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INTRODUCTION 
 
The 3D evaluation of the shape of vessel structures can be performed by means of a recently 
introduced modality, named 3D rotational angiography (3DRA). This visualization facilitates 
the identification of zones affected by disease, such as aneurisms and artero-venous 
malformations (AVMs). 3DRA allows the vessel structures to be visualized from any point of 
view compared to 2D projective angiography, with which only standard projections can be 
acquired. This property is obtained by utilizing a cone beam acquisition, which reconstructs 
the volume of interest tomographically from a series of 100 projections, acquired in about 4 
seconds. The small reconstructed volume of interest avoids the use of the stereotactic frame. 
Moreover, the injection of contrast medium into the artery feeding the AVM makes this 
methodology highly selective with respect to CT or MR angiographies. Three examples of 3D 
reconstructions of AVM niduses from non-standard points of view are shown in figure 1. 
 

 
Figure 1: 3D reconstruction of AVMs 

 
Some pathologies, like artero-venous malformations, can be treated by radiosurgery, 
especially when surgically unreachable or after unsuccessful embolyzation. This technique 
consists of irradiating the AVM nidus with the prescribed dose sparing nearby healthy tissue. 
The introduction of the CyberKnife, a non-isocentric, frameless device for radiosurgery 
treatments, has allowed AVM niduses to be treated with a high conformity index, which 
represents the ratio between the volume enclosed by the prescription isodose surface and the 
volume of the target: the mean and median of this index calculated for 30 patients who 
underwent radiosurgical treatments of AVMs by means of the CyberKnife were equal to 1.06 
and 1.015, respectively. Because this image-guided technique is frameless, based on CT, it is 



necessary to register 3DRA onto CT volumes. This work aims at comparing rigid, affine and 
local non rigid (LNR) CT-3DRA registrations based on mutual information.  
 
MATERIALS AND METHODS 
 
10 cranial and 1 spinal cases have been registered by rigid and affine transformations; while 
LNR has been applied to the cases where residual deformation must be corrected. The 
similarity criterion consists of mutual information; the data sets to be registered have few 
common information; moreover, the cost function to be optimized shows many local extrema, 
hence the procedure to set acceptable initial conditions is time-consuming. To avoid it, the 
registration process is endowed with a pre-processing step aiming at extracting bone from air 
and soft tissue by a threshold-segmentation. An automatic threshold based on the analysis of 
voxel intensity is presented and the operator is asked whether to accept or change it. This 
process does not affect voxels representing the skull (cranial cases) or the vertebrae (spinal 
case) and the contrast medium vessel structures are injected with. Rigid transformation can be 
considered sufficient to register cranial and spinal cases when patient is immobilized; 
anyway, scale factors have proved to improve the registration quality, suggesting that an 
affine transformation makes the integration more accurate. In some cases the affine 
transformation does not succeed in registering correctly the data sets in all the FOV; therefore 
a LNR transformation must be applied, in order to eliminate the residual error after the rigid 
and affine transformation. A fitted mesh (0.25 for cranial, 0.0675 for spinal with respect to 
image dimensions) has been utilized to calculate the deformation in control points. When 
applying LNR, another term penalizing improbable or impossible deformations, named 
regularization term, can be added to the similarity criterion so that the cost function to be 
optimized is given by the subtraction of the regularization term from the similarity criterion. 
An example of CT-3DRA registration without regularization term is shown in figure 2. 
 

  
Figure 2: An example of LNR using only the similarity criterion 

 



As shown by the arrows, the skull has been registered correctly; on the other hand the large 
vessels present in the central-right part of the image (white oval) have been modified up to 
their disappearance in the LNR registered data sets. This improbable displacement of the large 
vessels far from the AVM nidus (white oval) is also visible in a superposition of the 3D 
reconstructions of the data sets before (blue) and after (red) registration, as shown in figure 3.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: 3D superposition of the 3DRA before (blue) and after 
(red) the registration without the regularization term 

 
When considering the regularization term (which in this case is given by a local rigidity 
constrain based on the integral of the Frobenius norm of 1−TJJ , where J  is the jacobian of 
the transformation representing the first order or affine approximation to the transformation), 
the skull match remains good and there is no large change in the vessels, as shown in figure 4. 
Particular attention must be paid to the choice of weight of the regularization term with 
respect to the similarity criterion, which in these cases was equal to 0.2. 
 

 
 

 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4: An example of LNR using the similarity criterion and the regularization term 

 
Once the optimal deformation has been obtained by optimizing the cost-function, the 
deformed image is obtained using B-spline interpolation. 
Since affine and LNR are applied after the rigid transformation, robustness has been tested 
only for the rigid one. This has been estimated by performing registrations from initial 
conditions increasingly distant from the correct solution. A comparison between the threshold 
and the rough data set has been performed in order to estimate the increase in robustness; it 
has been calculated by considering the minimum distance in the most critical direction (axial) 
from which the method succeeds in finding the correct solution for a cranial CT-3DRA  
registration. Accuracy has been tested by identifying anatomical landmarks based on bone 
details and fixed large vessels visible in both datasets; in spinal examination accuracy has 
been also evaluated by using implanted markers. In fact, for cranial cases, the CyberKnife 
utilizes an algorithm of skull tracking which compares the real time position of the patient 
with 2 projections of CT volume from fixed points of view, named Digitally Reconstructed 
Radiographies (DRRs). A sampling of bone structures provides the control points on which 
the comparison is performed. For extracranial cases, gold or steel seeds are implanted near the 
location of tumour; in such cases, these markers represent the points on which the association 
is performed. The comparison provides the real position of the patients with respect to the one 
when CT was acquired. These markers can be also used to estimate the accuracy of the 
registration close to the tumour by identifying their centres of mass and calculating the mean 
square root of corresponding markers. Clearly, for rigid or affine transformations they 
represent an index of registration quality while in LNR it is necessary to identify bone and 
fixed large vessels visible in both datasets and base the estimation of error on those 
anatomical landmark. Registrations can be considered successful if error is less than 



maximum voxel size  (mvs), which is an index of the uncertainty present in the original data 
sets. 
 
RESULTS AND DISCUSSION 
 
All the registrations performed by rigid transformation converged to an acceptable solution. 
The results about the robustness test in axial direction are reported in figure 5. 
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Figure 5: Dependence of the robustness on pre-processing. 
Abscissa axis represents the increasing distance (initial 
condition) in axial direction with respect to the correct 
alignment of the 2 data sets corresponding to 0 mm; 
ordinate axis shows the value of Entropy Correlation 
Coefficient (ECC), an index of mutual information, to 
which the registration converges as a function of initial 
condition. 

 
Robustness was improved up to 1000% by threshold-segmentation pre-processing, going 
from 5 mm for rough data sets to 55 mm when applying the segmentation by threshold. For 
the pre-processing case, after 55 mm the value of Entropy Correlation Coefficient (ECC) 
increases becoming larger than the correct registration: in such case the influence of 
background becomes significant, producing a result where the registered 3DRA data set is out 
of the field of view of CT; moreover, it suggests that for a global transformation a 
multiresolution strategy does not guarantee the correct registration. Increased robustness 
allows a rough initial alignment to be performed, making the registration process less         
time-consuming. Affine registrations, consisting of 12 parameters considering shearing and 
scaling, were successful in all cranial cases, while in the spinal case optimization was trapped 
into a local extremum producing an unacceptable result probably due to low degree of 
common information. In particular, for cranial cases, the most significant parameter was the 
scaling factor along antero-posterior direction, which was equal to 1.02 on average. Accuracy 
(mean 1.21 mm, median 1.02 mm) based on anatomical markers for cranial cases was less 
than mvs (2 mm); in 2 cases the error increased along the axial direction. Accuracy in the 
spinal case evaluated by implanted markers was also less than mvs (mean 1.3 mm with respect 



2 mm); error was minimum at the centre of the field of view, increasing towards the borders. 
Therefore for 2 cranial cases and the spinal case a LNR approach was applied. The increase in 
cost function was of 35% and 5%, respectively. After that, an evaluation of accuracy by 
anatomical landmarks shows a significant increase (mean error based on anatomical 
landmarks before LNR registration was equal to 0.9 mm, after 0.3 mm), also confirmed by 
visual inspection, in the cranial cases (see figure 4) and a more modest increase in the spinal 
case (see figure 6). 
 

 
Figure 6: Spinal CT-3DRA registration by rigid (left), LNR 

transformation (centre) and 3D superposition of 3DRA 
data set before (grey) and after (red) LNR registration. 
Vertebrae are not perfectly registered by rigid 
transformation while LNR registration produces a result 
of higher quality; 3D superposition shows that 
deformation is modest in antero-posterior direction also 
for the vessel and AVM nidus (white oval). 

 
CONCLUSION 
 
For cranial cases, affine transformation endowed with threshold-segmentation pre-processing 
can be considered the most favourable solution for almost all registrations; for some cases, 
LNR provides more accurate results. For the spinal case rigid transformation is the most 
suitable when immobilizing patient during examinations; in this case the increase of accuracy 
by using LNR registrations seems to be not significant. 
 


