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Brain Arteriovenous Malformations: Assessment with
Dynamic MR Digital Subtraction Angiography

Paul D. Griffiths, Nigel Hoggard, Daniel J. Warren, Iain D. Wilkinson, Bob Anderson, and Charles A. Romanowski

BACKGROUND AND PURPOSE: Conventional catheter angiography (CCA) is the current
reference standard for the diagnosis, assessment, and management of pial brain arteriovenous
malformations (AVMs). The purpose of this study was to develop an MR angiographic tech-
nique that produces dynamic images comparable to those provided by CCA and to apply the
technique to the investigation of pial brain AVMs.

METHODS: Twenty patients with brain AVMs referred for stereotactic radiosurgery were
recruited. All patients had CCA performed on a 1.5-T superconducting system. Sixty images
were obtained at a rate of one image per second. Slices were orientated to produce Towne,
lateral, and anteroposterior projections. A set of mask images was taken and then a series
during the passage of a bolus of contrast material. MR examinations were assessed indepen-
dently by neuroradiologists blinded to the conventional catheter angiographic findings.

RESULTS: The nidus of the AVMs was depicted in 19 of the 20 patients, and correlation
with CCA was excellent for measurements of maximum diameter. Venous drainage was cor-
rectly assessed in 18 of 19 cases.

CONCLUSION: MR digital subtraction angiography shows promise as a noninvasive, dy-
namic angiographic tool for planning stereotactic radiosurgery of AVMs already delineated by
catheter angiography. At present, it suffers from temporal and spatial resolution, which impede
the assessment of some brain AVMs.

Arteriovenous malformations (AVMs) are nonneo-
plastic vascular abnormalities that are considered
to be congenital lesions by most authorities. Cere-
bral pial AVMs are found in approximately 0.1%
of the North American population (1). Although
they may be incidental findings at neuroimaging,
they are an important cause of nontraumatic intra-
cranial hemorrhage in both adults and children.
Nonhemorrhagic presentations include seizures, fo-
cal neurologic deficits, and headaches (2). When
AVMs are detected, treatment is usually offered be-
cause of the high risk of future hemorrhage, which
has been reported as being between 2% and 4% per
year if left untreated (3–11). Conventional neuro-
surgery, endovascular treatment, stereotactic radio-
surgery, or combinations of the three are used in
most circumstances.

Our center is a national institute for radiosurgery
and treats 300 to 350 brain AVMs per year. Most
patients are referred to our center with the diag-
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nosis of AVM already made on the basis of con-
ventional catheter angiography (CCA). However,
we repeat CCA to plan the stereotactic procedure
and, subsequently, to evaluate the response to ra-
diosurgery. Ideally, this should be done by nonin-
vasive methods, such as MR angiography, because
of the small but finite risk of a permanent neuro-
logic deficit developing after CCA, which occurs
with a frequency of 0.1% to 1.0% (12–17).

Standard MR imaging and MR angiography can
confirm the presence of an AVM. But, currently,
MR angiography does not provide sufficiently ac-
curate nidal definition on which to make clinical
decisions or plan treatment. The main advantage
CCA has over time-of-flight (TOF) MR angiogra-
phy, besides superior spatial resolution, is the pro-
vision of dynamic information, which helps to dis-
tinguish the nidus from draining veins (18).

In this article, we describe our early experience
with an experimental dynamic MR angiographic
method using a contrast agent and a digital mask
for cerebral AVM assessment. The technique has
been described as MR digital subtraction angiog-
raphy (MR-DSA) (19, 20).

Methods
During a 4-month period, 20 consecutive patients with an-

giographically confirmed brain AVMs, referred to our institu-
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tion for stereotactic radiosurgery, were recruited into this
study. The patient population consisted of 11 male and nine
female patients ranging in age from 15 to 62 years (median
age, 36 years). Eleven patients presented initially with hem-
orrhage, six with seizures, two with headache, and one with a
progressive right-sided weakness. Nine of the patients had un-
dergone previous embolization treatment, and one had also un-
dergone a craniotomy and open surgery. A further two had had
previous partially successful stereotactic radiosurgery.

All MR imaging was performed on a 1.5-T superconducting
system with 27-mT/m maximum gradient strength used in con-
junction with a head coil. All patients were referred for MR
imaging, in keeping with accepted clinical practice at our in-
stitution, and informed consent was obtained in all cases. Axial
dual-echo images were obtained with a fast spin-echo sequence
at 2900/87.5,12.5 (TR/TE), a 256 3 192 matrix, a 908 flip
angle, a 23-cm field of view (FOV), and a 5-mm slice thick-
ness with a 2-mm interslice gap. Sampling bandwidth was
20.83 kHz and the phase sampling ratio was 0.820.

MR-DSA methodology was modified from Aoki et al (19).
Sixty images were obtained using an RF-spoiled 2D Fourier-
transformation steady-state technique, which permits one im-
age per second. Imaging parameters for the gradient-echo se-
quence were 7/2 (TR/TE), a 408 flip angle, a 23-cm FOV, a
256 3 150 matrix, and a slice thickness of 6 to 10 cm. The
phase sample ratio was 1.0 and the bandwidth was 50.0 kHz.
Slices were orientated to give projections equivalent to those
produced by CCA. In any given imaging domain (axial, lateral,
reverse Towne), one run was conducted as a mask and a second
run was obtained during the passage of a bolus of 6 to 10 mL
(concentration, 0.5 M) of gadopentetate dimeglumine followed
by a 10-mL saline flush. A separate contrast bolus was used
for each anatomic projection. This was administered at a rate
of 3 mL/s via a power injector (Medrad Spectris, Medrad,
Netherlands) through an 18-gauge intravenous cannula inserted
into the antecubital fossa vein (21). The quantity of contrast
material varied according to nidus size, as determined from the
standard fast spin-echo images, to optimize nidus visualization:
6 mL of full-strength gadopentetate dimeglumine was used for
small (,3 cm) AVMs and 10 mL for medium-sized (3–6 cm)
AVMs. After imaging, the mask run for a particular imaging
plane was subtracted from the contrast run using proprietary
software, and then viewed using video reversed cine. A max-
imum of 20 mL of gadopentetate dimeglumine was adminis-
tered to any one patient.

CCA was conducted pretherapeutically under stereotactic
conditions. A Leksell model G stereotactic coordinate frame
(Elekta Instruments, Atlanta, GA) was secured to the patient’s
head using a local anesthetic at the four sites of pin insertion.
Limited selective transfemoral cerebral angiography was per-
formed, and standard film-screen techniques and intraarterial
digital subtraction were used to obtain anteroposterior, lateral,
and oblique views. Images were printed with a 512 3 512
matrix, a 1- to 7-cm FOV in the anteroposterior plane, and a
25-cm FOV in the lateral plane. Dose planning was performed
with Gammaplan software (Elekta Instruments), which enabled
radiographic magnification factors to be accounted for and
used as a basis for subsequent measurements of nidal size.

There are several ways of classifying brain AVMs, but the
most widely accepted was put forward by Spetzler and Martin
(22), who scored AVMs with respect to nidus size, type of
venous drainage, and anatomic eloquence. In our study, the
location of the AVM was determined from cross-sectional im-
aging, as is current working practice, and assessment of MR-
DSA images was based on the standard Spetzler-Martin cri-
teria. Note was also made of the presence or absence of any
associated vascular anomalies.

The association of intracranial aneurysms with AVMs has
been well documented in the literature (23, 24). A widely ac-
cepted system for categorizing the AVM-aneurysm relation-
ship, however, has yet to be established. Our classification fol-

lows that proposed by Redekop et al (23), who categorized
aneurysms as intranidal, flow-related, or unrelated to the AVM.
In keeping with this classification, intranidal aneurysms are
those that fill early, before substantial venous filling occurs,
and are localized within the boundary of the nidus. Venous
pouches, venous dilatations, and simple angiomatous changes
were excluded.

Two trained observers, both blinded to the results of either
study, retrospectively reviewed both the CCA and MR-DSA
images independently. Cases were reviewed randomly, and
conflicting interpretations were resolved by consensus.

AVM size was described in three dimensions: craniocaudal
and anteroposterior measurements were determined on a lateral
view and mediolateral measurements on an anteroposterior or
Towne view. The maximum linear dimension of the AVM ni-
dus was compared with CCA findings, and the standard cor-
relation coefficient was obtained for the two techniques. Deep
venous drainage was graded as either present or absent.

Results
Twenty-one AVMs were found in the 20 pa-

tients. One patient had bilateral, mirror-image pa-
rietal AVMs, only one of which was considered for
stereotactic radiosurgery; the second AVM was not
included in further analysis (Fig 1). The anatomic
locations of the 20 AVMs are listed in Table 1.
Nineteen of the 20 AVMs were considered to be
eloquent. An AVM of the corpus callosum is shown
in Figure 2. Table 2 summarizes the findings by
both observers. MR-DSA depicted 19 of the 20
AVMs, giving a sensitivity of 95% for nidus de-
tection. Both observers missed a 10-mm AVM in
the right temporal lobe. Although the abnormality
was apparent at CCA, the findings were considered
to be subtle. The AVM was delineated on MR im-
ages only by the presence of a slightly enlarged
draining vein.

Determination of Nidus Size
Figure 3 is a scatter plot comparing nidus size

as represented by MR-DSA and CCA. The results
show reasonable agreement between the three or-
thogonal plane measurements and excellent corre-
lation between the maximum linear dimension that
was used for the Spetzler grading (Pearson corre-
lation coefficient, r 5 .953, P 5 .01). The MR-
DSA axial images (see Fig 4) were not used in this
analysis, as there were no equivalent CCA projec-
tions for comparison. In the 19 AVMs shown by
both methods, there was complete agreement be-
tween CCA and MR-DSA for classification of ni-
dus size: 13 were identified as small (,3 cm) and
six as medium sized (3–6 cm).

Venous Drainage
CCA showed 12 AVMs to have superficial ve-

nous drainage only and eight to have both deep and
superficial drainage. As described previously, MR-
DSA failed to show one AVM. Of the other 19,
MR-DSA and CCA findings agreed in 18 of 19
cases. In one case, MR-DSA incorrectly showed
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FIG 1. 54-year-old patient with Wyburn-
Mason syndrome and bilateral mirror-im-
age parietal AVMs.

A, Axial T2-weighted (2900/87.5/2) im-
age shows flow voids in both AVMs and
the set-up acquisition block for the antero-
posterior projection MR-DSA. Note that the
anterior cerebral arteries are not included.

B, Right carotid selective conventional
catheter angiogram shows the right-sided
AVM.

C–E, Several stages of MR-DSA during
the passage of a contrast bolus in a Towne
projection. Early arterial phase (C), late ar-
terial phase (D), and early venous phase
(E).

TABLE 1: Anatomic locations of 20 arteriovenous malformations

Location
No. of

Cases (%)

Supratentorial 18 (90)

Lobar 13 (65)

Frontal
Parietal
Temporal
Occipital
Multilobar

1
3
3
2
4

Basal ganglia
Corpus callosum

4 (20)
1 (5)

Infratentorial 2 (10)

Cerebellum 2 (10)

deep venous drainage that was not confirmed by
CCA.

Spetzler-Martin Grade
From the previous results, it is possible to com-

pare MR-DSA and CCA in terms of the Spetzler-
Martin classification system. Eighteen of the 20
AVMs were correctly classified by MR-DSA find-
ings: eight were grade II, seven were grade III, and
three were grade IV. The AVM not seen at MR-

DSA was a grade II lesion, and one grade II AVM
was incorrectly classified as grade III.

Associated Vascular Anomalies

Flow-related aneurysms were seen in two (10%)
of the 20 cases. In one case, a right pericallosal
artery aneurysm was seen by both observers on
MR-DSA images and was shown with a second
anterior communicating artery aneurysm, agreed
upon after review, on CCA images (Fig 5). In the
second case, a left cerebellar AVM was shown to
have multiple feeding arteries on both CCA and
MR-DSA images. Neither observer reported a
false-positive finding on MR-DSA images. CCA
showed one AVM to have a small intranidal an-
eurysm that was not seen by either observer on the
MR-DSA images. No unrelated aneurysms were
depicted by either technique.

Discussion
The risk of complications from catheter angiog-

raphy in young or middle-aged patients with brain
AVMs is low. Nonetheless, the development of non-
invasive angiographic techniques remains a justifi-
able goal in terms of cost, radiation protection, and
patient comfort. Owing to the low risk of cerebral
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FIG 2. 36-year-old man with a corpus callosum AVM that extends into the left lateral ventricle.
A, Axial T2-weighted (2900/87.5/2) image though the level of the nidus with set-up acquisition block for lateral projection MR-DSA.
B, T2-weighted image shows the nidus extending into the left lateral ventricle.
C, Left carotid selective conventional catheter angiogram shows the AVM.
D–F, Several stages of MR-DSA during passage of a contrast bolus in a lateral projection. Early arterial phase (D), late arterial phase

(E), and early venous phase (F).

angiography in patients with AVMs, the diagnostic
accuracy of noninvasive imaging techniques, such
as MR angiography and CT angiography, must be
comparable to that of CCA if they are to be used as
a substitute for CCA (25).

During the 1980s, MR angiography emerged as
an important radiologic tool and, at the forefront,
was TOF MR angiography (26). Three-dimensional
TOF MR angiography permits 3D delineation of
the vascular architecture and, as such, has proved
to be of great value in many neuroradiologic sce-
narios. MR angiography, in conjunction with CCA,
is used in planning stereotactic radiosurgery and
radiation dose at many neurosurgical centers (18,
27). CCA images provide only a 2D projection of
the 3D nidus, which introduces many problems, in-
cluding making it difficult to define the medial con-
tour. This can occasionally compromise nidal
assessment, which may result in a suboptimal ra-
diation dose. Developers of new imaging tech-
niques must balance their ultimate goal of gaining
optimal diagnostic information against the resultant
effects on treatment (28). Thus, 3D-TOF MR an-
giography is an adjunct to CCA, but not a replace-

ment. It has been shown that when this technique
is used to image brain AVMs, it cannot consistently
depict small vessels and regions of slow blood flow
(26). Slow flow, whether in small arteries or drain-
ing veins, results in saturation from repeated RF
pulses and subsequent loss of clarity of vessel de-
lineation (29, 30). This is complicated by the anat-
omy of the nidus, in which multidirectional flow
causes further signal saturation, making arterial and
venous differentiation difficult and highly subjec-
tive (18, 31). The use of the T1 shortening property
of gadopentetate dimeglumine helps to overcome
the saturation effects of slow flow (26). Three-di-
mensional TOF MR angiography also suffers from
a lack of dynamic information; the presence of an
early draining vein is sufficient to diagnose AVMs
on CCA images and this is often not possible on
TOF studies. Hence, there are significant problems
in assessing AVMs by TOF MR angiography.

Radiosurgery may take from 2 to 3 years to
obliterate brain AVMs completely; however, good
results are common, with 80% of patients showing
complete angiographic obliteration after this laten-
cy period (11, 32–37). Complete obliteration has
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TABLE 2: Summary of findings in 20 patients with arteriovenous malformations

MR Imaging
(Observer 1)

Digital Subtraction
Angiography
(Observer 2)

MR Imaging/
Digital Subtraction

Angiography
Consensus

Conventional Catheter
Angiography

Intertechnique
Agreement

(%)

Demonstration of nidus 19/20 19/20 19/20 20/20 95

Nidus size

,3 cm
3–6 cm

13/20
6/20

13/20
6/20

13/20
6/20

14/20
6/20

93
100

Venous drainage

Superficial only
Deep only
Superficial and deep

10/20
5/20
4/20

10/20
4/20
5/20

10/20
5/20
4/20

12/20
5/20
3/20

90

Spetzler grade

II
III
IV

8/20
8/20
3/20

8/20
8/20
3/20

8/20
8/20
3/20

10/20
7/20
3/20

90

Aneurysms

Flow-related
Intranidal

2/2
0/1

2/2*
0/1

2/2
0/1

2/2
1/1

100
0

* Both patients had multiple aneurysms, one aneurysm in one of the patients was not seen initially by observer 2 but was seen and agreed upon
at consensus.

FIG 3. Scatter plot of maximum measured diameter of AVM ni-
dus on MR-DSA against that measured on CCA with the line of
best fit shown; calculated Pearson correlation coefficient, r 5
.953, P 5 .01.

been defined by Steinberg et al (38) as ‘‘the ab-
sence of any angiographically visible arteriovenous
shunt.’’ Within the stated latency period there re-
mains a potential risk for hemorrhage (7, 11, 35,
39, 40), and the recognition of complete oblitera-
tion is central for further patient management.
There are no published data on optimal follow-up
procedures after radiosurgery (32), but most insti-
tutions offer follow-up CCA 2 years after treat-
ment. This will mean a minimum of three angio-
graphic assessments, one for diagnosis, one for
prestereotactic planning, and one for follow-up.

MR-DSA has potential benefit for noninvasive
evaluation of AVMs in diagnosis, radiosurgical
dose planning, and posttreatment assessment.

Recent reports have shown that MR-DSA has
proved to be capable in providing dynamic angio-
graphic images with a short acquisition time. Wang
et al (20) studied the somatic vasculature of 28 pa-
tients with dynamic angiographic MR-DSA and
contrast enhancement. Hennig et al (41) used a
similar technique in 24 patients, and reached a
comparable conclusion. Aoki et al (19) showed
clear arterial and venous phase separation in 35
cases of cerebrovascular disease, including three
brain AVMs.

The use of MR-DSA to study brain AVMs has
proved encouraging. A sensitivity of 95% for nidus
detection is comparable or superior to that of 3D-
TOF MR angiography (42). The limitations at pre-
sent are the lack of in-plane anatomic resolution
and a lengthy acquisition time of one image per
second. Because the intracranial circulation has a
short time interval between arterial and venous
phases, small early draining veins and simple small
arteriovenous shunts may be missed. Moreover, the
opportunity to acquire high-resolution images is
limited (26).

MR-DSA showed 100% correlation with CCA
with respect to Spetzler-Martin size classification
in 19 of the 20 AVMs visualized. Dynamic imaging
is required for accurate nidal measurement in order
to separate arterial and venous structures. However,
nidal measurement is highly subjective, and as
such, further analysis beyond that of Spetzler-Mar-
tin grouping is of limited value. A degree of mea-
surement variability is to be expected, not only be-
cause of the subjectivity of the measurement but
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FIG 4. 31-year-old woman with a left temporal lobe AVM.
A, Coronal T2-weighted (2900/75/1) single-shot echo-planar image shows the set-up acquisition block for the axial projection MR-DSA.
B, T2-weighted 2900/87.5/2 axial section through the level of the nidus.
C, Early arterial phase axial projection MR-DSA shows the contour of medial border (arrows). This contour cannot be depicted with

CCA.

FIG 5. 62-year-old man with an occipitoparietal AVM.
A, Axial T2-weighted (2900/87.5/2) image shows the set-up acquisition block for the lateral projection MR-DSA at the level of the

nidus.
B, Lateral projection from a selective right internal carotid conventional catheter angiogram shows a flow-related aneurysm on the

pericallosal artery (arrow).
C–E, This projection not only shows the nidus in the early arterial phase but also the flow-related aneurysm (arrow, C). In addition,

there is an anterior communicating artery aneurysm, not well shown on this projection, which was noted by consensus at review. Late
arterial phase (D), early venous phase (E).
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also because of the MR-DSA in-plane resolution of
256 3 150 (used for speed optimization) against
512 3 512 resolution of CCA. We found dynamic
MR-DSA of value in identifying venous drainage,
allowing 90% of AVMs to be correctly graded by
the Spetzler classification.

The prevalence of flow-related aneurysms shown
in the present study is in keeping with that found
in larger series (23, 24). The impact of partial or
complete AVM obliteration on the natural history
of such aneurysms remains unclear, and thus the
need for treatment of an incidentally discovered co-
existing aneurysm remains controversial (23). In-
terpretation of intranidal aneurysms is highly sub-
jective and viewer-dependent (23). Thus, any
comparison of imaging methods in this regard is
also necessarily highly subjective; for example, in
differentiating a late-filling aneurysm from an ear-
ly-filling venous pouch. Flow aneurysms are more
easily defined, and comparisons between MR-DSA
and CCA in this regard proved comparable in our
study population. However, this success is viewed
with a degree of caution. Complete assessment of
the intracranial vessels would benefit from superior
spatial and temporal resolution, particularly in the
assessment of abnormalities associated with AVMs,
such as intranidal aneurysms or venous drainage
stenoses, which are associated with a higher risk of
hemorrhage. Therefore, MR-DSA cannot replace
the initial diagnostic study because of those limi-
tations, and we recommend the use of this tech-
nique as an adjunct to catheter angiography at the
present time.

MR-DSA provides valuable information by pro-
ducing images in the axial plane (see Fig 4C). Ax-
ial images are not obtainable with CCA, and unless
standard MR or CT studies are available for plan-
ning purposes, the medial contour cannot be
planned accurately during stereotactic radiosurgery.

Although gadolinium-based contrast material is
safe to use in high volumes, we have not found
that this is an advantage with this method. At pre-
sent, the dose per run is empirically based on the
size of the nidus as determined from cross-sectional
imaging. The comparatively small volumes of con-
trast agent that we administered led to better delin-
eation of arterial, nidal, and venous anatomy be-
cause of the compactness of the bolus. A further
benefit of using a lower volume of gadolinium che-
lates is the minimization of image degradation after
repeated injections for different projections. The
combination of low-volume contrast material and a
mask method resulted in little discernible loss of
image quality on the second or third angiographic
run. The use of even smaller volumes of gadolini-
um chelates with higher concentrations should im-
prove the technique.

Conclusion
The technique described in this article cannot re-

place CCA at present. CCA combines superb ana-

tomic resolution (approximately 0.5 mm when us-
ing a 512 matrix or 0.25 mm when using a 1024
matrix, with a 25-cm FOV) with excellent temporal
resolution. Most centers rely on four to six frames
per second when assessing AVMs, and many mod-
ern angiographic units can produce 24 frames or
more per second. The MR-DSA technique de-
scribed here used a 256 matrix and an acquisition
time of one frame per second, which limited its
diagnostic utility. Our initial results with MR-DSA
are encouraging, but further improvements are re-
quired before we can draw firm conclusions re-
garding its usefulness in planning radiosurgery and
in accurately confirming nidal involution.
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