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Abstract

Purpose: Traditional, orthogonal digital subtraction angiography (DSA) has been the gold standard in the diagnosis of
Arteriovenous Malformation (AVM) and in nidus delineation for its treatment using stereotactic radiosurgery (SRS), notably
with the GammaKnife. The progressively advanced Time-evolved, CTA, MRA and rotational angiography that are capable of
accounting for haemodynamic features of AVM have made them attractive alternatives. However, the maximum intensity
projection (MIP) that is a frequent tool in AVM analysis has not been easily integrated with most treatment planning systems.
Herein, a novel technique is presented that allows conversion of the MIP images of the nidus to axial images. As such, contours
of the AVM nidus can be established more accurately for SRS treatment when DSA is not available.

Methods: In the proposed method, the AVM nidus delineated on the MIPs from multiple projection angels are back-projected
to obtain a “reconstructed” 3D AVM nidus volume. Adjusting the threshold accordingly, the nidus border can then be

reconstructed and transcribed onto the axial images.

Results: The method was tested on a digital phantom with an artificial AVM volume, as well as on a patient MRA data set
containing a real AVM. The reconstructed AVM contours, when compared to that of direct delineation from axial images, show

satisfactory agreement in both phantom and in a clinical example.

Conclusions: Using MIP from 4D MRA or CTA to facilitate AVM nidus delineations demonstrates both technical feasibility and
potential clinical advantages for SRS of AVM.

Keywords: Delineation; Radiosurgery; AVM; Back-Projection; MRA; MIP

Abbreviations: DSA: Digital Subtraction Angiography; Radiosurgery; MIP: Maximum Intensity Projection; 3DRA:
AVM: Arteriovenous Malformation; SRS: Stereotactic 3D Rotational Angiography.
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Introduction

Arteriovenous malformation (AVM) is an irregular
connection bypassing the capillary system, directly
diverting blood from the arteries to the veins. AVM can
occur in any location, but it is most commonly found in
the brain and spine. Most AVMs could be asymptomatic.
However, a cerebral AVM may cause haemorrhages,
headaches, epileptic seizures or difficulties with movement
coordination [1,2]. About half of AVM cases were diagnosed
throughincidental findings, while the half were due to onsets
of complications. There are different types of treatments
available for AVM, such as conventional microsurgery,
endovascular embolization, and stereotactic radiosurgery
[3,4]. Conventional surgery is not recommended for high-
risk or deep brain regions, which may cause haemorrhages
or seizures. Endovascular embolization is usually applied as
an adjunct to surgical resection or stereotactic radiosurgery
(SRS). Among them, radiosurgery is the most appropriate
alternative for small AVMs in an area where they are
difficult for surgical operation or restricted by using other
treatments [5-8].

Stereotactic radiosurgery, having successfully treated
AVM for years, delivers high-dose of radiation to induce
a series of histopathological responses and eventually
obliterate the AVM nidus. Although biological dose response
and clinical effects are different, the SRS treatment planning
for AVM usually follows the procedure used for malignancies
[9-11]. An important step for radiosurgery planning is to
delineate AVM nidus on one or multiple types of imaging
modalities. Traditionally, starting from GammaKnife, bi-
planar DSA has been the gold standard for nidus delineation.
The progressive advances in the development of 4D CT
angiography and MR angiography using Time-of-flight or
Time-evolved technique has made haemodynamic features of
AVM accessible [12-17], and prompted the rapid application
of 4D MRA and CTA in the treatment planning for AVM target
delineation [18,19]. DSA images used to define the AVM nidus
are orthogonal 2D volume projections [20,21]. The contours
of AVM nidus delineated from the DSA projections are co-
registered onto the conventional MRI or CT axial images for
dose computation [22,23].

While 4D MRA and CTA are gaining wider application,
DSA continues to be used in the Gamma Knife planning
system. However, DSA contouring features are not available
in most of the other SRS planning and delivery systems.
Additionally, when using 4D MRA or CTA, AVM nidus is
delineated exclusively on axial images in all commercially
available treatment planning systems.
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Due to the uniquely intricate architecture of AVM,
volumetric projections continue to be an indispensible
method of evaluating and determining the nidus. A study
demonstrated that the targeted AVM delineated on MRA
(axial images) are larger than those delineated on DSA
[24]. Another study found that substantial inter-observer
variations exist when contouring brain AVMs on DSA [20].
To extend the capacity of traditional DSA, 3D rotational
angiography (3DRA), or Time-resolved DSA has been an
active on-going technical development to obtain multi-
angular volumetric projections. The 3DRA was then even
recommended by some studies as the new gold standard,
to improve the accuracy and consistency of AVM contouring
[25,26]. Consistent with such perspective, in any current
commercial 4D MRA and CTA system, volumetric projection
in the form of Maximum-Intensity Projection (MIP) has
always been available as an integral part of analytical
“tool-box” and has been under continuous improvement
[19,27,28]. This suggests logical advantages of combining
thin sectional images with MIPs when using 4D MRA or CTA
to describe an AVM, and has motivated the development
of a tool that can effectively utilize MIPs from MRA or CTA
and incorporate them into SRS planning. The method and
the software described in this technical note will allow
the use of MIP images from MRA or CTA to facilitate more
accurate delineation of AVM nidus in the axial images that
are compatible with all treatment planning systems.

Methods and Materials

In this report, an MRA image set containing an AVM was
used to demonstrate the developed method.

Following conventional definitions, we define the
system of coordinates as the following: the X-axis represents
medial/lateral direction; the Y-axis, anterior/posterior
direction; and the Z-axis, superior/inferior direction. As
aforementioned, the key objective of this method is to
delineate AVM on the MIP images and then transcribe to
the sectional (for example, axial) images. To focus on the
AVM nidus, the volume containing AVM is isolated first
to form an AVM sub-dataset and used to generate MIP
images. The number of projections can be user-defined.
On each MIP image, the AVM nidus is delineated. After
obtaining contours on all MIP images, back-projections are
performed to generate a new 3D dataset that contains AVM
information. This new dataset is then processed by section
to delineate the region of back-projected intersections,
forming the reconstructed region of AVM nidus. The region
of the AVM nidus is then co-registered with the MRI and/
or CT images for dose planning. Figure 1 illustrates the
procedure of this MIP-based AVM contouring method.
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Figure 1: Flow chart of the 3D AVM contouring procedure.
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Technical details are described by the following
step-by-step procedure:

Creating MRA Sub-Dataset

In order to eliminate the irrelevant image content, the
AVM volume is first isolated by drawing a rectangular ROI
on a MRA axial image, sufficiently large to enclose the whole
AVM. The ROI is then extended to include all MRA axial
images. All voxels outside of the rectangular cuboid are then
removed to form a new 3D dataset, called AVM sub-volume
(Figure 2). The AVM sub-volume has the same coordinates
(xy,2) as the raw MRA dataset.

the AVM.

Figure 2: A ROI volume is defined to enclose the target nidus volume. The size of the ROI is determined by the largest x, y and
z dimensions of the AVM region throughout all slices. The images show the ROI (blue rectangles) in different slices enclosing

3D Projection of AVM on MIP Images

By creating maximum intensity projection or MIP images,
perpendicular to the z-axis, projected AVM volume can be
visualized. Figure 3 shows the MIPs projection angles around
the x-axis from 0° and 90°, respectively. Each MIP is a 2D
image, representing composite 3D projection perpendicular
to the z-axis. The developed method allows the user to

select the number (N) of projections with specified angular
intervals. Because the projections are centrosymmetric, the
projection angles range from 0° to 180°. For example, if N =
10, then 6 = 0°, 18°, 36°, 54°, 72°,90°, 108°, 126°, 144°, and
162°, and 10 MIPs will be generated. In this dataset, called
MIP angiogram, each MIP image is on a projected x*-z plane
defined by the coordinates (x,z,0), with .

images at 0° and 90°, respectively.

Figure 3: After the AVM sub-volume is extracted, projection onto the x"-z plane results in an MIP image. The left panel illustrates
the stacked AVM volume and its reference coordinate frame. The right panel shows the projected AVM volume on two MIP
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Delineation of AVM on MIP Angiogram

Following the generation of the MIP Angiogram, the AVM
nidus can be delineated (Figure 4). Since the MIP images can
be generated from multiple arbitrary angles, one can always
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chose the projections in which the AVM nidus can be better
appreciated. Subsequently, another new dataset, with the
same coordinate of (x,z,60) as the MIP angiogram, will be
generated, called the AVM projection-contour volume.

Figure 4: Top row: MIP images from different projected angles. Bottom row: Contours delineated by one of the physicists. Each
horizontal dotted line crossing the MIPs indicates the z-positions used for subsequent axial reconstruction.

Reconstruction of AVM Volume from MIP Projections

As most TPSs (Treatment planning systems) cannot use
MIP angiograms (AVM projection-contours) for planning and
dose computation, the contoured AVM nidus on the MIPs has
to be transcribed to the sectional images. From the MIP AVM
contour dataset (x,z0), we can obtain a 3D volume matrix
by performing Radon-equivalent transformations along all z
positions. The axial AVM contours can be reconstructed from

the newly created 3D volume matrix that contains the AVM
volume computed from the intersection of back projected
MIP AVM contours.

Fusion of AVM Volume
The final step is to co-register or fuse the
reconstructed AVM contour with the planning MRI or CT.

threshold value and superimposed on the MRA images.

Figure 5: Top row: Axial slices (z-position as indicated by the dash line in figure 4) of the 3D volume matrix resulting from
the radon transform of the MIP contours. Bottom row: AVM contour in corresponding axial slices based on a user defined
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Since the AVM volume is defined in the same coordinates so as to optimize the delineation process. Through this
as the MRA dataset and the AVM projection-volume is fusion or co-registration process, MIP-based AVM contours
centrosymmetric, the reconstructed contours can be easily are subsequently transcribed to all image sets. Figure 5
registered to MRA scans. A user-adjustable thresholding tool demonstrates the reconstruction process.

is provided to modify the shape of the reconstructed contour

Figure 6: Top row: Reconstructed AVM contours, by using a user-adjustable thresholding tool are superimposed on the axial
MRA images. Bottom row: Registration of the retrieved AVM contours on T1 MRI images.

GUI Design and Associated Tools developed in the MatLab (Mathworks, MA) environment and
A GUI (graphical user interface) was developed to converted into a standalone application that can be executed
facilitate the aforedescribed procedures. The software was on any operating system.

Figure 7: Interactive Graphic User Interface of 3D AVM contour tool. Two left images show the original MRA and MRI images;
the right image shows the fused AVM nidus contour overlaid on the original MRI image. Associated graphical tools and user-
adjustable values are also provided by the application.
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Results

It is not in the scope of this report to discuss the best
way to identify AVM nidus on MIPs of MRA or CTA. Rather
we focus on the aim of transcribing a contour delineated
on a set of MIPs to the raw sectional images. In order to
quantitatively evaluate the method’s robustness, a digital
phantom that mimics an AVM and surrounding tissues was
generated to serve as the “ground truth”. Again, we assume all
the clinically essential features including the hemodynamic
information have been contained in the phantom dataset.
The main goal is to determine the accuracy of geometric
data processing. The digital phantom contains 256x256x256
voxels. Located within the 3D matrix, there is an ellipsoid-
like object consisting of connected, semi-connected or
disconnected clusters (variable high intensity pixels),
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surrounded by a randomly generated fiber-like background.
Ovals on each slice were designed to be the same length/
width ratio 1:0.6875, which in the middle slice (z=127)
shows a maximum size 2cm x 1.375cm. We performed the
aforedescribed procedures and compared the reconstructed
contours with that delineated directly from the raw dataset
(ground truth): MIPs were generated from the raw phantom
dataset; “AVM” contours were delineated from the MIP
images; back projection was performed to create a new 3D
dataset with all MIP-based AVM contours intersected; The
sectional contours were reconstructed, fused and transcribed
onto the original axial images (Figure 8). Five settings were
used to run the test with the number of MIP projection set to
5,10, 15, 20 and 26. The test on each projection setting was
performed three times each time by a different physicist.

Figure 8: Top row: Slices of designed phantom at different levels (the x-y plane images); Second row: Projections of the
phantom from different angles (the MIP images), delineations were performed by an operator; Third row: Back projection of
lines from the MIP images, the region formed by all intersections of the back projection indicates the shape of AVM; Forth row:
Retrieved contours of the simulated AVM are superimposed on the original sectional images.
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The quantitative evaluation of contour error was carried
out by calculating average ‘radius’ difference between
reconstructed contours and original ellipsoid-like object.
‘Radius’ is the distance between geometric center of ellipsoid-
like object and any point on its surface. The total contour
error is in turn defined by the compounded Average Radial
Overestimation (ARO) and Average Radial Underestimation
(ARU). The ARU is a measure of the underestimation of
the radius. The ARU is computed in three planes going
through the geometric center of the AVM: axial, sagittal,
and coronal. The ARU is the average underestimation of
the radius averaged over angle and sampled every degree.
When the contoured radius is equal or larger than the true
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radius, the underestimation is zero. The ARO rate indicates
overestimation and is measured in a similar way to the ARO
rate. The ARO rate is computed in three planes going through
the geometric center of the AVM: axial, sagittal, and coronal.
The ARO rate is the average overestimation of the radius
averaged over angle and sampled every degree. When the
contoured radius is equal or smaller than the true radius, the
overestimation is zero.

Table 1 shows the results from all test runs. In this
phantom study, the contour errors range from 0.487+0.38mm
(15 projection MIPs) to 0.816+0.38 mm (5 projection MIPs).

Number of projections Contour error (mm) ARU (mm) ARO (mm)
5 0.816+0.28 0.478 0.29
10 0.622+0.26 0.328 0.269
15 0.487+0.28 0.239 0.234
20 0.655+0.50 0.206 0.433
26 0.795+0.35 0.157 0.622

Table 1: Contour error (Average Radial Underestimation and Average Radial Overestimation) of the AVM nidus volume, calculated
by the percent difference between the ground truth “AVM nidus” volume and the volume enclosed by the retrieved ROI contours.
For each of the five settings, the test was repeated three times each time with a different physicist.

Discussion

Based on the experiment’s results performed on the AVM
digital phantom, sub-millimeter accuracy can be achieved
with the described contouring technique. It is noted that
the more projections, the lower rate of ARU contouring. In
principle, large number of projections will eventually be able
to reduce the rate of ARU to a negligible residue, i.e., back
projection intersections “filling” in every voxel of the nidus.
However, in addition to the burden of contouring many MIP
images, more projections also induce higher rates of ARO
contouring, i.e., back projection “smoothing” the surface
of the nidus. A high ARO rate will damage normal tissues.
Our experiments show that about 15 projections yield the
minimum matching error. The delineations were conducted
3 times by a different physicist each time. The low standard
deviations imply the reliability of the evaluation.

Conclusion

Although the MIP images from 4D MRA and CTA resemble
conventional digital-subtraction angiograms and often offer
important perspectives for visualizing AVM nidus, they are
not readily usable by most of treatment planning systems for
radiosurgery. The technique and software described in this
paper allows AVM nidus to be contoured on the MRA or CTA
MIPs and then conveniently transcribed onto axial images,
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ready to be imported by DICOM into any TPS for treatment
planning. This may offer additional clinical advantages when
projection views are crucial to appreciating the AVM nidus
structure and the sectional images alone are insufficient.
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