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Abstract

Background and purpose: This work was undertaken to improve the definition of target volumes for radiosurgery using the angiographic
and CT data.

Materials and methods: The basis of this new method is to combine both imaging modalities and to compare them in each representation,
i.e. to plot the volume obtained by angiography on CT images and also the contours defined by the CT on angiographic films. To obtain the
angiographic volume, the radiographs are taken at several incidence angles. The X-ray sources position and the position of the films are
determined using rectangular markers, then the intersection of all the loci of the target volume are calculated.

Results: Verifications with a phantom show the accuracy of the procedure and the benefit obtained by increasing the number of angles of
incidence in the angiographic imaging. The centre of gravity of the experimental target could be localized to an accuracy of better than 0.4
mm. The method was used in 11 clinical cases with excellent clinical results.

Conclusions: The method can be easily applied and improves the delineation of target volumes in radiosurgery. CT data counterbalances
the relative weakness of angiography concerning the three-dimensional geometry. Angiography adds useful information on the blood flow
that is not shown in CT. Almost all the presented clinical cases benefit from the technique described here. 1997 Elsevier Science Ireland
Ltd.
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1. Introduction

Stereotactic radiotherapy and single fraction radiosurgery
have a long history [12,13]. However, it is only with its
implementation on linear accelerators that the use of this
high precision technique has become more widespread
[8,9].

One major indication for single fraction radiosurgery is
patients with small-sized unresectable arteriovenous mal-
formations (AVM). This procedure requires adequate loca-
lization of the nidus with suitable high precision imaging

techniques. In order to obtain a reliable delineation of the
target volume, we aim to combine data from different radi-
ological techniques, i.e. computer tomography (CT) and
angiography. For arteriovenous malformations the angio-
graphy yields supplementary information on arterial and
venous sides of the lesion, whereas the CT data allow an
improved spatial delineation of the nidus. In order to com-
bine information obtained by the two techniques and to
check the accuracy of nidus localization with each techni-
que, we have developed a method to match the two loca-
tions and hence to monitor the drawing of the target volume.

The aim is to define the position of the lesion in the
patient with a stereotactic ring (or frame) fixed to the
patient’s head defining the reference stereotactic co-ordi-
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nate system. Angiography is used to localize the lesion on
sets of films. To obtain the three-dimensional co-ordinates
necessary for the treatment, reference markers must be
attached to the ring and appear on the radiographs. Various
methods exist and are well documented. Some of these
systems [10] employ a long distance between the focus
and the radiographs, avoiding the problem of divergence.
Bergström et al. [1] retrieve the co-ordinates of a point by
means of a graphical method, using square graduated refer-
ence marks projected on two films taken at short distances.
Siddon and Barth [17] required only four rectangular mar-
kers attached to the ring in order to find the co-ordinates
of the centre of the lesion by means of two indepen-
dent radiographs. These films are not required to be parallel
to the marker planes, in contrast to other systems [2,15]
and also the incidence of the films do not need to be ortho-
gonal. Using this method, the required conditions are sim-
ple; on each short distance radiograph, only the lesion
and two rectangular markers need to be identified. Siddon
and Barth’s method is highly accurate, however, it does
not describe the extension and shape of a non-ellipsoidal
target.

With the objective of improving diagnostic accuracy,
many authors [4,16,21] combine different imaging modal-
ities such as CT, MRI and PET. In the case of AVMs,
angiography provides further information, allowing the
nidus and the arterial and venous sides of a lesion to be
distinguished. According to some authors [3], systematic
errors can occur when the determination of the target
volume is based only on angiography. Others [18] point
out that CT with a contrast agent can, in some circum-
stances, give an improved spatial definition of the nidus.
However, clips or embolization material in the brain can
produce artefacts on CT images. It is, therefore, important
to be able to compare both imaging methods for each
patient. In order to combine these two modalities, it is pos-
sible to project the voxels of the CT examination on to the
angiography films. This is done using digital reconstructed
radiographs (DRR), using the density of the voxels of the
CT [7,14]. The matching of the two images is obtained by

an iterative procedure. It minimizes the discrepancy
between the real film and the DRR by searching for the
right positions of the reconstructed film and X-ray source
in a series of small steps. A second method, incorporating
the angiographic information in the CT slices, allows the
direct use of the combined diagnostics for the radiotherapy
treatment planning on CT images. Foroni et al. [6] work in
this direction. Their method is based on two angiographic
series (front and lateral) and presupposes that the intersec-
tion of the lesion with each CT slice is elliptic.

The subject of this paper is to generalize the approach.
The method described here is based on the same theory
as Siddon and Barth [17]. The new concepts are a precise
reconstruction of the volume defined by angiography and a
direct comparison with CT without presuppositions con-
cerning the shape of the lesion. Our method permits also
the use of more than two incidences for the angiographic
examination, improving the results in case of complex
lesion.

In case of angiography the shape of the target volume is
determined by two or more independent films taken at short
distances. The projection of graduated scales is not neces-
sary. The calculations take into account four rectangular
markers fixed to the stereotactic ring. The algorithm calcu-
lates the position of the focus and the film in terms of the co-
ordinate system of the ring. The outlined lesion on the film
determines a conic locus of the target volume. This way, one
obtains not only the co-ordinates of the centre of the lesion,
but also the volume resulting from the intersection of the
cones corresponding to all the radiographs. Finally, the
treatment planning system superimposes the contours of
the volume defined by angiography on the CT slices. Con-
versely the contour drawn by the medical doctor on CT
slices is represented on angiographic films.

This paper describes a technique for the registration of
CT and angiographic images. A report of the methods
and clinical usage is followed by a presentation of results
concerning the precision. A summarized report of some
clinical cases and a detailed case study illustrate the appli-
cation.

Fig. 1. Basic data. (a) Angiographic reference marks; (b) radiograph of the reference marks (in this case anterior and posterior) and the target.
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2. Materials and methods

2.1. Theory

2.1.1. Principles
A stereotactic ring or frame (which defines the reference

co-ordinate system), is fixed to the patient’s skull. Rec-
tangular markers of radio-opaque wires are attached to the
ring and radiographs of the system are taken using any
incidence angle (see Fig. 1). Based on the outline of the
lesion and the projection of two rectangular reference
marks, a three-dimensional locus of the target volume is
reconstructed.

The method used is based on the Pappus theorem [20] and
the development by Siddon and Barth [17]. The Siddon and
Barth results could be summarized as follow. Consider a
point Q and an X-ray focusS in space.S lights Q and
projects the image ofQ onto the radiograph atQ′ (see Fig.
2). Taking into account only the film in two dimensions (i.e.
without knowledge of the location of the focus) and from the
projectionQ′ of Q, the intersections of the straight lineSQ′
with the anterior (QA) and posterior (QP) reference mark
planes can be calculated. Under these conditions, the enlar-
ging ratiosMA andMP, are defined by:

MA =
SQ′
SQA

, MP =
SQ′
SQP

(1)

Based on this method Siddon and Barth obtain the position
of the centre of the lesion intersecting the lines (QA-QP) of
the front view and (QL-QR) of the lateral view. The extend
of the lesion is approximated using enlarging ratios. The
exact shape of the lesion is not accessible. To avoid this
deadlock a new idea was applied, i.e. instead of directly
finding the lesion, we localize the X-ray focus (Section
2.1.2) then the film position (Section 2.1.3) and finally a
locus of the lesion (Section 2.1.4). The procedure is
repeated for each incidence and the intersection of all the
loci gives the final volume (Section 2.1.4).

2.1.2. Focus localization
Using the method of Siddon and Barth [17], it is possible

to construct the intersections (P″1,…,P″4) of the lines going
from the focus to the corners of the anterior marker
(P1,…,P4) on the film (P′1,…,P′4) with the plane of the
posterior marker (see Fig. 2). Put in the same words as the
first part of the legend of Fig. 2, that gives: ‘ignoring the
position of (P1,…,P4), it is possible to find (P″1,…,P″4)
knowing the corresponding points (P′1,…,P′4) on the film’.
The same can be done for the posterior marker (P5,…,P8)
finding (P″5,…,P″8) in the plane of the anterior marker.

These eight reconstructed points (P″ i) and their corre-
sponding real points (Pi) define eight lines in space, which
converge at the unknown X-ray focus spotS. The set of
linear equations (Eq. (2)), giving the solutionS, is overde-
termined and the result is obtained by a non-iterative least-
squares method.

Sx =ki ⋅ dix +Pix (2)

Sy =ki ⋅ diy +Piy, i =1…8

Sz =ki ⋅ diz +Piz

where~Pi , (i =1…8), describes the reference mark points,
the ki are the free parameters, the~di are the line vectors
andki ⋅~di +~Pi describe the lines in space.

2.1.3. Localization of the radiographic plane
The local magnification ratios (Mi) of each point (Pi) of

the anterior and posterior markers are calculated from Eq.
(1) as explained in Ref. [17]. The position of the X-ray
source is known from Eq. (2) and using Eq. (3), the position
of each projected point (Fi) is determined. All these points
(Fi) are in the film plane:

~Fi =~S+Mi ⋅ ~Pi −~S;

� �
�3�

A non-iterative least-squares method is used to determine
this plane. It is to be noted that each point (Fi) correspond to
a point (P′ i). They are not equal. The difference is that each
point (P′ i) is measured on the film (2D) and the points (Fi)
are placed in the space (3D).

2.1.4. Locus of the target volume and integration into the
CT slices

To obtain a locus of the target volume defined by one

Fig. 2. Ignoring the position ofQ, it is possible to findQA andQP knowing
Q′. The linesPiP″ i converge to the X-ray focusS.

(

Fig. 3. The intersection of the cones (a) determines the angiographic target
volume arranged slice by slice in the CT images (b). The co-ordinate
system is aligned by CT and angiography guide marks.
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radiograph a cone is constructed with the target vol-
ume outline from the film as the base and the vertex
being the X-ray focus (see Fig. 3a). The X-ray source
and image plane positions are found using the same algo-
rithm for all incidence angles. In other words, such a
cone exists for each radiograph and the intersection of
all the loci constitutes the final volume given by contiguous
facets. The contours of the angiographic volume in the CT
slices are then obtained by cutting this volume with the CT
planes (see Fig. 3b). These contours are displayed by
the treatment planning system on the CT images to be com-
pared with the contours previously drawn by the medical
doctor.

2.1.5. Topological constraints
Non-convex volumes cannot always be completely

reconstructed by this method. For example, a shape with
an invaginated part cannot be taken into account with two
incidences. Other non-convex volumes with an extremum
of the saddle type (as found in a banana shape) are manage-
able, even if they necessitate the creation of two (or more)
disjointed contours to be represented in the CT sections.
With more than two incidences, assuming that each part
of the lesion can be identified on the angiography, the pro-
blem of invaginated lesion can be solved by treating the
lesion as a combination of convex sub-volumes. The classi-
cal coin problem [3,5,18] where the thickness cannot be

Fig. 4. Three-dimensional views of the reconstructed sphere. The calculated target volume in cubic centimetres is represented for each case.

Fig. 5. Subtracted images of the frontal and lateral views from the angiography.
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evaluated by two incidences can be solved with our multi-
incidence procedure.

2.2. Materials

The stereotactic equipment consists of a Riechert–Mun-
dinger modified stereotactic head frame [19]. The patients
are treated on a linear accelerator, Clinac 2100C (VAR-
IAN), using additional collimators which produce circular
beams having a diameter between 8 and 38 mm at the iso-
centre. The angiographic radiographs are taken using a mag-
nification in the range of 1.1–1.7. The algorithm (written in
C) runs on a DEC 5240 workstation using an ULTRIX 4.3
operating system. The software is integrated into a commer-
cially available stereotactic treatment planning package
(ARTEMIS [11]).

2.3. Clinical practice

The patient lies in the same position for angiography, CT
and treatment. Several (two or more) series of radiographs
are taken under stereotactic conditions. The co-ordinates of

the markers and the target volume are outlined on each film
using a digitizer. The position and envelope of the lesion are
determined in the ring’s co-ordinate system. Each calcu-
lated contour is displayed by the treatment planning system
in the corresponding CT slice, enabling information to be
compared from the two diagnostic modalities in the CT
environment. In addition, a projection of the CT volume
into the angiography geometry [7,20] can also be calculated
(see Fig. 7).

3. Results

3.1. Phantom test

A dedicated phantom has been developed to check the
accuracy of the method and to test the technique in the
clinical environment. This phantom is made of a Teflon
sphere (diameter 31 mm) inserted in a (10× 10 × 12 cm)
Plexiglas block. The block is fixed to the ring at mechani-
cally precisely known co-ordinates. A CT examination and
several radiographs were made under stereotactic condi-
tions. Each experiment was carried out with six incident
angles. All sources of X-rays were determined with a stan-
dard deviation of 5 mm along the principal X-ray beam axis
and 0.5 mm perpendicular to this axis. Fig. 4 demonstrates
the improvement in quality of the volume definition with
increasing numbers of incidence (2, 3, 4, 5 and 6). If the
contours on the film are digitized using tangential segments
rather than chords, then the calculated volume contains the
whole true target volume.

In a more quantitative approach, it is observed that the
target volume in cubic centimetres, estimated by the algo-
rithm, decreases with each additional incidence and reaches
asymptotically towards the real volume (see values in Fig.
4). Of course, once the calculated volume is sufficiently
similar to the real target volume, further improvement by
adding more incidences cannot be expected.

The precision of the target localization can be verified by
comparing the co-ordinates of the centre of gravity of the

Fig. 6. CT image with administration of intravenous contrast medium. The
shape in the thin line is calculated from the angiographic procedure. The
contour in the bold line is drawn on the CT by the medical team.

Fig. 7. CT contours seen in the angiographic geometry.
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reconstructed volume with the centre of the real sphere. The
distances between the centres were for 2, 3, 4, 5 and 6
incidences of 0.33, 0.38, 0.39, 0.38 and 0.26 mm, respec-
tively. For all calculations, the agreement was within a 0.4
mm margin. Increasing the number of incidences cannot
improve the results in this case because the target is sym-
metric and this implies that with two incidences the calcu-
lated centre of gravity is already according to the real one.

3.2. Clinical application

Following the phantom tests, the method was then
applied to 11 patients. The procedure involves drawing
the contours of the lesion (volumeA) on the CT slices and
then drawing the contours on the angiographic films
(volume B). The two volumes can then be compared and
the discussion will result in the final volume being corrected
to correspond more precisely in both modalities.

To obtain an objective parameter describing the similar-
ity of the two volumes (CT and angiography), a parameter
of disagreement was introduced. This parameter can also be
geometrically understood as a sort of distance. The volumes
A ∩ B (intersection ofA andB) andA ∪ B (combination of
A andB) are calculated. The parameter of disagreement (d)
is determined by:

d =1−
volume(A ∩ B)
volume(A ∪ B)

(4)

whered = 0 means that the volumesA andB are identical
andd = 0.5 means that the volume ofA ∩ B is the same as
the volume not common toA and B. If A and B are dis-
connected thend = 1.

The values of disagreement,d, for the 11 patients are
given in Table 1. These are the values for the situation

before comparison of images. They are sorted by disagree-
ment parameter. For large volumes the agreement is better
because the contouring on CT slices is much easier. In cases
similar to the first case (d = 0.27), a better agreement could
not really be expected because for geometric reasons the
contour of the intersection resulting from the angiography
volume (with only two incidences) with a CT slice resem-
bles a quadrilateral (see the thin line in Fig. 6). The CT
contours can be considered to be correct if the disagreement
is smaller than 0.4, although they were always analyzed on
images to improve the agreement. The last case (d = 1) was
complicated due to the presence of resin. The volume on CT
was mistaken with the resin. The technique described in this
paper allows this type of misunderstanding to be avoided.

In order to illustrate in greater detail, case number 8
(d = 0.61) is presented. Fig. 5 shows the frontal and lateral
view of the angiography. The nidus is outlined on these
subtracted images. The AVM was delineated manually on
the CT slice (see the bold line in Fig. 6) and the contour
resulting from the angiography information was calculated
by the described method. The contrasted resin stemming
from a preceding embolization was indistinguishable from
the target volume on the CT slice, but was excluded by the
angiography.

Using a simple projection algorithm, it is possible to re-
project the target of the enhanced CT into the angiography
geometry (see Fig. 7). A significant difference is seen in the
two volumes. In the CT approach, the outlined volume con-
tains true nidus, resin on the arterial side (see lateral view in
Fig. 7) and part of a large draining vein on the inferior part
of the lesion (see frontal view in Fig. 7). The addition of
angiographic information allows the size of the treatment
field to be reduced from 21 to 18 mm at the isocentre and
consequently results in the irradiated volume being reduced
by about 40%.

4. Conclusion

Stereotactic radiosurgery for arteriovenous malforma-
tions requires a high precision in the delineation of the target
volume. Imaging techniques such as CT and angiography
are combined in order to obtain a better spatial resolution.
CT data counterbalances the relative weakness of angiogra-
phy as far as three-dimensional geometry is concerned. The
angiography adds useful information to the CT especially
concerning the arterial feeding, the venous drainage of the
nidus and the presence of resin. The proposed method takes
into account both modalities and reveals the discrepancy
between the target locations defined by the CT and angio-
graphy. The possibility of identifying more complex lesion
during the angiographic examination is one of the major
advantages of this new technique. The increase in resolution
for the characterization of the target is influenced by three
factors, i.e. the increase in the number of incidences, the
choice of the incidences and the use of convex sub-volumes

Table 1

Volumes and disagreements in 11 clinical cases

No. Volume (cm3) Disagree-
ment (d)

Computed
tomography

Angio-
graphy

Inter-
section

Union

1 6.28 7.50 5.81 7.97 0.27
2 4.67 6.31 3.72 7.25 0.49
3 7.02 9.40 5.46 10.95 0.50
4 5.45 8.13 4.50 9.07 0.50
5 3.53 6.27 3.12 6.68 0.53
6 0.76 0.49 0.39 0.85 0.54
7 2.65 3.48 1.91 4.23 0.55
8 1.84 0.98 0.79 2.03 0.61
9 4.14 5.55 2.65 7.03 0.62

10 1.68 0.57 0.50 1.75 0.71
11 1.07 1.95 0.00 3.02 1.00

The disagreement parameter (d) calculated here is taken before the com-
parison of volumes. After the comparison, the disagreement is always
smaller than 0.5.d = 0 means the volumes are the same andd = 1
means the volumes are not overlapping (the volume of the intersection
is 0).
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clearly identified on the angiography. Perhaps more impor-
tant than the precision is the additional degree of safety
supplied by the explicit comparison of volumes. Almost
all the clinical cases presented here confirm the benefit of
being able to compare both volumes.
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