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Abstract
Direct surgery remains important for the treatment of superficial cerebral arteriovenous malformation
(AVM). Surgical planning on the basis of careful analysis from various neuroimaging modalities can
aid in resection of superficial AVM with favorable outcome. Three-dimensional (3D) magnetic
resonance (MR) imaging reconstructed from time-of-flight (TOF) MR angiography was developed as an
adjunctive tool for surgical planning of superficial AVM. 3-T TOF MR imaging without contrast medium was performed preoperatively in patients with superficial AVM. The images were imported into
OsiriX imaging software and the 3D reconstructed MR image was produced using the volume rendering
method. This 3D MR image could clearly visualize the surface angioarchitecture of the AVM with the
surrounding brain on a single image, and clarified feeding arteries including draining veins and the
relationship with sulci or fissures surrounding the nidus. 3D MR image of the whole AVM angioarchitecture was also displayed by skeletonization of the surrounding brain. Preoperative 3D MR image
corresponded to the intraoperative view. Feeders on the brain surface were easily confirmed and obliterated during surgery, with the aid of the 3D MR images. 3D MR imaging for surgical planning of superficial AVM is simple and noninvasive to perform, enhances intraoperative orientation, and is helpful for successful resection.
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Introduction
Endovascular embolization and radiosurgery have
been proposed as treatment options for the treatment of cerebral arteriovenous malformations
(AVMs), but microsurgery remains an important
treatment modality.9) However, surgical resection of
a cerebral AVM often represents one of the most
technically challenging procedures for neurosurgeons. Morbidity and mortality rates of microsurgical resection of AVM vary from 7.8–30% and
0–12.5%, respectively.1,4,8,14) Various factors affect
the surgical outcome in cases of AVM, including
Spetzler-Martin grade, compact or diffuse type of a
nidus, presence of deep perforating arteries as feeders, and presentation with hemorrhage.5,12,16) One of
the important factors for successful resection is a
presurgical plan based on careful analysis of neuroimaging findings. Careful surgical planning will optimize operative exposure, reduce operative time,
minimize blood loss, reduce potential complications, and improve overall outcomes.15) Contemporary planning can be carried out with two-dimensional
imaging including conventional angiography, computed tomography (CT), and magnetic resonance
(MR) imaging. However, methods of three-dimensional (3D) imaging including CT angiography, MR
angiography, and rotational digital subtraction angiography (DSA) can be helpful in the surgical planning of AVM. 3D angiography can display the
unique AVM angioarchitecture with spatial relationship to feeding arteries, nidus, and draining veins,
but cannot demonstrate the details of the AVM components and surrounding brain on a single image.
Recently, various 3D reconstructed images can be
easily obtained using the volume rendering method.
Here, we describe 3D MR imaging for surgical
planning of superficial AVM, based on time-of-flight
(TOF) MR imaging without contrast medium using
the volume rendering method, which allows concurrent display of the cerebral vasculature, AVM angioarchitecture, and the surrounding brain.

Macintosh laptop personal computer (Apple, Inc.,
Cupertino, California, USA) running OS X and open
source OsiriX imaging software (version 3.2.1; OsiriX Foundation, Geneva, Switzerland; free download from http://www.osirix-viewer.com/). The Digital Imaging and Communications in Medicine
(DICOM) images of TOF MR imaging were inverted.
The OsiriX volume rendering algorithm was used to
produce 3D reconstruction of the TOF MR images
by selecting the color of the virtual reality musclesbones and window level/width 200/300. Unneeded
structures on the lesion, including the scalp, skull,
and dura mater, were deleted using the scissors tool.
Surfaces of the AVM angioarchitecture and the surrounding brain were visualized. The surrounding
brain was skeletonized and a 3D image of the whole
AVM angioarchitecture was displayed. This image
could be rotated for viewing from various angles, including the expected surgical approach. These images were transformed into cine mode during
change of the window level/width.

Illustrative Case
A 15-year-old man presented with a 10-year history
of recurrent seizure and was referred to our institution with a diagnosis of superficial AVM. DSA revealed a Spetzler-Martin grade III AVM in the right
frontal lobe, fed by branches of the right anterior
and middle cerebral arteries (Fig. 1). MR imaging
demonstrated the nidus in the right precentral gyrus. Functional MR imaging showed left hand motor
task activation located primarily in the right
postcentral gyrus. 3D MR images reconstructed
from DICOM images of TOF angiography displayed
the whole AVM angioarchitecture during skeletoni-

Methods
3D TOF MR imaging without contrast medium was
performed using a 3-T scanner (Magnetom TrioTim;
Siemens Medical Solutions, Erlangen, Germany)
and a standard head coil. Images were acquired using a gradient-echo sequence with the following
parameters: repetition time 20 msec, echo time 3.69
msec, flip angle 16 degrees, field of view 200 × 171
mm, matrix 448 × 269, slice thickness 0.6 mm. Obtaining the images took approximately 8 minutes.
Postprocessing was performed using an Apple

Fig. 1 Representative case of a 15-year-old man with
Spetzler-Martin grade III arteriovenous malformation
in the right frontal lobe. Digital subtraction angiograms
(right internal carotid artery injection) showing filling
of the nidus fed by branches of the anterior and middle
cerebral arteries, and the single drainer to the superior
sagittal sinus.
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Fig. 2 A–C: Preoperative three-dimensional (3D) magnetic resonance (MR) images of the whole arteriovenous
malformation (AVM) angioarchitecture, based on timeof-flight MR angiography without contrast medium,
showing spatial orientation of the lesion (A: anteroposterior view, B: lateral view, C: expected operative
view). D: Preoperative 3D MR image showing concurrent visualization of the surface of the AVM angioarchitecture and surrounding brain. The 3D images clarify
the relationship between the AVM angioarchitecture
and sulci or fissures surrounding the nidus; one of the
main feeders from the middle cerebral artery running in
a deep part of the nidus, and other feeding arteries on the
brain surface from the sulcus, and a single drainer
above the nidus running out to the superior sagittal sinus. E: Intraoperative photograph showing good correspondence to the preoperative 3D image.

zation of surrounding brain (Fig. 2A–C), and clearly
visualized the surface of AVM angioarchitecture
with the surrounding brain on a single image (Fig.
2D). 3D MR imaging demonstrated the feeding arteries including the draining veins, and the relationship with sulci or fissures surrounding the nidus.
Treatment planning emphasized resection of the nidus under intraoperative monitoring. Intraoperative
view of the brain surface including the lesion corresponded well to the preoperative 3D MR image
(Fig. 2E). After the primary motor cortex of the left
hand was mapped and confirmed on the right
postcentral gyrus, motor evoked potential was monitored. During surgery, all feeders except one vessel
feeding deep tissues of the nidus were easily confirmed and obliterated, and the nidus was totally
resected. DSA obtained 1 month after surgery
showed complete resection of the AVM (Fig. 3). He
presented with transient left hemiparesis postoperatively, but had fully recovered 3 months after surgery.
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Fig. 3 Postoperative digital subtraction angiograms
(right internal carotid artery injection) obtained at 1
month following resection showing complete resection
of the nidus.

Discussion
This study shows that 3D MR imaging of superficial
AVM could visualize not only the surface of the
AVM but also the surrounding brain on a single image, and corresponded well to the intraoperative
finding. 3D MR imaging of the whole AVM angioarchitecture was also displayed during skeletonization
of the surrounding brain. Surgical resection of AVM
depends on obliteration of all feeders before the
main drainer is sacrificed. Generally, the procedure
expose and identify the feeding arteries early in the
operation. The sulci and fissures surrounding the nidus are sharply dissected to allow identification of
feeders at a distance from the nidus.7,10) Therefore,
the good correspondence between the 3D MR imaging and intraoperative findings is helpful to allow
quick and easy confirmation of feeding arteries on
the surrounding gyri and sulci.
Recently, 3D interactive imaging systems or virtual reality systems have been developed for presurgical visualization, planning, and simulation of
many neurosurgical procedures.3,6,11,13) However,
these systems require several neuroimaging data
sets with or without contrast medium, proprietary
software, and computer workstations. The present
3D technique for visualizing complex angioarchitecture with the nearby brain surface in cases of superficial AVM uses only the DICOM data of TOF MR
angiography without contrast medium. TOF MR angiography without contrast medium is noninvasive
and effective, so is widely performed to evaluate
cerebral vasculatures and related lesions.2,17) The
technique uses OsiriX imaging software, which is a
free, open-source DICOM imaging software system,
can be installed on any Macintosh personal com-
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puter, and can be easily operated by a neurosurgeon
in a clinical environment. This technique does not
require proprietary software, workstation, contrast
medium, special MR imaging, or special training.
TOF MR angiography with a 3-T unit can visualize small arteries with a diameter of larger than approximately 1 mm, especially distal cortical arteries,
with excellent quality.6) TOF MR angiography generally does not demonstrate the cortical veins because
velocity encoding selects for arterial flow. However,
TOF MR angiography may depict the draining veins
because flow velocity in the drainers is higher than
in the normal cortical veins. Therefore, most information about the angioarchitecture including feeders, nidus, and drainers in AVM can be obtained
with 3-T TOF MR imaging. However, this technique
has a few limitations due to the nature of TOF MR
angiography. Hyperintensity of flow in a small nidus, nidus or drainer with relatively low flow velocity, and tiny vessels including perforating arteries
cannot be captured. Additionally, if the surrounding
brain of the lesion is skeletonized for display of the
whole AVM angioarchitecture, such tiny vasculatures and low flow velocity veins fade together with
the surrounding brain and are not clearly depicted.
Visualization of these vessels and the nidus may require MR angiography with contrast medium using
the TOF or phase contrast method. TOF MR angiography without contrast medium also cannot provide hemodynamic information of the AVM. Therefore, our technique is not superior to DSA. DSA is
currently the golden standard for diagnosis, surgical
planning, and follow-up examination of AVM, and
essential to understand the flow dynamics of the
malformation and to ascertain its nidus nature. Various 3D imaging methods can also visualize the complex AVM angioarchitecture with spatial orientation. However, the precise topographical relationship with the surrounding brain is not always adequately shown on such neuroimaging methods.
Therefore, 3D MR imaging may provide complementary spatial information for resection of
AVM.
3D MR imaging for surgical planning of superficial AVM, based on TOF MR angiography without
contrast medium, allowed concurrent visualization
of the AVM angioarchitecture and surrounding
brain. This technique is simple and noninvasive to
perform, improves intraoperative orientation, and is
helpful for successful resection.
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