate an
increase in cerebral oxygen delivery and reduced
oxygen extraction fraction after blood transfusion
in patients with subarachnoid hemorrhage and
a hemoglobin of less than 10 g/dL. When hemo-
globin is less than 10 g/dL, the investigators
concluded that the benefit of increased oxygen-
carrying capacity outweighs the concern of
increased viscosity, thereby increasing oxygen
delivery and augmenting cerebral reserve.

There are additional infectious, immunologic,
metabolic, and hemodynamic risks associated
with transfusion, and the anesthesiology and
neurosurgery teams must weigh all considerations
in formulating their blood component targets. In
light of the evidence presented it is reasonable,
and also the authors’ physiologic strategy, to use
a transfusion threshold of hemoglobin less than
10 g/dL in the intraoperative and postoperative
patient undergoing AVM resection. The risk of
sudden hemorrhage invoking critical cerebral
ischemia requires a more liberal strategy than
a stable, critically ill, nonneurologic patient.
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Disseminated intravascular coagulation
Disseminated intravascular coagulation (DIC) is
rare after an uncomplicated craniotomy. Cortical
brain tissue has a high concentration of thrombo-
plastins, and release of such compounds normally
serves to stimulate coagulation. In certain patho-
logic states such as traumatic brain injury, brain
tumor, or extensive surgical manipulation, the
extrinsic coagulation cascade may be robustly
triggered, resulting in extensive clotting (mainly in
the microcirculation), activation of fibrinolysis,
consumption of platelets and coagulation factors,
and subsequent bleeding. In 3164 patients who
underwent primary craniotomy at the Mayo Clinic,
the investigators estimate the incidence of devel-
oping DIC within 72 hours of surgery to be
between 0.13% and 0.44%, with a mortality rate
ranging from 43% to 75%.13 Treatment is aimed
at reversing the underlying cause of DIC and trans-
fusing platelets, FFP, or fibrinogen-rich cryopreci-
pitate as indicated.

Intraoperative Monitoring of Evoked
Potentials

Intraoperative cortical mapping has been used for
AVMs located in particularly eloquent regions,
such as the language (under awake anesthesia)
or motor (under general anesthesia) cortex to facil-
itate its preservation.14 Many commonly used
anesthetic agents affect evoked potentials. All
volatile anesthetics, and to a lesser extent high-
dose opioids, benzodiazepines, and sedative-
hypnotic agents (propofol), cause an increase in
latency and decrease in amplitude, although the
effect is dose dependent and likely minimal in
neurologically intact patients during surgery under
routine anesthetic requirements. Nitrous oxide has
a more substantial effect, decreasing signal
amplitude. Because motor evoked potentials are
more sensitive to anesthetics than somatosensory
evoked potentials, their employment may warrant
the use of intravenous anesthetic agents in place
of volatiles or nitrous oxide, but these consider-
ations must be weighed with each anesthetic’s
effect on hemodynamics, cerebral metabolism
and blood flow, and impact on postoperative
neurologic assessment.

Postoperative Neurologic Assessment

Postoperative neurologic assessment is of crucial
importance following AVM resection, and the
anesthesiologist must facilitate a smooth emer-
gence from anesthesia in order for the patient to
be thoroughly evaluated. A comprehensive preop-
erative neurologic examination that documents
any baseline deficits is obligatory. The anesthetic

plan at the conclusion of the case should consist
of rapidly titratable agents that permit fast
recovery from general anesthesia; this can be
achieved with a total intravenous anesthetic, vola-
tile anesthetics, or a combination of agents. Drugs
that may be helpful in this regard include nitrous
oxide, fentanyl, and remifentanil. When intraopera-
tive neuromonitoring signals are of concern, it is
common practice to use multiple agents for main-
tenance to minimize the impact of any single agent
on signal strength.

ADDITIONAL COMPLICATIONS AND RISKS
Hyperperfusion Syndrome

Whether true hyperperfusion or NPPB occurs, the
regions of the brain adjacent to the AVM
experience profound hemodynamic alterations.
Following the occlusion of feeder arteries, blood
flow that was initially shunted through the low-
resistance AVM is progressively diverted to neigh-
boring brain tissue that previously experienced
chronic relative hypoperfusion. The acute change
in blood flow can result in hyperemia, edema,
and punctate hemorrhages, due to local capillary
breakthrough. Chronic hypoperfusion results in
modified or impaired autoregulation, and a return
to normal perfusion has a pathologic impact.
Intraoperatively, hyperperfusion syndrome can

be caused by inadequate blood pressure control,
occlusion of venous drainage before complete
resection of arterial feeders, or insufficient hemo-
static control of distended capillaries receiving
arterial flow. Intraoperative hyperperfusion may
be minimized by preoperative embolization. The
risk of NPPB is higher with larger, high-flow
AVMs, decreased flow through normal cerebral
arteries, steal from remote vascular territories
such as the vertebrobasilar or contralateral carotid
system, extensive contribution from the external
carotid artery, and progressive or fluctuating
neurologic deficits thought to be due to ischemic
rather than hemorrhagic etiology.1 Attempts have
been made using acetazolamide, a known cere-
bral vasodilator, to evaluate vasoreactivity and
changes in regional cerebral blood flow (rCBF)
with various imaging modalities to predict risk of
hyperemic complications. Several patterns
emerged in regions adjacent to the AVM when
compared with distant or contralateral regions:
decreased, normal, and hyperaugmentation of
rCBF. Areas of decreased augmentation (inter-
preted as decreased cerebral reserve)15 and
excessively high augmentation (impaired vaso-
constriction) both have been correlated with post-
operative hyperemic complications.16
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Acute Venous Thrombosis

Spontaneous acute venous thrombosis associ-
ated with AVM is rare. Case reports illustrate
progressive neurologic decline associated with
AVMs and venous thrombosis in patients with
hypercoagulability from prothrombin or Factor V
Leiden mutations.17,18 Interventions (surgical or ra-
diosurgical) that result in incomplete resection of
the AVM may be complicated by acute venous
thrombosis of residual draining veins, venous
congestion, brain edema, neurologic decline, and
risk of hemorrhage.

Acute Venous Air Embolism

Venous air embolism (VAE) is always a concern in
intracranial surgery, especially when the patient is
in a sitting position or in reverse Trendelenburg

position.19 In neurosurgical AVM cases, where
potential exposure of venous drainage vessels to
air is coupled with high-volume blood flow,
substantial risk exists for VAE to occur (Fig. 2).
There is one case report of a VAE resulting in
pulmonary edema in an otherwise healthy 35-
year-old patient undergoing craniotomy for AVM
in the semi-sitting position.20

Precordial Doppler, placed along the right heart
border over the right ventricular outflow tract, is
the most sensitive noninvasive monitor, detecting
as little as 0.05 mL/kg of air in dogs.21 Hence,
this technology is the method of choice by most
neuroanesthesiologists for monitoring high-risk
surgical cases. Once air embolism is suspected,
the goals of treatment include eliminating the
source of entrained air, minimizing the volume of
the embolus, and hemodynamic support. Further

Fig. 2. (A–D) Massive cerebral air embolism as negative contrast angiogram. (From Andrade CS, Lucato LT, da
Costa Leite C. Neurological picture. Massive fatal cerebral air embolism as a negative contrast angiogram. J Neu-
rol Neurosurg Psychiatry 2008;79(12):1358; with permission.)
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entrainment of air can be prevented by flooding
the surgical field, placing the patient in Trendelen-
burg position, and applying pressure to the jugular
veins bilaterally to promote retrograde venous
flow. The use of 100% FiO2 to aid nitrogen elimina-
tion from the air bolus, cessation of nitrous oxide,
and aspiration blood from the right atrium of
a central venous catheter are indicated to mini-
mize the volume of embolus.

PREOPERATIVE CONSIDERATIONS AND
PREPARATIONS
Prior Embolization: Flow Reduction

Embolization can, in some instances, be the defin-
itive treatment for certain amenable AVMs with
favorable angioarchitectural features, but typically
it is used preoperatively to reduce the expected in-
traoperative bleeding and postoperative edema.
Strategic placement of embolization material at
the margins of the hypervascular nidus aids in
subsequent resection of the brittle embolized
AVM from normal tissue.22 Embolization may be
performed in multiple stages to decrease the risk
of complications and allow the brain to adapt to
circulatory changes. The endovascular procedure
itself has an associated risk of morbidity and
mortality. Many articles report the successful use
of a combined approach in large cohorts of
patients, but no randomized data exist to suggest
that a combined approach is superior to surgery or
embolization alone in terms of morbidity and
mortality.

Preoperative Chronic Hypertension

In a 1988 retrospective study of the natural history
of 168 patients with intracerebral AVMs, only
9 (5%) had a history of hypertension; of the
31 patients who experienced intracranial hemor-
rhage, 6 (19%) had a history of hypertension,
yet the investigators concluded that the presence
of untreated or treated hypertension was of no
value in predicting rupture.23 The evidence for
hypertension as a risk factor for AVM rupture is not
convincing, and no controlled trials comparing the
impact of treated versus untreated hypertension
on risk of AVM rupture are available. Untreated
hypertension results in a well-described rightward
shift of autoregulation to higher MAP values, an
effect that is partly reversible with chronic antihy-
pertensive treatment. With the risk of spontaneous
AVM rupture being low (2%–4% per year), it would
seem wise to treat hypertension and achieve
adequate blood pressure control prior to an
elective AVM resection. In addition to the benefit
to the cardiovascular system, preoperative treat-
ment of hypertension and the option of safely

maintaining a lower MAP value (within the range
of autoregulation) intraoperatively and postopera-
tively may reduce surgical bleeding, hyperemia,
and hyperperfusion syndrome. Patients should
take their antihypertensive medicines on the day
of surgery, especially b-blockers and a2 agonists
for which acute withdrawal may cause rebound
tachycardia or hypertension.

Systemic Considerations: Cardiac Disease

AVM resection is typically nonemergent, and pre-
existing medical conditions should be optimized
before surgery. In most cases AVM resection
should be considered an intermediate-risk proce-
dure; despite major vascular involvement and
potential for hemorrhage and large fluid shifts,
atherosclerosis is not part of theprimary pathology.
In nonemergent cases, a careful history and phys-
ical examination should be used to elicit evidence
of active cardiac conditions (unstable coronary
syndromes, severe valvular disease, decompen-
satedheart failure, or significant arrhythmias), func-
tional capacity, and clinical risk factors (history
of heart disease, heart failure, cerebrovascular
disease, diabetes mellitus, or renal insufficiency).
These factors are incorporated into an algorithm
to determinewhether further preoperative noninva-
sive testing is warranted.24

ANESTHETIC PLAN
Invasive and Noninvasive Monitors

Standard ASA monitors (electrocardiography,
noninvasive blood pressure, pulse oximeter,
oxygen sensor, end-tidal CO2, and temperature
probe) are mandatory. Direct arterial pressure
monitoring is also a requirement to monitor hemo-
dynamic responses during an intracranial proce-
dure, maintain strict blood pressure control, and
draw labs to evaluate adequacy of oxygenation
and ventilation, electrolytes, and hematologic
parameters. Large-bore intravenous access is
necessary because blood loss may be large and
precipitous. Positioning should be reviewed with
the surgical team, as arm position may inhibit
intravenous flow or access to the extremities.
Central access should be considered for resection
of larger lesions for which it may be necessary to
induce hypotension with vasoactive agents, or if
large intravascular volume changes may be ex-
pected as a consequence of potential serious
blood loss. Offering induced hypotension for short
periods of time to permit improved visualization
and to diminish blood flow may assist the surgeon
during periods of uncontrolled bleeding. Blood
losses of several liters may occur over a span of
a few minutes in such dramatic cases, and the
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anesthesiologist must be prepared for such occa-
sions with adequate vascular access and resusci-
tation with blood products.

Jugular bulb venous oxygen saturation (SjO2)
monitoring may be useful for both embolization25

and surgical resection.26 As the AVM shunt flow
ratio is reduced, continuous SjO2 falls, providing
real-time information on the progress of emboliza-
tion. In addition, the risk of severe hyperemic
complications appeared greatly diminished if
a SjO2 of less than 80% is achieved. However,
the complications associated with jugular bulb
catheterization, such as acute venous thrombosis,
render this technique impractical and even dan-
gerous in the management of AVM patients.

Induction

The goals of induction include hemodynamic
stability, control of the airway, and adequate
oxygenation and ventilation. Induction can be
achieved with a variety of intravenous or inhala-
tional agents, but adequate depth of anesthesia
should be achieved before laryngoscopy. Pretreat-
ment with lidocaine, 1 mg/kg intravenously, may
help in blunting airway reflexes and response to
sympathetic stimulation. If intracranial hyperten-
sion is of primary concern, it may be best to avoid
inhaled anesthetics entirely and use intravenous
agents such as propofol to lower intracranial pres-
sure (ICP) to the greatest extent possible andmain-
tain CPP. Succinylcholine may increase ICP and
shouldbeavoided inpatientswith underlyingmotor
deficits, but may be indicated if concerns about
airway management prevail. Nondepolarizing
muscle relaxants have no effect on CBF or ICP.

Hypertension has been implicated as a risk
factor for spontaneous rupture of intracranial
aneurysms, although the risk of rupture with
acutely labile blood pressure is lower with
AVMs.27 Observational studies infer that moderate
hypertension does not precipitate rupture of intra-
cranial AVM.27 It seems prudent to use direct arte-
rial pressure monitoring and meticulously control
hemodynamic lability.

Maintenance

Physiologic goals
Goals for anesthetic maintenance include hemo-
dynamic stability, cerebral perfusion, control of
intracranial pressure, facilitation of neuromonitor-
ing signals, brain relaxation for improved surgical
exposure, and resuscitation of intravascular fluid
loss. In the authors’ practice, maintenance is
usually achieved with a combination of sub–
minimum alveolar concentration values of isoflur-
ane, nitrous oxide (unless contraindicated), and

opioid (bolus or infusion). This combination of
agents generally permits adequate neuromonitor-
ing signals and is maintained in stable concentra-
tions to prevent signal-quality fluctuation. If signals
are inadequate, propofol may be used to supple-
ment the anesthetic and reduce the nitrous oxide
and/or volatile concentration. During periods of
intense stimulation, boluses of opioid and/or pro-
pofol can be used to control hemodynamic
response. If normotensive blood pressure control
remains inadequate, antihypertensives may be
used; agents where the effect is rapidly terminated
in cases of precipitous blood loss are preferred.

Meticulous control of hemodynamic parameters
is essential during the surgical process, and MAP
goals may vary during the course of the procedure
as resection proceeds and flow is shifted from the
AVM to neighboring tissues. Communication with
the surgeon regarding the appearance of the brain
tissue, neuromonitoring signals, and target MAP is
important.Drugs that vasodilate thecerebral vascu-
lature, raise ICP, and exacerbate steal phenomena
(nitroglycerin, nitroprusside, volatile anesthetic in
high concentrations) should be avoided in favor of
those that donot. Preferred agents include esmolol,
labetalol, and nicardipine. Esmolol is rapidly titrat-
able, as is the calcium-channel blocker nicardipine,
which does cause cerebral vasodilation but does
not appear to increase ICP. b-Blockers may be
less than ideal in the patients with bradycardia,
bronchospasm, or chronic obstructive pulmonary
disease, in which case nicardipine is favorable.
Augmentation of the blood pressure is best
achieved with drugs with a1 agonism (phenyleph-
rine, ephedrine, norepinephrine, high-dose dopa-
mine) that do not alter CBF.

Brain relaxation is achieved through several
methods. Positioning with the head up and avoid-
ance of extreme flexion, extension, or rotation of
the neck promotes venous drainage. Moderate
hyperventilation and hypocapnia reduce CBF,
cerebral blood volume, ICP prior to dural opening,
and brain bulk, thus enhancing surgical exposure.
Prolonged hyperventilation has fallen out of favor
in patients with traumatic brain injury because of
evidence suggesting it may expand ischemic
areas and compromise neurologic outcome.28

Hyperventilation does improve operating condi-
tions,29 and moderate hyperventilation (PaCO2
25–30 mm Hg) for relatively brief periods to facili-
tate surgical exposure is probably not detrimental.
Osmotic diuretics such as mannitol or hypertonic
saline may be administered for the purpose of
reducing brain water, promoting brain relaxation,
and minimizing postoperative edema.

Hypothermia has been shown to reduce CMRO2

by approximately 6% per degree,30 which reduces
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CBF and should theoretically be neuroprotective if
ischemic tissues are at risk. However, evidence is
lacking for neurologic insults of differing etiology.
More profound hypothermia presents the adverse
effects of bacteremia, wound infection, hypergly-
cemia, prolonged drug clearance, coagulopathy,
and arrhythmias. In the large controlled trial spon-
sored by the National Institutes of Health, the Intra-
operative Hypothermia for Aneurysm Surgery Trial
(IHAST), the investigators found no difference in
neurologic outcome but noted a slight increase in
bacteremia in the hypothermic group.31 The
results of this trial, however, contradict extensive
animal data regarding moderate hypothermia.

Fluid and blood product management
Fluid restriction is a common practice to prevent
brain edema in neurosurgical cases, but it is imper-
ative to maintain adequate intravascular volume
and stable systemic hemodynamics. Normal
plasma osmolality ranges from 275 to 300 mOsm/
kg, averaging 290 mOsm/kg with [Na1] being the
most important determinant. The BBBwhen intact,
in contrast to other capillary beds throughout the
body, is impermeable to most hydrophilic solutes
including Na1 (as well as mannitol). In the brain
where Na1 does not cross the BBB freely, osmotic
pressure has a far greater impact than oncotic
pressure. An increase in 1 mEq/L of Na1 results in
an increase of 19.3 mm Hg of osmotic pressure at
37�C. Na1 is paired with an anion, doubling the
impact on osmotic pressure. At 285 mOsm/kg,
the osmotic pressure is approximately 5500 mm
Hg, compared with an oncotic pressure of about
25 mm Hg from protein. Thus small changes in
[Na1] across an intact BBB can generate substan-
tial osmotic pressure gradients and have a clinically
significant impact on brain water content. To mini-
mize brain edema, serum tonicity must be main-
tained. Hypotonic fluids should be avoided, and
some anesthesiologists prefer to avoid lactated
Ringer’s as well, which may exacerbate brain
swelling in large quantities. Colloid has no proven
benefit over crystalloid. Infusion of hydroxyethyl
starches (Hetastarch) can result in progressive
hemodilution, impair hemostasis in a dose-
dependent manner, and interfere with fibrin poly-
merization, causing a coagulopathy that is not
reversed by fibrin administration.
There is no consensus on the glycemic goals for

neurosurgery patients. Although hyperglycemia
has long been recognized as a factor in worsened
cerebral metabolism and adverse neurologic
outcomes in experimentalmodels, recent prospec-
tive, large-scale, randomized controlled trials have
shown deleterious results regarding tight glucose
control and mortality. The Normoglycemia in

Intensive Care Evaluation—Survival UsingGlucose
Algorithm Regulation (NICE-SUGAR) trial demon-
strated increased mortality in the intensive (blood
glucose 80–108mg/dL) versus conventional (blood
glucose <144–180 mg/dL) group.32 Another
controlled trial compared two extremes of the
spectrum, intensive insulin (blood glucose goal
80–110 mg/dL) and conventional therapy (blood
glucose goal <215mg/dL), in 483 critical neurosur-
gical patients for elective or emergent craniotomy.
The incidence of iatrogenic hypoglycemia (glucose
<50 mg/dL) was threefold higher in the intensive
group (94% had at least one episode of hypogly-
cemia, average 8 episodes) than the conventional
group (63%, average 3), an alarmingly high inci-
dence in both groups. The patients in the intensive
group had statistically significantly shorter inten-
sive care unit (ICU) stays and decreased infection
rate. The Glasgow Outcome Scores (GOS) and
overall survival at 6 months were similar in the two
groups.33 A moderate target for glucose such as
that proposed by the NICE-SUGAR trial (blood
glucose 140–180 mg/dL) with efforts to prevent
hypoglycemia and minimize glucose variability is
probably sensible.34 Insulin administration requires
serial blood glucose measurements, and a conser-
vative dosing approach should be used during
surgery when general anesthesia will mask symp-
toms of hypoglycemia.

Emergence: neurologic assessment
The goals for emergence include hemodynamic
stability, minimal increases in ICP from coughing,
bucking, or vomiting, and adequate neurologic
assessment before extubation. Neuromuscular
blockade (at least partial) is typically maintained
until the patient is out of Mayfield pins and will not
cause serious injury with movement. The patient
should be normothermic (or only mildly hypo-
thermic). Electrolyte abnormalities, acid-base
disturbances, and anemia should be corrected.
Prophylactic antiemetics should be administered
before emergence. Carefully titrated opioid,
regional techniques such as a scalp block with
a long-acting local anesthetic, or anticonvulsants
such as gabapentin comprise a multimodal
approach to postoperative pain control and help
facilitate a smooth emergence. In general, a brief
neurologic examination is performed while the
patient is awake and still intubated, checking
pupil size and reactivity, gag reflex, gross motor
function, and the ability to follow commands. If the
patient meets criteria (adequate oxygenation and
ventilation, strength, airway patency and protec-
tion, consciousness, and the ability to follow
commands), extubation is ideal andpermitsminimi-
zation of sedation as well as more accurate,
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continuous neurologic assessment. If concerns
about capability of the patient tomeet these criteria
exist, it may be prudent to transition to the ICU intu-
batedwith titratable sedation (eg, propofol infusion)
after the best assessment of postoperative neuro-
logic function hasbeen ascertained in the operating
room. Delayed emergence can be attributable to
many factors: residual anesthesia, hemodynamic
instability, aforementioned laboratory derange-
ments, cerebral edema, hemorrhage, hematoma,
pneumocephalus, stroke, or seizure.

SPECIAL CONDITIONS
Embolization for AVM

Embolizationproceduresareperformed in interven-
tional radiology suites that are generally remote
from the operating room and available resources
in the event of an emergency the precision required
for these procedures generally dictates that the
patient be under general anesthesia, intubated,
paralyzed, and mechanically ventilated so that
ventilation can be paused during crucial portions
of the procedure. In addition to standard ASAmoni-
tors for general anesthesia, direct arterial pressure
monitoring is required for intracranial interventions.
During angiography radiopaque, hyperosmolar
contrast is injected to visualize the vascular system.
This contrast remains sequestered in the vascula-
ture until it is renally excreted. Transient increases
in intravascular volume due to osmotic activity can
occur, followed by osmotic diuresis and dehydra-
tion. In addition, the sheath used for arterial access
requires frequent flushing with heparinized saline to
prevent thromboembolism. The volume of flush
(frequently several liters) is not easily quantified until
the end of the procedure. These factors can
conspire tocreatepotentially largeshifts in intravas-
cular volume and hemodilutional anemia, which
may be poorly tolerated by patients with cardiac
disease or renal insufficiency. Despite a minimally
invasive approach, embolization may cause
dramatic changes in distribution of CBF, and the
potential for cerebral edema and hemorrhage is still
significant. The anesthesiologist should be vigilant
for hemodynamic signs of intracranial hyperten-
sion, and agents to acutely lower ICP such as
mannitol and hypertonic saline should be readily
available. A thorough neurologic examination and
assurance that the patient is awake and able to
protect their airway is essential before extubation.

Pregnancy

Retrospective data indicate that the rate of hemor-
rhage from AVM rupture is similar in pregnant
women and nonpregnant women of childbearing
age; the risk of rupture is not increased in

pregnancy.35 One study identified ruptured AVM
as thecauseof 36%of casesof hemorrhagic stroke
during pregnancyor the puerperium; themajority of
events occurred in the third trimester or first week
of the postpartum period,36 a time of great hemo-
dynamic fluctuation. Presentation during preg-
nancy is usually the result of hemorrhage
following rupture, though some patients may
present with seizures, headache, or focal neuro-
logic signs. In most cases these patients have no
prior diagnosis of cerebral AVM. If known prior to
delivery, Caesarean section under general anes-
thesia has been used successfully to minimize
increases in ICPassociatedwith labor anddelivery.

POSTOPERATIVE CARE PLAN

After surgical resection of an AVM, the patient is
admitted for neurologic intensive care monitoring
for at least 48 hours. The goals of the postoperative
period include strict blood pressure control
with continuous arterial pressure monitoring
to prevent hypotension or ischemia and hyperten-
sion, NPPB, hyperemia, edema, or hemorrhage.
Patients at high risk for postoperativeNPPB (larger,
high-flow AVMs) may require induced hypotension
to prevent hyperemia in areas that were chronically
underperfused before surgery. Rapidly titratable
agents such as esmolol or nicardipine may be
useful in achieving this goal. Patients undergoing
craniotomy experience moderate to severe pain
postoperatively. Traditionally, short-acting opioids
were administered on an as-needed basis by the
nurse for fear that sedating effects would interfere
with the neurologic examination, a practice that
frequently results in the inadequate treatment of
pain. There is evidence in neurosurgical patients
that intravenous patient-controlled analgesia is
effective at controlling postcraniotomy pain with
no untoward effects,37 and ongoing research is
aimed at validating the safety of this approach.

Sedation is often required to tolerate intubation
and mechanical ventilation, but comfort must be
balanced against the need for frequent neurologic
assessment. Short-acting agents such as opioids,
benzodiazepines, and propofol are frequently used
for sedation, but effects can accumulate over
time and contribute to reduced consciousness,
impaired cognition, and delirium. Dexmedetomidine
provides sedation with fewer adverse effects, a trait
that is desirable in a critically ill population and
especially those with neurologic issues. The Acute
Neurological ICU Sedation Trial (ANIST), a double-
blinded, randomized, controlled crossover study,
demonstrated improvement in cognition with
dexmedetomidine when compared with propofol
during sedation in neurologic patients.38
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The risk of seizure as the presenting symptom of
an AVM is approximately 15% to 40%, indepen-
dent of hemorrhage.Risk factors for seizure include
male gender, age less than 65 years, AVM greater
than 3 cm, and temporal lobe location.39 Patients
who present with seizure should be optimized on
anticonvulsant medications before surgery. If
patients are not on preoperative anticonvulsants,
a loading dose may be given intraoperatively. Lev-
etiracetam, phenytoin, and fosphenytoin are
common perioperative intravenous anticonvul-
sants. The latter two can cause substantial hypo-
tension and may delay emergence; loading doses
should be given as a slow infusion well in advance
of anticipated emergence. Intracranial blood (intra-
parenchymal or subarachnoid) may induce convul-
sions caused by high iron levels. In patients with
head trauma, there is evidence that prophylactic
phenytoin reduces seizure risk in the first week,
but has no additional benefit beyond that point.40

It is probably reasonable to continue anticonvul-
sant therapy for 1 week after AVM resection and
then discontinue it if there is no evidence of
epileptic activity.
Other goals of postoperative critical care are not

unique to neurosurgical patients. Perioperative anti-
bioticsareusuallygiven for 24hourspostoperatively
to prevent wound infection. Deep venous throm-
bosis prophylaxis should be started in nonambula-
tory patients; generally mechanical methods are
used in neurosurgery patients to avoid increasing
the risk of bleeding. Stress ulcer prophylaxis is
routine. When the patient is able to tolerate oral
intake, a transition from intravenous to oral home
medications should be started if indicated. Anticoa-
gulation is generally safe 12 to24hours after a crani-
otomy if indicated, but should be started with
caution using conservative doses; unfractionated
or low molecular weight heparin may be given in
more frequent divided doses to minimize the risk
of bleeding.

SUMMARY

AVMs and DAVFs are an abnormal conduit
between the arterial and venous systems. Hemor-
rhage, usually intraventricular or intraparenchymal,
is themost concerning sequela; prior AVMor DAVF
rupture is the biggest risk factor for rebleeding.
Resection of AVMs or DAVFs is generally an elec-
tive procedure except in cases of acute hemor-
rhage where emergent hematoma evacuation is
required. The anesthetic considerations for
surgical resection of AVMs and DAVFs incorporate
many principles that are common to craniotomies
for other indications, specifically: tightly controlled
hemodynamic parameters; manipulation of

systemic blood pressure and CPP; control of ICP;
facilitation of surgical exposure to minimize blood
loss and injury to the brain; selection of anesthetic
agents that will aid neuroprotection, neuromonitor-
ing signals, and neurologic assessment on emer-
gence; blood and fluid management to optimize
oxygen delivery and minimize edema; preparation
for and early recognition of acute massive blood
loss and VAE; careful consideration of suitability
for extubation; and postoperative pain control.
The vascular pathophysiology of AVMs, and to
a lesser extent that of DAVFs, increases the
complexity of anesthetic management. A high-
flow, low-resistance shunt decreases the perfusion
pressure to neighboring brain tissue that develops
an adaptive response to chronic hypoperfusion
and is exquisitely sensitive to ischemia. As a result
of resection of arterial flow to the AVM or DAVF,
blood is redistributed to this adjacent tissue, and
acute increases in flow have the potential to cause
hyperemia and hemorrhage, complications that
may be reduced with aggressive management of
blood pressure. A comprehensive understanding
of AVM and DAVF pathophysiology and rapidly
titratable anesthetic and vasoactive agents allow
the anesthesiologist to alter blood pressure targets
as resection evolves, so as to optimize patient
outcome. This intensive management is continued
postoperatively in the ICU until stability is achieved
and the brain acclimatizes to new parameters.

REFERENCES

1. Spetzler RF, Martin NA, Carter LP, et al. Surgical

management of large AVM’s by staged embolization

andoperativeexcision. JNeurosurg1987;67(1):17–28.

2. Fogarty-Mack P, Pile-Spellman J, Hacein-Bey L,

et al. The effect of arteriovenous malformations on

the distribution of intracerebral arterial pressures.

AJNR Am J Neuroradiol 1996;17(8):1443–9.

3. Young WL, Prohovnik I, Ornstein E, et al. The effect

of arteriovenous malformation resection on cerebro-

vascular reactivity to carbon dioxide. Neurosurgery

1990;27(2):257–66.

4. Charbel FT, Hoffman WE, Misra M, et al. Increased

brain tissue oxygenation during arteriovenous mal-

formation resection. Neurol Med Chir (Tokyo) 1998;

38(Suppl):171–6.

5. Spetzler RF, Wilson CB, Weinstein P, et al. Normal

perfusion pressure breakthrough theory. Clin Neuro-

surg 1978;25:651–72.

6. al-Rodhan NR, Sundt TM Jr, Piepgras DG, et al.

Occlusive hyperemia: a theory for the hemodynamic

complications following resection of intracerebral

arteriovenous malformations. J Neurosurg 1993;

78(2):167–75.

Miller & Mirski162



7. Rogers AT, Stump DA, Gravlee GP, et al. Response

of cerebral blood flow to phenylephrine infusion

during hypothermic cardiopulmonary bypass: influ-

ence of PaCO2 management. Anesthesiology

1988;69(4):547–51.

8. Ledezma CJ, Hoh BL, Carter BS, et al. Complica-

tions of cerebral arteriovenous malformation emboli-

zation: multivariate analysis of predictive factors.

Neurosurgery 2006;58(4):602–11.

9. Zink KA, Sambasivan CN, Holcomb JB, et al. A high

ratio of plasma and platelets to packed red blood

cells in the first 6 hours of massive transfusion

improves outcomes in a large multicenter study.

Am J Surg 2009;197(5):565–70 [discussion: 570].

10. American Society of Anesthesiologists Task Force

on Perioperative Blood Transfusion, Adjuvant Thera-

pies. Practice guidelines for perioperative blood

transfusion and adjuvant therapies: an updated

report by the American Society of Anesthesiologists

Task Force on Perioperative Blood Transfusion and

Adjuvant Therapies. Anesthesiology 2006;105(1):

198–208.

11. Lee SH, Heros RC, Mullan JC, et al. Optimum

degree of hemodilution for brain protection in

a canine model of focal cerebral ischemia. J Neuro-

surg 1994;80(3):469–75.

12. Dhar R, Zazulia AR, Videen TO, et al. Red blood cell

transfusion increases cerebral oxygen delivery in

anemic patients with subarachnoid hemorrhage.

Stroke 2009;40(9):3039–44.

13. Pasternak JJ, Hertzfeldt DN, Stanger SR, et al.

Disseminated intravascular coagulation after crani-

otomy. J Neurosurg Anesthesiol 2008;20(1):15–20.

14. Gabarrós A, Young WL, McDermott MW, et al.

Language and motor mapping during resection

of brain arteriovenous malformations: indications,

feasibility, and utility. Neurosurgery 2011;68(3):

744–52.

15. Ogasawara K, Yoshida K, Otawara Y, et al. Cerebral

blood flow imaging in arteriovenous malformation

complicated by normal perfusion pressure break-

through. Surg Neurol 2001;56(6):380–4.

16. Batjer HH, Devous MD Sr. The use of acetazolamide-

enhanced regional cerebral blood flowmeasurement

to predict risk to arteriovenousmalformation patients.

Neurosurgery 1992;31(2):213–7.

17. Taha M, Patel U, Wharton SB, et al. Fatal sponta-

neous thrombosis of a cerebral arteriovenous mal-

formation in a young patient with a rare

heterozygous prothrombin gene mutation. Case

report. J Neurosurg 2007;106(Suppl 2):143–6.

18. Link MJ, Schermerhorn TC, Fulgham JR, et al.

Progressive neurological decline after partial spon-

taneous thrombosis of a Spetzler-Martin Grade 5

arteriovenous malformation in a patient with Leiden

factor V mutation: management and outcome.

J Neurosurg 2004;100(5):940–5.

19. Mirski MA, Lele AV, Fitzsimmons L, et al. Diagnosis

and treatment of vascular air embolism. Anesthesi-

ology 2007;106(1):164–77.

20. Ishida K, Hishinuma M, Miyazawa M, et al. Pulmo-

nary edema due to venous air embolism during

craniotomy: a case report. Masui 2008;57(10):

1257–60 [in Japanese].

21. Furuya H, Suzuki T, Okumura F, et al. Analysis and

comparison of venous air embolism detection

methods. Neurosurgery 1980;7(2):135–41.

22. Nagashima H, Okudera H, Muraoka S, et al. Stra-

tegic embolisation for successful resection of a large

cerebral arteriovenous malformation. J Clin Neurosci

2000;7(Suppl 1):86–7.

23. Brown RD Jr, Wiebers DO, Forbes G, et al. The

natural history of unruptured intracranial arteriove-

nous malformations. J Neurosurg 1988;68(3):352–7.

24. Fleisher LA, Beckman JA, Brown KA, et al. ACC/

AHA 2007 Guidelines on Perioperative Cardiovas-

cular Evaluation and Care for Noncardiac Surgery:

Executive Summary: A Report of the American

College of Cardiology/American Heart Association

Task Force on Practice Guidelines (Writing

Committee to Revise the 2002 Guidelines on Perio-

perative Cardiovascular Evaluation for Noncardiac

Surgery) Developed in Collaboration With the Amer-

ican Society of Echocardiography, American Society

of Nuclear Cardiology, Heart Rhythm Society,

Society of Cardiovascular Anesthesiologists, Society

for Cardiovascular Angiography and Interventions,

Society for Vascular Medicine and Biology, and

Society for Vascular Surgery. J Am Coll Cardiol

2007;50(17):1707–32.

25. Katayama Y, Tsubokawa T, Hirayama T, et al.

Continuous monitoring of jugular bulb oxygen satu-

ration as a measure of the shunt flow of cerebral

arteriovenous malformations. J Neurosurg 1994;

80(5):826–33.

26. Wilder-Smith OH, Fransen P, de Tribolet N, et al.

Jugular venous bulb oxygen saturation monitoring

in arteriovenous malformation surgery. J Neurosurg

Anesthesiol 1997;9(2):162–5.

27. Szabo MD, Crosby G, Sundaram P, et al. Hyperten-

sion does not cause spontaneous hemorrhage of

intracranial arteriovenous malformations. Anesthesi-

ology 1989;70(5):761–3.

28. Muizelaar JP, Marmarou A, Ward JD, et al. Adverse

effects of prolonged hyperventilation in patients with

severe head injury: a randomized clinical trial. J Neu-

rosurg 1991;75(5):731–9.

29. Gelb AW, Craen RA, Rao GS, et al. Does hyper-

ventilation improve operating condition during

supratentorial craniotomy? A multicenter random-

ized crossover trial. Anesth Analg 2008;106(2):

585–94.

30. Croughwell N, Smith LR, Quill T, et al. The

effect of temperature on cerebral metabolism

Anesthesia and Monitoring for AVMs and DAVFs 163



and blood flow in adults during cardiopulmonary

bypass. J Thorac Cardiovasc Surg 1992;103(3):

549–54.

31. Todd MM, Hindman BJ, Clarke WR, et al, Intraoper-

ative Hypothermia for Aneurysm Surgery Trial

(IHAST) Investigators. Mild intraoperative hypo-

thermia during surgery for intracranial aneurysm.

N Engl J Med 2005;352(2):135–45.

32. NICE-SUGAR Study Investigators, Finfer S,

Chittock DR, Su SY, et al. Intensive versus conven-

tional glucose control in critically ill patients.

N Engl J Med 2009;360(13):1283–97.

33. Bilotta F, Caramia R, Paoloni FP, et al. Safety and

efficacy of intensive insulin therapy in critical

neurosurgical patients. Anesthesiology 2009;

110(3):611–9.

34. Bilotta F, Rosa G. Glucose management in the

neurosurgical patient: are we yet any closer? Curr

Opin Anaesthesiol 2010;23(5):539–43.

35. Horton JC, Chambers WA, Lyons SL, et al. Preg-

nancy and the risk of hemorrhage from cerebral

arteriovenous malformations. Neurosurgery 1990;

27(6):867–71.

36. Skidmore FM, Williams LS, Fradkin KD, et al. Presen-

tation, etiology, and outcome of stroke in pregnancy

and puerperium. J Stroke Cerebrovasc Dis 2001;

10(1):1–10.

37. Morad AH, Winters BD, Yaster M, et al. Efficacy of

intravenous patient-controlled analgesia after supra-

tentorial intracranial surgery: a prospective random-

ized controlled trial. Clinical article. J Neurosurg

2009;111(2):343–50.

38. Mirski MA, Lewin JJ 3rd, Ledroux S, et al. Cognitive

improvement during continuous sedation in critically

ill, awake and responsive patients: the Acute Neuro-

logical ICU Sedation Trial (ANIST). Intensive Care

Med 2010;36(9):1505–13.

39. Hoh BL, Chapman PH, Loeffler JS, et al. Results of

multimodality treatment for 141 patients with brain

arteriovenous malformations and seizures: factors

associated with seizure incidence and seizure

outcomes. Neurosurgery 2002;51(2):303–9.

40. Temkin NR, Dikmen SS, Wilensky AJ, et al.

A randomized, double-blind study of phenytoin for

the prevention of post-traumatic seizures. N Engl J

Med 1990;323:497–502.

Miller & Mirski164



Vein of Galen
Malformations:
Epidemiology,
Clinical Presentations,
Management
Pablo F. Recinos, MDa,b, Gazanfar Rahmathulla, MDb,
Monica Pearl, MDc, Violette Renard Recinos, MDd,
George I. Jallo, MDa, Philippe Gailloud, MDc,
Edward S. Ahn, MDa,*

The vein of Galen aneurysmal malformation
(VGAM) is a congenital vascular malformation that
comprises 30% of the pediatric vascular and 1%
of all pediatric congenital anomalies.1–3 Abnormal
development causes shunting of arterial blood
into the median prosencephalic vein (MProsV) of
Markowski, which is the ectatic vessel. Although
this vein is a precursor of the vein of Galen, it is
a separate entity, making the term vein of Galen
malformation a misnomer.4–6 The rare nature of
these lesions, along with differences in their evolu-
tion, presentation, angioarchitecture, and effects
on systemic physiology, makes their management
a formidable challenge.

HISTORICAL OVERVIEW

The first published description of a presumed
VGAM was in 1895 by Steinheil.7 However, this
was an arteriovenous malformation (AVM) that

drained into the vein of Galen and not a true
VGAM.8 At the time, there was no distinction
between a VGAM and an AVM that drained into
the vein of Galen. In 1949, Boldrey and Miller9

treated 2 patients with “arteriovenous fistula of
the cerebral vein of Galen” with carotid artery
ligation. Of these 2 patients, the second patient
likely represented a true VGAM.8,9 In 1955, Silver-
man and colleagues10 described 2 neonates
who had died of cardiac failure without a primary
cardiovascular disorder and were also found to
have an AVM involving the vein of Galen. They
were the first to suggest that a cerebral AVM
could be the cause of cardiac failure. In 1964,
Gold and colleagues2 were the first to classify
patients with a VGAM into 3 different groups
based on their presenting features. It was the
first correlation between age of presentation,
hemodynamic manifestations, and angioarchitec-
ture of the lesion.
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Treatment of VGAMs was initially surgical, but
surgical results were associated with a high
morbidity and mortality.2,11,12 In 1982, Hoffman
and colleagues11 reported a series of 29 patients
with VGAM. Of 29 patients, 16 were managed
operatively, making it the largest reported surgical
series at the time. They reported 56% mortality in
patients treated with surgery. Based on their
results and reported literature, they concluded
that only surgical occlusion of the fistulous tracts,
rather than resection of the lesion, was necessary.
This differed from surgical management of other
AVMs in which resection of the nidus was the
operative goal.
With advances in imaging, microcatheters, and

angiographic techniques, it has become possible
to better define the angiographic anatomy of the
VGAM. The ability to superselectively occlude
vessels using coils and liquid embolic agents (in
particular, n-butyl cyanoacrylate [n-BCA]; Trufill,
Codman Neurovascular, NJ, USA), has made it
technically feasible to perform an endovascular
approach to previously inaccessible, deep-seated
lesions. In addition, selective vessel occlusion could
beperformedwith improvedmortality andmorbidity
compared with open surgical techniques. Lasjau-
nias and colleagues3 pioneered treatment of this
condition and classified vein of Galen malforma-
tions indetail.13–16 In1989, hisgroup reportedon the
results of 36 patients treated via the transfemoral
route with no morbidity and a 13% mortality.17

Thus, endovascular treatment became the primary
treatment option for patients with a VGAM.

ANATOMY AND EMBRYOLOGY OF THE VEIN
OF GALEN

In normal neurovascular development, the choroid
plexus becomes responsible for fluid circulation
within the neural tube after closure of the anterior
and posterior neuropores between gestational
weeks 6 and 10. At this stage, the telencephalon
is supplied by multiple choroidal arteries that arise
from the choroid plexus. Concurrently, the MProsV
of Markowski develops on the roof of the dien-
cephalon and is responsible for the venous
drainage.18 Between gestational weeks 10 and
11, the arterial network of the cortex matures
and the choroidal arteries lose their central role
in cerebral vascularization. Paired internal cerebral
veins develop and drain the choroid plexus. The
internal cerebral veins terminate in the posterior
portion of the MProsV of Markowski, which at
this point has begun to involute. Remnants of the
caudal portion of the median prosencephalic vein
then join the internal cerebral veins to form the
vein of Galen.6,19

When a VGAM develops, arteriovenous shunts
form between the choroidal circulation and the
MProsV of Markowski. The presence of these
shunts keeps the MProsV of Markowski patent
and promotes its enlargement, which forms the
VGAM. It also prevents the normal formation of
the vein of Galen. Raybaud and colleagues6 noted
that the anterior choroidal arteries, posterior
choroidal arteries, and anterior cerebral arteries
drained directly into the VGAM. In addition, the
circumferential, mesencephalic, meningeal, and,
rarely, subependymal arteries anastomosed on
the VGAM, although these are not usually a domi-
nant feature of this malformation.3,20

The deep cerebral venous anatomy of VGAMs is
of particular importance and has been the subject
of considerable debate. VGAMsmay drain through
a normal straight sinus and/or through a falcine
sinus, a persistent embryonic sinus that joins to
the posterior third of the superior sagittal sinus.
Variations in drainage include hypoplastic or
absent straight sinuses andmultiple or sinuous fal-
cine sinuses.21 The presence of a straight sinus
does not preclude the existence of a VGAM.21

More important is the concept that, rather than
being separate from the deep venous drainage
system, a VGAM may maintain connections with
the galenic system.22,23 This concept is critical in
determining an endovascular treatment plan,
because these drainage pathways may only be
visible on follow-up imaging studies after endo-
vascular treatment.21

In contrast with the VGAM, adjacent paren-
chymal AVMs can cause aneurysmal dilatation of
the vein of Galen. These dilatations are known as
vein of Galen aneurysmal dilatations or varicosities
and are different from VGAMs. Previously, no
distinction existed between these 2 entities, which
resulted in imprecise descriptions of the anatomic
features and natural history of a VGAM.8

CLASSIFICATION

Various classification systems have been pro-
posed for VGAMs. The 2 most clinically used
systems are those of Lasjaunias and Yas‚argil.
Lasjaunias and colleagues24 described 2 angio-
graphic types of aneurysmal malformations:
a primary or true vein of Galen malformation and
a secondary type resulting from a deep AVM that
drains into the vein of Galen. The primary type
was further subdivided into a mural type and
a choroidal type. The mural type has 1 or many
direct arterial connections into the wall of the
MProsV of Markowski. The choroidal type has
many choroidal feeders that form a nidal network
that drains into the MProsV of Markowski.
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Yas‚argil proposed 4 types of aneurysmal mal-
formations based on the arterial feeder patterns
of drainage into the vein of Galen12,25:

1. Type I is made up of 1 or more direct fistulas
between the pericallosal and posterior cerebral
arteries and the vein of Galen (Fig. 1).

2. Type II consists of a thalamoperforator network
that lies between the arterial feeders and the
vein of Galen (Fig. 2).

3. Type III has multiple fistulous connections from
different vessels having characteristics of type I
and II malformations (Fig. 3).

4. Type IV have adjacent AVMs that drain into the
vein of Galen and cause a secondary aneu-
rysmal venous dilatation (Fig. 4).

Only a primary vein of Galen malformation
(Lasjaunias classification) and types I to III malfor-
mations (Yas‚argil classification) represent true
VGAMs, in which the MProsV of Markowski is the
pathologic vessel. Secondary vein of Galenmalfor-
mations (Lasjaunias classification) and type IV
malformations (Yas‚argil classification) are AVMs
that produce secondary dilatation of the vein of
Galen.

CLINICAL FEATURES AND
PATHOPHYSIOLOGY

Patients with a VGAM most commonly present
with cardiac and neurologic complications. The

clinical presentation depends on the age of
presentation. Neonates tend to present with
high-output cardiac failure, pulmonary hyperten-
sion, and, in more severe cases, multiorgan sys-
tem failure. Infants commonly present with
hydrocephalus, seizures, or neurocognitive delay.
Older children and adults usually present with
headaches or intracranial hemorrhage. If cardiac
failure presents outside the neonatal period, it is
usually mild to moderate and can be medically
controlled.

Cardiac Manifestations and Associated
Systemic Complications

The high-flow, low-resistance arteriovenous con-
nection that is present in a VGAM causes
a compensatory increase in blood volume and
cardiac output. As a result, cerebral blood flow
can comprise as much as 80% of the cardiac
output in these cases.26 In utero, the placenta is
also a low-resistance system that competes with
the VGAM for blood flow and limits the blood
flow that passes through the VGAM. However,
postpartum blood flow greatly increases through
the VGAM.4

There are several factors that lead to worsening
cardiac function. Increased venous return be-
cause of the VGAM can lead to pulmonary hyper-
tention.27,28 The presence of a patent ductus
arteriosus (PDA) and/or patent foramen ovale

Fig. 1. (A) Lateral view from an angiogram of a Yas‚argil type I VGAM. The black arrow points to the direct arte-
riovenous shunt between choroidal arteries and the vein of Galen (median prosencephalic vein of Markowski). (B)
Yas‚argil type I VGAM. Direct arterial feeders from the anterior and posterior circulation drain into the enlarged
MProsV of Markowski. In addition, a persistent falcine sinus drains blood from the VGAM into the superior sagittal
sinus, which can cause the straight sinus to be hypoplastic (as in this figure) or completely absent. (Part [A] Cour-
tesy of Gailloud P, MD. The Johns Hopkins Hospital.)
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increases the volume of venous return, which
worsens pulmonary hypertension. In addition,
these right-to-left shunts decrease coronary blood
flow, which can result inmyocardial ischemia.26,29–31

Diastolic flow reversal can occur in the descending
aorta, which can lead to hepatic and renal
insufficiency.4,30

Neurologic Manifestations

Normal cerebral development requires normal fluid
balance among the extracellular, intracellular, and
intravascular spaces. When a VGAM is present,
the efferent flow from the torcula is directed medi-
ally given the persistent occipital and marginal

Fig. 2. (A) Lateral view from an angiogram of a Yas‚argil type II VGAM. The white asterisk overlies the arterioar-
terial posterior thalamoperforator network supplying the VGAM. (B) Yas‚argil type II VGAM. Arterial feeders
are seen entering an arterioarterial niduslike network, which subsequently drain into the enlarged MProsV of
Markowski. (Part (A) Courtesy of Gailloud P, MD. The Johns Hopkins Hospital.)

Fig. 3. (A) Lateral view from an angiogram of a Yas‚argil type III VGAM. The black arrows denote the direct arte-
riovenous shunts and the white asterisk overlies the arterioarterial network supplying the VGAM. (B) Yas‚argil
type III VGAM. Direct arterial feeders from the anterior and posterior circulation and feeders from the arterioar-
terial niduslike network drain into the enlarged MProsV of Markowski. (Part (A) Courtesy of Gailloud P, MD. The
Johns Hopkins Hospital.)
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sinuses.8 In turn, flow is directed away from the du-
ral sinuses, which can lead to hypoplastic or
thrombosed jugular bulbs aswell as enlarged facial
veins.4,27 Venous congestion and intracranial
venous hypertension can develop, which disrupt
the fluid balance among the intracranial spaces,
leading to impaired cortical development.27

Cerebral atrophy and irreversible brain damage
can occur as a result of persistent venous conges-
tion. When they are detected in the antepartum or
neonatal period, they are associated with a poor
prognosis.32 In severe cases, there may be rapid
parenchymal loss, which is known as melting
brain.5 Infants and children who are initially neuro-
logically normal can still experience progressive
neurologic and cognitive decline manifested by
the development of calcifications, subependymal
atrophy, and epilepsy.8,27,30 Restoring a hemody-
namic balance by correcting the venous hyperten-
sion after endovascular treatment can lead to
regression of the cerebral calcifications.33 Neuro-
logic deficits usually occur from vascular steal
caused by high flow through the VGAM, whereas
developmental retardation is caused by venous
congestion.30

Hydrocephalus andmacrocrania are typical pre-
senting signs of infants. Obstructive hydroceph-
alus can occur from compression of the cerebral
aqueduct by the VGAM (Fig. 5A).18,34 However,
the predominant cause seems to be communi-
cating hydrocephalus that occurs from decreased

cerebrospinal fluid (CSF) absorption as a result of
the intracranial venous hypertension, caused by
disruption of the hydrovenous equilibrium.34,35 In
both cases, hydrocephalus is a secondary
phenomenon that results from the VGAM.

Headaches and seizures are commonpresenting
symptoms in older children with a VGAM.5,27,30 In
addition, subarachnoid, and intraparenchymal
hemorrhage can also be the cause of presentation
in older children with a VGAM.2,5,36,37 Although
the VGAM tends to be smaller with a more limited
arteriovenous shunting in older patients, the angio-
matous network supplying the VGAM can produce
microaneurysms.4

DIAGNOSTIC WORKUP

Most patients with a VGAM are diagnosed in the
neonatal period. A thorough evaluation of the
neonate being managed for a suspected VGAM
begins with a bedside clinical examination and
a battery of diagnostic tests to determine the
management strategy. The neonatal evaluation
should include a complete clinical evaluation of
the neonate including weight and head circumfer-
ence. An echocardiogram provides baseline data
for patients without cardiac insufficiency and helps
quantify the severity of cardiac failure in symptom-
atic patients. Renal and liver function tests should
be obtained to screen for renal and hepatic insuf-
ficiency, especially when cardiac insufficiency is

Fig. 4. (A) Lateral view from an angiogram of a Yas‚argil type IV VGAM. A corpus callosum AVM is present drain-
ing into an enlarged internal cerebral vein (white arrow) and a dilated vein of Galen (white asterisk). (B) Yas‚argil
type IV VGAM with a deep AVM draining into an enlarged vein of Galen. In contrast with Yas‚argil types I to III,
the venous system has otherwise developed normally. (Part (A) Courtesy of Gailloud P, MD. The Johns Hopkins
Hospital.)
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present.30 A transfontanelle ultrasound can be
performed at the bedside to assess the brain
parenchyma, evaluate the VGAM, and assess the
ventricular size. Magnetic resonance imaging
(MRI) of the brain can help confirm the diagnosis
of VGAM and detect cerebral changes such
as infarcts, atrophy, and hydrocephalus (see
Fig. 5).38,39 An electroencephalogram should be
performed on patients in the intensive care unit
setting to rule out seizure activity.
Computed tomography (CT) is a useful

screening tool and is often the imaging modality
that detects a mass in older patients (Fig. 6).29

CT angiography is a useful, noninvasive imaging
modality that provides a clear map of the arteries

and veins. It has better spatial resolution and can
be obtained faster than magnetic resonance angi-
ography (MRA).40,41 Conventional angiography is
the gold standard imaging modality to evaluate
the VGAM angioarchitecture. However, it should
be performed as part of a planned endovascular
intervention rather than for diagnostic purposes
because the VGAM can be initially evaluated by
MRI/MRA.8

MANAGEMENT STRATEGIES

The management of VGAMs is divided into medi-
cal, endovascular, and surgical modalities. Appro-
priate management depends on the patient’s age

Fig. 5. (A) Midline sagittal T1-weighted magnetic resonance imaging (MRI) shows the VGAM (V) draining into
a straight sinus (SS) with compression of the cerebral aqueduct (arrow) and resultant hydrocephalus. Note the
pulsation artifact across the image in the phase encoding direction. (B) Axial T2-weighted MRI of the same
patient with a VGAM (asterisk) that causes hydrocephalus. (C) Axial T2-weighted MRI showing multiple transme-
sencephalic feeders (white arrows) in an Yas‚argil type II VGAM.
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at presentation and on the patient’s clinical picture.
In addition, a multidisciplinary team approach
(including neurology, neurosurgery, interventional
neuroradiology, cardiology, and neonatal intensive
care) is recommended given the high degree of
complexity these patients often present.

Medical Management

The primary goal of medical management in VGAM
treatment is to stabilize cardiac and systemic
complications until endovascular intervention can
be performed.42 In neonates, high-output cardiac
failure can lead to renal insufficiency, hepatic insuf-
ficiency, and myocardial ischemia. Increased flow
can also prevent closure of the ductus arteriosus,
which exacerbates hypoxemia.30 By decreasing
flow to the VGAM, perfusion to the kidneys and
heart improves, venous hypertension in the pul-
monary circulation can be decreased, and persis-
tent right-to-left shunts can close. Management
options to decrease flow include diuretics, in-
otropic agents, and vasodilators.4,18 However, no
optimal management paradigm has been estab-
lished. The success of medical management is
directly related to how severe the patient’s symp-
toms are on presentation. Neonates typically
have more severe heart failure and subsequently
worse outcomes. When heart failure is present in
infants and children, it tends to be mild and can
be managed with greater success.8,18

Endovascular Treatment

The development of endovascular techniques has
greatly improved the poor prognosis of patients

with a VGAM. The overall endovascular treatment
goal is to restore hemodynamic balance and
achieve a physiologic, rather than anatomic, cure
that leads to favorable neurologic and develop-
mental outcomes.21 The treatment should be per-
formed using a stepwise approach to avoid rapid
hemodynamic changes, which can lead to
parenchymal hemorrhage from a perfusion break-
through phenomenon43 or massive venous throm-
bosis.18 Partial embolization can decrease flow
through the VGAM sufficiently to control cardiac
failure, while minimizing the risk of complica-
tions.8,18,44 Stepwise embolization also allows for
gradual fluid hemodynamic adjustments, which
minimizes the risk to cerebral development.18,29,45

The timing of intervention is also critical. Lasjau-
nias and colleagues8 described an optimal
therapeutic window for initiating endovascular
treatment. The first treatment is recommended at
4 to 5 months of age to maximize efficacy of the
intervention and minimize the risk of delay in cere-
bral maturation.21 If treatment is deferred longer,
correction of hydrocephalus may not be possible
by treating the VGAM and neurologic and cogni-
tive sequelae can become permanent.8,18,21 After
the first treatment, subsequent treatments are per-
formed using a routine interval of 6 to 8 weeks or
a shorter interval of 4 weeks for more complex
lesions.21 Emergent embolization is sometimes
necessary in neonates. In these cases, the primary
goal is to decrease flow through the VGAM
to normalize systemic physiology. In addition,
reducing flow through a VGAM in a neonate can
help recreate conditions to allow maturation of
the cerebral venous system.8

Technically, the VGAM may be targeted either
through a transarterial or transvenous approach.
Several investigators advocate the primary use of
the transarterial route, reserving transvenous
embolization for instances in which transarterial
embolization has been exhausted.8,18,21,27 Despite
being technically less challenging than the transar-
terial approach, transvenous VGAM treatment
offers less hemodynamic control than transarterial
embolization in staged devascularization. Care
must be taken with endovenous coiling to mini-
mize the risk of deep venous thrombosis.

The route of access depends on the age of the
patient. In neonates, the umbilical artery can be
used for access if treatment is required during the
first 3 days of life.4,21 Otherwise, femoral access
is preferred. When a transvenous approach is
considered, the femoral vein is typically used. In
rare cases, a transjugular or even transtorcular
approach via direct puncture may be used.

The 2 currently available liquid embolic agents
in the United States are n-butyl cyanoacrylate

Fig. 6. Axial noncontrast head CT shows marked
hydrocephalus and a midline hyperdense VGAM
(asterisk).
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(n-BCA; Trufill, Codman Neurovascular, NJ) and
ethylene vinyl alcohol copolymer (Onyx, Micro
Therapeutics, CA).8,18,46 Several investigators
preferred the embolic agent n-BCA because of
its reliability and safety.4,8,18 It can be used with
or without the adjunct use of microcoils, which
are not recommended as the sole endovascular
occlusion agent because they do not offer suffi-
cient penetration of the feeding branches.21

Surgery

Although microsurgery was historically the primary
treatment strategy, it is no longer a first-line option.
However, surgery does play several adjunct roles.
Hydrocephalus can be treated with CSF diversion
either through shunting or by endoscopic third
ventriculostomy. However, hydrocephalus can
significantly improve with embolization of the
VGAM, therefore embolization should always
precede hydrocephalus treatment, if possible. In
rare cases of transtorcular embolization, a surgical
window is created to provide venous access.
Surgery is also used for evacuation of intracranial
hematomas. In addition, surgery remains a last-
resort option when embolization attempts have
failed.18,47,48

CLINICAL PRESENTATION AND TIMING
OF INTERVENTION
Antepartum

Routine ultrasound screening in prenatal care
can lead to identification of a VGAM. Fetal MRI is
becoming increasingly prevalent for a more
detailed evaluation in the antepartum period
(Fig. 7). Structurally, a dilated venous sac can be
seen posterior to the third ventricle. The sac can
then be differentiated from other cystic structures
based on the pulsatile flow located within the
venous sac.29,49,50 Associated sequelae, such as
cardiac dysfunction and hydrocephalus, can also
be identified.4,29

When a VGAM is diagnosed in the antepartum
period, it is critical to appropriately evaluate the
patient for secondary sequelae before counseling
the mother of the patient. The presence of
a VGAM is not an indication for termination of the
pregnancy, early delivery, or delivery via cesarean
section.8 However, a VGAM associated with ante-
natal cardiac failure carries an 80% mortality.38 In
addition, the presence of severe cerebral damage
in the antenatal or neonatal period has been asso-
ciated with irreversible multiorgan failure. The
extremely poor outcome in these patients is not
improved with radiological obliteration of the
VGAM.8,42 Therefore, cardiac failure and severe
cerebral damage in the antenatal period are

appropriate indications for termination of the
pregnancy or for withholding further treatment
after birth.8

Neonate

There are 3 management categories for neonates
with a VGAM: (1) those who are not offered endo-
vascular treatment, (2) those in whom endovascu-
lar treatment can be deferred, and (3) those who
require emergent endovascular intervention.42

The degree of cardiac and systemic manifesta-
tions dictates the management strategy that is
selected. Patients with mild cardiac overload can
be medically managed until embolization is per-
formed at 4 to 5 months of age.8,18,21,27 Patients
with severe cardiogenic shock, multisystem organ
failure, and/or irreversible brain damage have
a very poor prognosis and are not candidates for
endovascular intervention. A subset of patients
requires emergent endovascular embolization.
Lasjaunias and colleagues8 proposed a 21-point
score (Bicêtre neonatal evaluation score) to help
guide management of VGAM in neonates. The
score is based on cardiac function, cerebral func-
tion, respiratory function, hepatic function, and
renal function (Table 1). Patients who score less
than 8 are recommended no treatment. Patients
who score between 8 and 12 are recommended
emergent endovascular treatment. Patients who
score greater than 12 are recommended medical
management initially and are ideally treated endo-
vascularly at 5 months of age.8

Fig. 7. T2-weighted image from a prenatal MRI shows
a twin gestation. Note the VGAM (white asterisk) in
twin B, which causes hydrocephalus and white matter
changes. Contrast this appearance with the age-
appropriate myelination pattern and normal-sized
ventricles in twin A. (Courtesy of Gailloud P, MD.
The Johns Hopkins Hospital.)
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Table 1
The Bicêtre neonatal valuation score

Points Cardiac Function Cerebral Function Respiratory Function Hepatic Function Renal Function

5 Normal Normal Normal — —

4 Overload, no medical
treatment

Subclinical, isolated EEG
abnormalities

Tachypnea, finishes bottle — —

3 Failure; stable with medical
treatment

Nonconvulsive intermittent
neurologic signs

Tachypnea, does not finish
bottle

No hepatomegaly, normal
hepatic function

Normal

2 Failure; not stable with
medical treatment

Isolated convulsion Assisted ventilation,
normal saturation
FIO2<25%

Hepatomegaly, normal
hepatic function

Transient anuria

1 Ventilation necessary Seizures Assisted ventilation,
normal saturation
FIO2>25%

Moderate or transient
hepatic insufficiency

Unstable diuresis with
treatment

0 Resistant to medical
therapy

Permanent neurologic
signs

Assisted ventilation,
desaturation

Abnormal coagulation,
elevated enzyme levels

Anuria

Maximum score 5 5 (cardiac) 1 5 (cerebral) 1 5 (respiratory) 1 3 (hepatic) 1 3 (renal) 5 21.
Abbreviations: EEG, electroencephalogram; FIO2, fractional inspired oxygen.
From Lasjaunias PL, Chng SM, Sachet M, et al. The management of vein of Galen aneurysmal malformations. Neurosurgery 2006;59:S184; with permission.
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Although the Bicêtre neonatal evaluation score
is a useful guide in determining the management
and timing of intervention in neonates with
a VGAM, exceptions to the scoring system have
been reported. For example, McSweeney and
colleagues51 noted 1 patient with an initial Bicêtre
score of 6 who had endovascular therapy and was
neurologically intact after more than 2.5 years of
follow-up. In addition, 2 patients with an initial
maximum Bicêtre score of 21 had a subsequent
precipitous decline and died before endovascular
treatment.51,52 Therefore, treatment should be
guided by the Bicêtre score but ultimately individ-
ualized according to each patient’s presentation.

Infants

The management of infants depends on their age
on presentation, the severity of symptoms, and
the angiographic appearance of the VGAM. If an
infant presents before the age of 6 months,
endovascular treatment can still be performed in
the optimal therapeutic window as previously
described.18,45

Symptomatic infants typically present with
seizures, hydrocephalus, or neurocognitive delay.
Although cardiac failure can also be a presenting
symptom, it is typically less severe than in
neonates. When symptoms are present in older
infants and children, intervention is warranted.
The goal of treatment in these patients is to rees-
tablish the hydrovenous equilibrium by decreasing
flow and increasing resistance through the
VGAM.8 Incomplete occlusion of the VGAM can
reverse neurologic symptoms and improve the
patient’s quality of life.8

When hydrocephalus is present, its pathophysi-
ology must be carefully considered before
proceeding with treatment. Given that hydroceph-
alus is a secondary phenomenon, treatment of the
VGAM will address the cause of the hydroceph-
alus. In addition, CSF diversion in patients with
hydrocephalus secondary to a VGAM can have
a deleterious effect.34,53 In a series of 43 patients
with VGAM, Zerah and colleagues34 noted that
66% of nonshunted patients were neurologically
and cognitively normal, compared with 33% in
the shunted group. In addition, 5% of nonshunted
patients had significant mental retardation,
compared with 15% in the shunted group. In addi-
tion, development of epilepsy and new intracranial
hemorrhage can occur as a result of shunt
placement.34

Older Children and Adults

Older children and adults commonly present with
mild headaches or a hemorrhagic event. The goal

of intervention is to prevent future neurologic defi-
cits from vascular steal and to prevent psycho-
motor retardation from venous congestion.30 In
patients who present with mild headaches, their
symptoms may be related to the VGAM or be inci-
dental in nature.30 These patients are more chal-
lenging to treat because the intervention risks
must be weighed against a perceived benefit.
Previously, it was thought that asymptomatic
patients or patients with minor symptoms could
be managed conservatively because the VGAM
would eventually thrombose spontaneously.
Spontaneous VGAM thrombosis has subsequently
been shown to be a rare event, occurring in only
2.5% of patients.8 In addition, the natural history
of untreated VGAM is that patients eventually
experience neurocognitive delay. Thus, a detailed
a neurocognitive assessment should be performed
as part of the evaluation. If the patient is truly
asymptomatic, the risks of treatment versus
observation must be clearly discussed with the
patient’s family with the understanding that the
treatment may eventually be required. Asymptom-
atic patients must be closely monitored for neuro-
cognitive changes. If changes are detected,
endovascular intervention must be revisited.

PROGNOSIS

Before the advent of endovascular techniques,
surgery was the primary treatment modality
although it had an exceptionally high mortality.
Many series reported mortality reaching 100% in
the neonatal population.2,4,11 Although there are
select reports of good outcomes following
surgery,47,48 the outcomes of larger series do not
comparewith the results obtainedwith endovascu-
lar treatment. In 1991, Friedman and colleagues54

reported amortality of 50% andmental retardation
rate of 37%. With improvement in endovascular
techniques and neonatal intensive care, mortality
significantly decreased. In 1993, the same group
reported a series of 11 patients with no mortality
and a 55% rate of functionally normally patients.55

Early reports focused on the technical aspects of
treating a VGAMwith endovascular therapywithout
emphasis on the neurologic outcome.26,56,57 In
select reports, complete radiographic obliteration
was considered a successful outcome, even if the
patient subsequently died. In more recent reports,
the shift has focused on survival and neurocogni-
tive outcome. In 2006, Lasjaunias and colleagues8

reported a series of 233patientswith VGAM treated
with embolization, which is currently the largest re-
ported experience. They reported a 10.6% overall
mortality. Neonates had a mortality of 52%, which
was significantly higher than the mortality in infants
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(7.2%) and children (0%). In addition, 74% of
surviving patients were neurologically normal,
15.6% were moderately retarded, and 10.4%
experienced severe mental retardation during
a median follow-up time of 4.4 years. Between
90% and 100% obliteration was achieved in 55%
of patients, further emphasizing that complete
obliteration of a VGAM is not necessary in all cases
to achieve clinical improvement.

SUMMARY

A VGAM is a congenital vascular malformation that
is defined by direct and/or indirect arterial feeders
flowing into the MProsV of Markowski. It can be
detected in the antepartum period on screening
ultrasound and further visualized on MRI. In the
postpartum period, a VGAM classically presents
with cardiac failure in neonates, with seizures,
hydrocephalus, or neurocognitive delay in infants,
and with headaches or intracranial hemorrhage in
older children and adults.

Endovascular therapy is the first-line treatment
of a VGAM and its associated sequelae. Ideally,
the first intervention is performed at 4 to 5 months
of age, although some cases require emergent en-
dovascular treatment. Patient selection and the
timing of intervention in the neonatal period are
guided by the 21-point Bicêtre score. Medical
management is used to stabilize the patient until
endovascular intervention can be performed.
Surgery is used as an adjunct to treat hydroceph-
alus, intracranial hemorrhages, and as a last resort
when endovascular interventions have failed.
Given the complex nature of treating patients
with a VGAM, a multidisciplinary approach is
recommended. Endovascular therapy combined
with a multidisciplinary management strategy to
treat a VGAM has significantly lowered mortality
and can result in normal neurologic development
in surviving patients.
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Dural Carotid-
Cavernous Fistulas:
Epidemiology, Clinical
Presentation, and
Management
Neil R. Miller, MD

A carotid-cavernous sinus fistula (CCF) is an
abnormal communication between the cavernous
sinus and the carotid arterial system. CCFs can
be classified by cause (traumatic vs spontaneous),
velocity of blood flow (high vs low flow), and
anatomy (direct vs dural, internal carotid vs
external carotid vs both).1,2

Some fistulas are characterized by a direct
connection between the cavernous segment of
the internal carotid artery and the cavernous sinus.
These fistulas are usually of the high-flow type.
They are called direct CCFs and are most often
caused by a single, traumatic tear in the arterial
wall or at times by the rupture of an intracavernous
aneurysm.1,2 Other CCFs are dural.2,3 Many of
these lesions are actually congenital arteriovenous
fistulas that develop spontaneously, often in the
setting of atherosclerosis, systemic hypertension,
connective tissue disease, and during or after
childbirth. Dural CCFs consist of a communication
between the cavernous sinus and 1 or more
meningeal branches of the internal carotid artery
(Fig. 1), the external carotid artery (Fig. 2), or
both (Fig. 3).1 Of these, fistulas involving branches
from both the internal and external carotid arteries
are the most common. These fistulas usually have
low rates of arterial blood flow. In this article,
the author discusses the pathogenesis, causes,
clinical manifestations, diagnosis, treatment, and
prognosis of dural CCFs.

PATHOGENESIS

Dural CCFs usually become symptomatic sponta-
neously. The pathogenesis of these fistulas is
somewhat controversial.4 One hypothesis is that
spontaneous dural CCFs form after the rupture of
1 or more of the thin-walled dural arteries that nor-
mally traverse the cavernous sinus.5 According to
this hypothesis, after rupture, extensive preformed
dural arterial anastomoses not directly involved in
the fistula dilate and contribute collateral blood
supply, resulting in an angiographic appearance
indistinguishable from that of a congenital vascular
malformation. Indeed, sequential arteriography
demonstrates that the feeder vessels of dural
CCFs change with time as the vessels spontane-
ously open and close.6 Although this theory is
favored by some investigators,1 it fails to explain
why spontaneous dural CCFs are more common
in elderly women than in men. A second theory
for the origin of dural CCFs is that most develop
in response to spontaneous venous thrombosis
in the cavernous sinus and represent an attempt
to provide a pathway for collateral venous
outflow.7 Most investigators favor this theory
because it also explains the pathogenesis of arte-
riovenous fistulas that develop in the sigmoid and
other dural sinuses.4

Although many patients who develop a dural
CCFare otherwiseperfectly healthy, certain factors
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seem to be predisposed to the development of this
lesion. These factors include pregnancy, systemic
hypertension, atherosclerotic vascular disease,
connective tissue disease (eg, Ehlers-Danlos
syndrome type IV), and minor trauma (Fig. 4).8–10

CLINICAL MANIFESTATIONS

Dural CCFs usually occur in middle-aged or elderly
women, but they may produce symptoms in either
gender at any age, even in childhood or infancy.11

The symptoms and signs produced by these
lesions are influenced by several factors, including
the size of the fistula, the location within the
cavernous sinus, the rate of flow, and especially
the drainage pattern.12–14

Posteriorly Draining Fistulas

Whendural CCFs drain posteriorly into the superior
and inferior petrosal sinuses, they are usually
asymptomatic. In some cases, however, such
fistulas produce a cranial neuropathy, such as
a trigeminal neuropathy,15 facial nerve paresis,16

or an ocular motor nerve paresis.17 Inmost of these
cases, there is no evidence of orbital congestion.2,3

In most cases of ocular motor nerve paresis
caused by a posteriorly draining dural CCF, the
onset of the paresis is sudden, and only one of
the ocular motor nerves is affected. The oculo-
motor nerve is most often affected, and the result-
ing paresis may be complete with the involvement
of the pupil, incomplete with pupil involvement, or
incomplete with pupil sparing (Fig. 5). In almost all
cases, the paresis is associated with ipsilateral
orbital or ocular pain, a presentation that initially
suggests an intracranial aneurysm.18,19 The cor-
rect diagnosis in such cases is not evident until
cerebral angiography is performed. In other cases,
the posteriorly draining fistula produces an ab-
ducens or trochlear nerve paresis, again usually
associated with ocular or orbital pain.5,18,20,21

The cranial neuropathies that are caused by
a posteriorly draining dural CCF usually are the
initial sign of the fistula. In many of these cases,
failure to diagnose and treat the fistula leads even-
tually to a change in the direction of the flow of
blood in the fistula. The flow becomes anterior,
and patients develop evidence of orbital conges-
tion. In other cases, the blood flow in the fistula
is initially anterior, producing orbital manifesta-
tions. With time, however, the anterior drainage
ceases, and posterior flow is associated with the
development of the cranial neuropathy.
Dural fistulas that drain posteriorly sometimes

cause brainstem congestion that may be as-
sociated with neurologic deficits.22 In addition,

Fig. 1. Appearance of dural CCF in which the only
contribution is fromextraduralbranchesof the internal
carotid artery (type B of Barrow and colleagues). A
selective left internal carotid arteriogram shows
a fistula at the posterior portion of the cavernous
carotid artery (arrow). Note a faintly opacified superior
ophthalmic vein (double arrows). The left external
carotid arteriogram was normal. (Data from Barrow
DL, Spector RH, Braun IF, et al. Classification and treat-
ment of spontaneous carotid-cavernous sinus fistulas. J
Neurosurg 1985;62:248–56.)

Fig. 2. Appearance of dural CCF in which the only
contribution is from extradural branches of the
external carotid artery (type C of Barrow and
colleagues) (arrow). The fistula is fed by extradural
branches of the left external carotid artery, particularly
the internalmaxillary artery. Therewasno contribution
from the ipsilateral internal carotid artery or from the
contralateral internal or external carotid arteries.
(Data from Barrow DL, Spector RH, Braun IF, et al. Clas-
sification and treatment of spontaneous carotid-
cavernous sinus fistulas. J Neurosurg 1985;62:248–56.)
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such fistulas rarely may produce intracranial
hemorrhage.23

Anteriorly Draining Fistulas

Dural CCFs that drain anteriorly usually produce
visual symptoms and signs.3 In the mildest cases,
there is redness of one or, rarely, both eyes caused
by dilation and arterialization of both conjunctival
and episcleral veins (Fig. 6). In these cases, the
appearancemaysuggest aprimaryoculardisorder,
such as conjunctivitis, episcleritis, or thyroid eye
disease; however, a careful examination of the

dilated vessels usually demonstrates a typical
tortuous corkscrew appearance that is virtually
pathognomonic of a dural CCF (Fig. 7).3,24,25 There
also may be minimal eyelid swelling, conjunctival
chemosis, proptosis, or a combination of these
findings. Diplopia from abducens nerve paresis
may be present (Fig. 8). The ocular fundus may
seemnormal, or theremay bemild dilation of retinal
veins.

In more advanced dural CCFs, particularly those
with a high rate of flow, the symptoms and signs are-
identical with those in patients with a direct
CCF.3,12,13,26–28 In these cases, signs of orbital
congestion, including proptosis, chemosis, and the
dilation of conjunctival vessels, are obvious and
severe (Fig. 9).29–31Diplopiamay result fromophthal-
moparesis caused by ocular motor nerve pareses,
orbital congestion, or both mechanisms, and there
may be significant periorbital or retro-ocular discom-
fort or pain, initially suggesting an inflammatory
process or even the Tolosa-Hunt syndrome.32,33

Some patients develop facial pain, facial weakness,
or both.34 Raised episcleral venous pressure may
produce increased intraocular pressure that occa-
sionally is quite high.24,27,35,36 Angle-closure glau-
coma may develop from elevated orbital venous
pressure, congestion of the iris and choroid, and
forwarddisplacement of the iris-lens diaphragm.28,37

In other cases, chronic ischemia produces neovas-
cular glaucoma. Ophthalmoscopic abnormalities
include venous stasis retinopathywith retinal hemor-
rhages, central retinal vein occlusion, proliferative

Fig. 3. Appearance of a dural CCF fed by extradural branches from both the internal and external carotid arteries
(type D of Barrow and colleagues). (A) Selective left internal carotid arteriogram, lateral view, shows a large
collection of contrast material in the cavernous sinus (arrow). The fistula drains anteriorly into the left superior
ophthalmic vein, which is markedly enlarged (arrow). (B) Selective left external carotid arteriogram, lateral view,
shows multiple contributions from extradural branches of the left external carotid artery (arrow). (Data from
Barrow DL, Spector RH, Braun IF, et al. Classification and treatment of spontaneous carotid-cavernous sinus
fistulas. J Neurosurg 1985;62:248–56.)

Fig. 4. External appearance of a 39-year-old woman
with Ehlers-Danlos syndrome who developed sponta-
neous bilateral dural CCF. The fistulas were success-
fully closed using an endovascular approach, but the
patient died several months later of unrelated
vascular complications of the underlying disease.
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retinopathy, retinal detachment, vitreous hemor-
rhage, choroidal folds, choroidal effusion, choroidal
detachment, or optic disk swelling (Fig. 10).38–43

Visual loss, although less frequent than in
patients with direct CCFs, occurs in up to 30%
of patients with dural CCFs.5,30,31,44 It may be
caused by ischemic optic neuropathy, chorioreti-
nal dysfunction, or uncontrolled glaucoma.28,35,41

The ocular manifestations of unilateral dural
CCFs are almost always ipsilateral to the fistula,
but they may be solely contralateral or bilateral
(Fig. 11).3,12,13,45 When unilateral fistulas cause
bilateral manifestations, there is a high probability
that the fistula is draining into cortical veins
(Fig. 12).13

Although most dural fistulas are unilateral, bilat-
eral spontaneous dural fistulas do occur. Patients
with bilateral dural CCFs often have severe
systemic hypertension, atherosclerosis, or some
type of systemic connective tissue disease, such
as Ehlers-Danlos syndrome type IV. Most patients
with bilateral dural CCFs have bilateral findings;
however, some patients with bilateral fistulas
have only unilateral signs.3

In some instances, dural CCFs drain both ante-
riorly and posteriorly. In most of these cases, the
only manifestations are those related to the ante-
rior drainage; however, some patients develop
manifestations from the posterior drainage, such
as facial nerve paresis or acute hemiparesis asso-
ciated with neuroimaging evidence of brainstem
congestion.16,46

DIAGNOSIS

The diagnosis of a dural CCF should be consid-
ered in any patient who spontaneously develops
a red eye, chemosis of the conjunctiva, abducens
nerve paresis, or mild orbital congestion with prop-
tosis. Auscultation of the orbit may disclose a bruit,
but this is uncommon.
When a dural CCF is suspected, computed

tomographic (CT) scanning, CT angiography,
magnetic resonance (MR) imaging, MR angiog-
raphy, orbital ultrasonography, transorbital and
transcranial color Doppler imaging, or a combina-
tion of these tests may be of benefit in confirming
the diagnosis (Fig. 13).2,3 The gold standard diag-
nostic test, however, remains a catheter angio-
gram. Because many dural CCFs are fed either

Fig. 5. Oculomotor nerve paresis caused by a posteriorly draining dural CCF. The patient was a 58-year-old man
who developed an acute left-sided fronto-orbital headache. Four weeks later, he developed diplopia, and 7 days
afterwards, he developed right ptosis and a dilated right pupil. He was thought to have an intracranial aneurysm,
and an arteriogram was performed. (A) The patient has a left ptosis and exotropia consistent with a left oculo-
motor nerve paresis. (B) Selective left internal carotid arteriogram, lateral view, shows a left-sided posteriorly
draining dural carotid-cavernous sinus fistula (arrow). The patient’s oculomotor nerve paresis resolved after
the fistula was closed.

Fig. 6. Appearance of a 61-year-old man with
moderateproptosis and redness of the right eye caused
by a right-sided dural CCF. This appearance is often
mistaken for episcleritis or dysthyroid orbitopathy.
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by meningeal branches of the external carotid
artery or by meningeal branches of both the
internal and external carotid arteries, and others
are fed by arteries from both sides or are fed by
unilateral arteries but produce bilateral symptoms
and signs, selective angiography of both internal
and external carotid arteries on both sides should
always be performed.47 When performed by an
experienced neuroradiologist, catheter angiog-
raphy has a morbidity of less than 1% and virtually
no mortality, except in patients with connective
tissue disorders, such as Ehlers-Danlos syn-
drome, in whom the risks are much greater
because of the excessive fragility of the extracra-
nial and intracranial vessels.9

NATURAL HISTORY

Most patients with a dural CCF have no difference
in mortality from that of the normal population
because the lesion usually affects only the eyes.
Spontaneous intracranial hemorrhage is excep-
tionally rare.23 Thus, when one considers the
natural history of a dural CCF, one usually is
dealing with ocular morbidity.

Regardless of whether they drain anteriorly or
posteriorly and whether they are high-flow or
low-flow fistulas, 20% to 50% of dural CCFs,
even those associated with significant congestive
orbital signs, close spontaneously (Fig. 14).28 In
some cases, the symptoms and signs begin to
resolve within days to weeks after symptoms

Fig. 7. (A, B) Appearance of conjunctival and episcleral vessels in 2 patients with spontaneous dural CCF. Note
dilation, tortuosity, and corkscrew appearance of the veins in both cases.

Fig. 8. Abducens nerve paresis in a 34-year-old
woman with a left-sided dural CCF. When the patient
attempts to look to the left, the left eye abducts only
to just beyond the midline. Note the mild left prop-
tosis and the markedly dilated conjunctival veins of
the left eye.

Fig. 9. Appearance of a right-sided, high-flow, dural
CCF in a 21-year-old man. The right eye is proptotic,
and there is significant chemosis of the conjunctiva.
The appearance of this patient is indistinguishable
from that of a patient with a high-flow, direct CCF.
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develop; in others, they do not resolve until months
to years after the fistula has become symptomatic.
Other dural CCFs close after angiography, after air
flight travel, or after incomplete treatment.48,49

It is appropriate to follow clinically patients who
have mild ocular manifestations to see if the fistula
will close spontaneously. During the waiting
period, patients need not alter their lifestyle. They
should, however, be examined at regular intervals
so that their visual function, intraocular pressure,
and ophthalmoscopic appearance can be moni-
tored. In the meantime, exposure keratopathy
caused by proptosis can be treated with ocular
lubrication, and persistent, bothersome diplopia
can be treated with prism therapy or occlusion of
one eye. Increased intraocular pressure is rarely
so severe that it requires treatment.27 If it is
substantially elevated, one can try to lower it with

one of the many topical agents that reduce the
production of aqueous humor; however, because
the cause of the elevated intraocular pressure in
most cases is raised episcleral venous pressure,
such agents may not be helpful. In the final anal-
ysis, however, the best treatment of severely
increased intraocular pressure is closure of the
fistula.
Patients with a dural CCF may experience acute

worsening of ocular manifestations. The clinical
deterioration results from an increase in blood
flow through the fistula in some cases, but in
others, it is caused by spontaneous or posttreat-
ment thrombosis of the superior ophthalmic
vein.49–51 Patients in whom spontaneous progres-
sive thrombosis of the superior ophthalmic vein
causes initial worsening of symptoms and signs
usually begin to improve within several weeks,

Fig. 10. Central retinal vein occlusion in a 52-year-old man with a spontaneous, dural CCF. (A) External appear-
ance shows moderate proptosis of the left eye, associated with conjunctival chemosis and arterialization of
conjunctival and episcleral vessels. The patient noted progressive visual loss in the left eye over several days.
(B) Ophthalmoscopic appearance of left ocular fundus shows changes consistent with a severe central retinal
vein occlusion.

Fig. 11. Bilateral ocular manifestations in a patient with a left-sided spontaneous dural CCF. (A) The patient has
redness of the right eye caused by dilated conjunctival and episcleral vessels. There is also a significant left ptosis.
(B) The left eye also has dilated conjunctival and episcleral vessels, and there is a left exotropia and a dilated left
pupil consistent with a left oculomotor nerve paresis.
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and most eventually experience complete resolu-
tion of symptoms and signs (Fig. 15). Systemic
corticosteroids given when deterioration occurs
may lessen the severity of symptoms and signs

and perhaps reduce the length of time until
recovery occurs.50

TREATMENT

The visual manifestations of a dural CCF usually
do not require local treatment. Occasionally, as
previously noted, increased intraocular pressure
requires treatment with topical or oral pressure-
lowering agents. Although pressure-lowering
ocular surgery has been advocated for patients
in whom medical therapy does not reduce the
intraocular pressure to an acceptable level,35,52

if intraocular pressure remains unacceptably
elevated despite maximum medical therapy, the
definitive treatment of the fistula should be per-
formed instead of ocular surgery. Ocular surgery
should only be considered if the treatment of the
fistula cannot be performed or is unsuccessful or
if the intraocular pressure remains elevated
despite closure of the fistula.38 Similarly, although
the proliferative retinopathy that may occasionally
accompany a severe, high-flow dural CCF can be
treated successfully with photocoagulation,38,53 it
is best to treat the fistula producing the retinopathy
whenever possible. Again, if the fistula cannot be

Fig. 12. Cortical venous drainage from a dural CCF.
Selective left internal carotid arteriogram shows a du-
ral CCF (single arrowhead) with drainage into the
superior ophthalmic vein (double arrowheads) and
also into several cortical veins (triple arrowheads).

Fig. 13. Noninvasive methods of diagnosing a CCF. (A), Ultrasonography of the orbit in a patient with an ipsilat-
eral dural CCF. Note large round void (arrow) representing cross-section of an enlarged superior ophthalmic vein.
(B) CT axial image in a patient with a right-sided dural CCF. Note enlarged superior ophthalmic vein (arrow). (C)
MR axial image in a patient with a left-sided dural CCF. Note enlarged left superior ophthalmic vein (arrow).
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treated or treatment is unsuccessful, photocoagu-
lation may be needed to preserve vision.
Dural CCFs may be treated by direct surgery,54

conventional radiation therapy,55 stereotactic ra-
diosurgery,49,56 intermittent manual self-compres-
sion of the affected internal carotid artery with the
contralateral hand,57,58orocclusionof the ipsilateral
internal carotid artery.59 However, endovascular
procedures, including transarterial embolization,
transvenous embolization, or a combination of
these techniques, usually are the optimum treat-
ment of those lesions that produce progressive or
unacceptable symptomsandsigns, including visual
loss, diplopia, an intolerable bruit, severe proptosis,
and, most importantly, cortical venous drainage.60

Several synthetic and natural materials can be
used for embolization. Platinum coils aremost often
used, but othermaterials include absorbable gelatin
(Gelfoam, Pharmacia & Upjohn, New York, NY,
USA); Silastic (Dow Corning, Midland, MI, USA);
low-viscosity silicone rubber; autogenous clot,
muscle, or dura; tetradecyl sulfate (a sclerosing
agent); polyvinyl alcohol particles (lvalon, Unipoint
Laboratory, HighPoint, NC,USA); ethanol; ethylene
vinyl alcohol copolymer (Onyx, ev3, Irvine, CA,
USA), oxidized cellulose (Oxycel, Worcester, UK);
various preparations of cyanoacrylate glue, or
a combination of these.30,31,45,58,61–79

In patients with a fistula fed only by meningeal
branches of the external carotid artery, the embo-
lization material is introduced via a microcatheter
placed in the external carotid artery and passed
into the specific branch or branches that feed the
fistula. In this setting, successful closure of the
fistula is almost always possible, resulting in rapid

resolution of all symptoms and signs. When the
fistula is fed by meningeal branches from both
the external and internal carotid arteries, only the
branches from the external carotid artery are
usually embolized in the hopes that the flow to
the fistula will be sufficiently decreased to result
in its subsequent closure. The internal carotid
artery is usually not embolized in this setting
unless the interventionalist can successfully cath-
eterize the meningohypophyseal trunk or other
meningeal feeders from the artery. If the fistula
does not close with this technique, the fistula often
can be treated subsequently via a transvenous
route. In this setting as well as in patients whose
fistulae are fed only by meningeal branches from
the internal carotid artery, the favored transvenous
approach is usually via the femoral or internal
jugular vein into the ipsilateral or rarely the contra-
lateral inferior or superior petrosal sinus and from
there into the cavernous sinus,31,62,64–66,73,77 but
if this approach fails, a variety of other approaches
may be used, most of which involve the can-
nulation of the superior or inferior ophthalmic
veins (Fig. 16).3,45,61,64,65,67,70,71,73,76,78 In some
cases, more than one session and more than
one approach is needed, and in rare cases, the
cavernous sinus can be cannulated directly
via an orbital approach.70,79 Using currently avail-
able techniques, successful closure of dural
CCFs can be achieved in 80% to 100%
(Fig. 17).26,31,45,69,77,80

Complications from endovascular treatment of
dural CCFs are uncommon except in patients
with connective-tissue disorders, such as Ehlers-
Danlos syndrome.9,81 Nevertheless, significant

Fig. 14. Spontaneous closure of the left-sided dural CCF that caused the left abducens nerve paresis in the patient
whose external appearance is depicted in Fig. 8. (A) Before closure, the left eye is injected and a left esotropia is
present; (B) After closure, the redness, proptosis, and left abducens nerve paresis have completely resolved.
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complications have been reported, including
hemorrhage at the catheter site, in the orbit from
perforation of the superior or inferior ophthalmic
vein, or even intracranially; damage to orbital struc-
tures, such as the trochlea when the superior
ophthalmic vein is used for access to thecavernous
sinus; local infection; sepsis; ophthalmic artery
occlusion; and both transient and permanent
neurologic deficits, particularly facial pain and
ocular motor nerve pareses but also brainstem

infarction.30,31,45,64,69,71–73,75,77,82–84 An analysis
of 4 large series of patients with dural CCFs treated
endovascularly revealed that of a total of 339
patients, there were complications in 35
(10.3%).30,31,45,77 Thus, because the embolization
techniques used to close dural CCFs can be asso-
ciated with vision-threatening and even life-
threatening complications, physicians performing
such procedures should explain to patients not
only the benefits but also the risks of these

Fig. 15. Spontaneous closure of a dural CCF after cerebral angiography. The patient was a 75-year-old woman
who developed progressive conjunctival chemosis and injection of the right eye. (A) The patient’s right eye is
swollen and chemotic. Cerebral angiography confirmed a right-sided dural CCF fed by branches of the right
internal and external carotid arteries. It was elected to follow the patient without intervention. (B) Two weeks
after the angiogram, the patient developed more severe swelling, injection, and conjunctival chemosis. Repeat
angiography revealed that the superior ophthalmic vein had thrombosed and the fistula was closed. One
week after the onset of worsening, the patient began to experience reduction in swelling and redness of the
right eye. (C) Two months later, the patient has minimal swelling and redness of the right eye.
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Fig. 16. Isolation (A) and cannulation (B) of the superior ophthalmic vein in a patient with an ipsilateral dural CCF.

Fig. 17. Successful endovascular closure of a dural CCF using a superior ophthalmic vein approach. (A) Before
treatment, common carotid angiogram shows the fistula, which drains both anteriorly (double arrows) and pos-
teriorly (single arrow). (B) Roadmap image shows multiple platinum coils within the fistula. (C) Postprocedure
common carotid angiogram shows obliteration of the fistula with preservation of the flow through the ipsilateral
internal carotid artery.
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procedures and must be prepared to deal with
them should they occur.83–85

PROGNOSIS AFTER TREATMENT

It is not unusual for dural CCFs to recanalize or form
new abnormal vessels after transarterial emboliza-
tion with particles or other material.75 Recurrence
of ocular symptoms and signs herald the recur-
rence of the fistula, and patients in whom manifes-
tations recur require repeat angiography and
consideration of further treatment. Symptoms
and signs usually begin to improve within hours
to days after the successful closure of a dural
CCF (Fig. 18).3 Any preexisting bruit immediately
disappears, and intraocular pressure immediately
returns to normal. Proptosis, conjunctival chemo-
sis, redness of the eye, and ophthalmoparesis
(whether caused by orbital congestion or an ocular
motor nerve paresis) usually resolve completely
within weeks to months, and most patients have
a normal or near-normal external appearance
within 6 months. At the same time, patients with
visual loss caused by choroidal effusion or
detachment usually experience substantial, if not

complete, recovery of visual function. Unfortu-
nately, patients with visual loss caused by retinal
damage (eg, central retinal vein occlusion) usually
have persistently poor visual function.

Patients whose dural CCFs are treated with
techniques other than endovascular closure, such
as stereotactic radiosurgery, often take longer to
improve than patients whose fistulas are closed
by endovascular techniques.56,86 Nevertheless,
these techniques may provide excellent results
over time.

SUMMARY

The diagnosis and management of dural CCFs
have improved substantially in recent years. The
widespread availability of noninvasive imaging
techniques combined with improvements in cath-
eter angiography permit rapid and accurate diag-
nosis in most cases, and new endovascular and
other therapeutic techniques allow most patients
with these lesions to be treated successfully with
little or no morbidity and mortality and with the
resolution of most, if not all, clinical manifestations.

Fig. 18. Results of transvenous occlusion of dural CCF in 2 patients. (A) Preoperative appearance of a 28-year-old
man with a left-sided fistula. Note proptosis, chemosis, and redness of the left eye. (B) Four months after success-
ful endovascular occlusion of the fistula, the patient’s appearance is almost normal. (C) Preoperative appearance
of a 36-year-old man with a right-sided dural CCF. Note chemosis, redness, and proptosis of the right eye. (D) Six
months after successful endovascular occlusion of the fistula, the patient’s appearance is almost normal.
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