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Abstract. During endovascular interventions, the radiologist relies on
2D projection images to advance the guide wire, while often a pre-
operative 3D image of the vasculature is available. To take full advantage
of the 3D information, two different methods are proposed and compared
for 3D guide wire reconstruction and visualization in the 3D vasculature.
Upon tracking the guide wire in biplane fluoroscopy images, the first ap-
proach utilizes a precalibrated C-arm system to determine the guide wire
position in the 3D coordinate system of the vasculature. In the second
method the relation between the projection images and the 3D vascular
data is determined using intensity based 2D-3D registration. Based on a
study on an anthropomorphic phantom, it is shown that the calibration
method is highly accurate, but that in case of imperfect geometry knowl-
edge results rapidly degrade. For 2D-3D registration, similar accurate
results were obtained with a 97.8 (84.2)% success rate if the registration
starting position was within 4 (8) degrees rotation and 5 (10) mm trans-
lation of the reference position. The latter method has also been used to
succesfully reconstruct a guide wire in a patient dataset.

1 Introduction

During endovascular interventions, it is important for the radiologist to accu-
rately know the 3D position of the guide wire at any time during the procedure.
Currently, 2D fluoroscopic projection images are used for navigation. Therefore,
a mental reconstruction of the position and orientation of the guide wire in 3D
has to be performed, which can be a difficult task. With the introduction of
motorized calibrated X-ray angiography, a 3D reconstruction of the vasculature
can be obtained immediately prior to the intervention. Visualizing the guide
wire in the 3D vasculature could potentially be used as an additional navigation
tool for the radiologist. One method is to track the guide wire in the biplanar
fluoroscopic images to reconstruct its position in 3D.

In order to produce a 3D reconstruction of the guide wire and relate it to the
3D coordinate system of the 3D vascular data, accurate knowledge of the C-arm
geometry is required. To this end, a wide range of calibration procedures have
been proposed. In this paper two approaches are proposed and compared. In the

C. Barillot, D.R. Haynor, and P. Hellier (Eds.): MICCAI 2004, LNCS 3217, pp. 577–584, 2004.
c© Springer-Verlag Berlin Heidelberg 2004



578 S.A.M. Baert et al.

first approach, the fact that the interventions are carried out on a fixed system
with reproducible geometry is exploited. The system geometry is estimated in a
precalibration step [1] that only has to be carried out once. The advantage of this
approach is that it does not hamper intraoperative logistics or image quality, as
no changes have to be made to the intraoperative situation. A disadvantage is
that to maintain the relation between the 3D vascular data and the projection
images, the patient should be stabilized or tracked during the intervention. In
the second approach, anatomical information that is contained in the images
is used to relate the 3D vascular data to projection images. There are various
methods to achieve this, and in this paper intensity-based 2D-3D registration is
considered.

2 Calibration Methods

2.1 Precalibration

For the precalibration, the calibration method of the 3D rotational angiogra-
phy facility on the Philips Integris BV5000 is used (see [1]). In this calibration
step the geometry of the system and the image distortions are determined for
a reproducible 3D rotational run over 180 degrees of the C-arm. Two types of
distortion are present, pincushion distortion caused by the curved input screen
on the image intensifier and s-shaped distortion caused by interactions between
the earth’s magnetic field and electrons in the image intensifier. The distortion
is measured using a Cartesian-grid phantom with equally spaced grid-points and
is modelled using bivariate polynomials. Distortion correction is performed to
subpixel accuracy. The projection geometry is measured for each projection an-
gle using the same grids and a calibration phantom, since the isocenter position
is not constant due to mechanical bending of the C-arm.

2.2 Image-Based Calibration

For the image-based calibration, a DSA sequence that is routinely made in cere-
bral interventions for both the frontal and lateral C-arm, is registered with the
priorly obtained 3D volume of the vasculature. We have used an intensity based
2D-3D registration algorithm [2,3] to register the pre-operative 3DRA data to
the interventional DSA images. The algorithm produces digitally reconstructed
radiographs (DRR’s) which are compared to the DSA image using a similarity
measure (gradient difference). The geometry information is comprised of two sets
of parameters, intrinsic parameters which define the projection geometry of the
fluoroscopy set and extrinsic parameters (3 rotational and 3 translational) which
define the pose and position of the 3D volume with respect to the fluoroscopy
set. The algorithm assumes that the intrinsic parameters are known, and alters
the extrinsic parameters, using a gradient descent type search strategy, in order
to optimize the similarity measure. A circular region of interest is defined in the
DSA images in order to limit the registration to a particular region of the image
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and to speed up the algorithm. Since in general there is also no knowledge of
the relative position between the C-arms, the procedure is carried out for both
biplane images separately, which means that a monoplane 2D-3D registration is
performed twice and independently. A small modification has been made to the
algorithm as presented in [2,3] in order to improve its capture range: a global
search varying only in plane translations (up to 20 mm in steps of 2 mm) and
rotations (up to 20 degrees in steps of 4 degrees) is carried out prior to the full
six degree of freedom optimization. DRR’s produced at different stages in the
registration process and a target DSA image are shown in Figure 1.

Fig. 1. Target DSA image (left) and three DRR’s produced during the registration
process; (from left to right) a DRR produced at the final registration position, after
the initial in-plane registration, and at the starting position, respectively.

3 Experiments

After establishing the geometry information with either of the proposed meth-
ods, the 3D reconstruction of the guide wire is performed in three steps. Upon (i)
tracking the guide wire in 2D biplane fluoroscopic images, the estimated geom-
etry is used (ii) to determine corresponding points in both projections for guide
wire reconstruction, and to (iii) show the guide wire together with the preop-
eratively acquired 3D vasculature. Information on the tracking method and 3D
reconstruction method can be found in [4,5]. An accuracy study on a phantom
and a feasibility study in a clinical case have been carried out.

3.1 Phantom Experiment

For all the experiments 3D runs over 180 degrees containing 100 projection
images were made of an intracranial anthropomorphic vascular phantom using
the rotational angiography facility of a Philips Integris BV5000 C-arm imaging
system. Initially the phantom is filled with contrast to obtain a pre-operative
3D vasculature image (256×256×256 voxels of size 0.521×0.521×0.521 mm3),
see Figure 2. After removing the contrast, a guide wire was advanced in 24
approximately equally spaced steps. After each advance a 3D reconstruction
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Fig. 2. Left and middle: two fluoroscopic images out of a 3D run showing the anthro-
pomorphic vascular phantom (right) in frontal and lateral position.

was made. The extracted guide wire in these sequences servers as ground truth
for the experiments.

From each 3DRA acquisition 19 of the 2D fluoroscopy images were extracted
at 10 degree intervals between 0 and 180 degrees. Sets of fluoroscopy images,
acquired at the same angle but at different time intervals, were used to rep-
resent a dynamic fluoroscopy sequence (each image has 512×512 pixels of size
0.527×0.527 mm2). All images were corrected for distortion.

Experiments were carried out to determine the accuracy of the precalibartion
based guide wire reconstruction as a function of the angle between the biplane
images. Additionally, the influence of the accuracy of the precalibration was
investigated.

Similar experiments were carried out for the image-based calibration. To esti-
mate the capture range of the method, different starting positions were generated
by altering the position of the 3D dataset from the precalibrated position using
four different perturbations, consisting of ± 2◦, ± 4◦, ± 8◦, ± 12◦ rotation and
± 2.5 mm, ± 5 mm, ± 10 mm, ± 15 mm translation, respectively. For each of
these four perturbations, ten starting points were picked by randomly altering all
of the six extrinsic parameters by either + or - the perturbation. In the experi-
ments using image-based calibration, we used the distortion estimation from the
precalibration method, to correct the images. If precalibration is only available
in a number of C-arm positions, interpolation can be used, or other methods
that have been proposed in the literature [6] can be applied.

3.2 Patient Experiment

Prior to a neuro-intervention a 3DRA image of the cerebral vasculature of the
patient was made. At the beginning of the intervention, biplane DSA images were
acquired for both C-arm positions, which were registered to the 3DRA volume
(voxel size 0.385×0.385×0.385 mm3) of the vasculature of the patient. During
the intervention biplane fluoroscopy images were acquired (pixel size frontal
images 0.278×0.278 mm2 and pixel size lateral images 0.423×0.423 mm2) while
advancing the guide wire in the vasculature, on which the 2D guide wire tracking
method was performed. An estimate of the source image distance, rotation and
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angulation of the C-arm system was obtained for both images from the C-arm
system display. These values were used as a starting estimate for the registration
algorithm.

4 Results

An example of the 3D reconstruction of the guide wire in the phantom images
using precalibration is shown in Figure 3. Image-based calibration gives qualita-
tively similar results.

Fig. 3. Four frames (frame 2, 10, 16 and 24) out of a sequence of 24 frames, which gives
an impression of the reconstruction results. The reconstructed guide wire position is
within the vasculature in all cases.

4.1 Precalibration

The left graph in Figure 4 shows the mean distance between the estimated guide
wire position and the reference position as a function of the angle between the
biplane images and the errors in the precalibrated geometry. Using the precali-
brated geometry, the mean distance is smaller than 0.5 mm and increases if the
angle between the biplane images becomes very small (< 30 degrees) or very
large (> 150 degrees). If an inaccuracy is introduced in the angulation, the error
increases significantly. Table 1 presents the mean distance for all different combi-
nations of inaccuracies in rotation and angulation, averaged over all experiments
in the angular range from 30 to 150 degrees.

4.2 Image-Based Calibration

The right part of Figure 4 shows the mean errors in 3D guide wire reconstruction
that are obtained with 2D-3D registration as image-based calibration method.
Registration of the 2D DSA image with the 3DRA volume sometimes fails, es-
pecially when the starting position is located further away from the reference
standard. If the distance between the estimated position of the focal spot after
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Fig. 4. Mean distance between the automatic reconstruction method and the manual
3DRA position segmentation for different angles between the biplane images (10-170
degrees) using precalibration (left) and image-based calibration (right).

Table 1. Distance in millimeters between the automatically and the manually ob-
tained guide wire position using precalibration information. The mean distance and
tip distance (in brackets) is taken over the angles from 30 to 150 degrees. The error is
given if the calibrated geometry is used, and if errors (0.5, 1 and 2 degrees for rotation
and angulation) in the accuracy of the geometry are introduced.

Calibr. geom. rot 0.5◦ rot 1◦ rot 2◦

Calibr. geom. 0.42 [0.65] 0.60 [0.93] 0.79 [1.23] 1.37 [1.88]

ang 0.5◦ 0.62 [0.94] 0.75 [1.10] 0.99 [1.37] 1.57 [2.03]

ang 1◦ 0.85 [1.30] 0.96 [1.40] 1.17 [1.64] 1.74 [2.29]

ang 2◦ 1.31 [1.92] 1.43 [2.11] 1.62 [2.35] 2.12 [2.93]

registration and the focal spot position for the reference standard is larger than
3 centimeters, we define the registration to be unsuccessful. The unsuccessful
registrations were not included in the calculation of the mean and tip distance
of the 3D guide wire reconstruction. It can be observed that for small and large
angles, the errors increase. Furthermore it can be observed that approximately
the same minimum is found for all the successful registration regardless of the
starting position.

Table 2 summarizes the mean and tip distances for the image-based calibra-
tion and lists the registration success rates. Values are averaged over 30 to 150
degrees angles, since the results are almost constant over this range. It can be
observed from Table 2 that the geometry can be estimated using 2D-3D registra-
tion as accurately as by precalibration if a reasonable initialization is available.
The success rate of the registrations falls off rapidly once the starting position
exceeds 8◦ rotation and 10 mm translation from the reference standard.

Figure 5 shows the results if 2D-3D intensity based registration is used to
determine the geometry information and the correspondence between the 2D
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Table 2. Distance in millimeters between the automatically and the manually obtained
guide wire position using image-based calibration. The mean distance and tip distance
is taken over the angles from 30 to 150 degrees.

Starting position Mean dist. Tip dist. Success rate

±2◦-± 2.5 mm 0.42 0.71 100%

±4◦-± 5 mm 0.39 0.69 97.9%

±8◦-± 10 mm 0.40 0.70 84.2%

±12◦-± 15 mm 0.42 0.67 55.8%

fluoroscopy images and the 3D volume in a clinical case. Owing to patient and
table movement, which often occurs in our current clinical setup, only the image-
based calibration procedure could be performed. It can be observed that the
estimated position is within the vasculature. In the sixth image (lower right) a
visualization is shown of a 3D reconstruction where the guide wire was manually
outlined in the biplane projection images. Quantitative validation is not possible
as no 3DRA image is acquired with the guide wire in the vasculature.

5 Discussion

3D information on the position of the guide wire with respect to the vascula-
ture has the potential to improve the speed, accuracy and safety of endovascular
interventions. Therefore, two methods for relating the projection images visu-
alizing the guide wire to the preoperative obtained vasculature are described.
The method based on precalibration requires that once the 3D vascular image is
made, the patient should not move, or his motion should be tracked. The image-
based registration method can be used if accurate precalibration information is
not available or has become invalid due to patient and/or table movement.

Based on phantom experiments, it was concluded that for projection images
with a relative angle in a large range (between 30 and 150 degrees) both methods
achieved a mean distance error of approximately 0.4 mm and a tip distance of
approximately 0.7 mm distance. For the precalibration method, the errors signifi-
cantly increased if small inaccuracies in rotation and angulation were introduced,
stressing the need for accurate calibration. For image-based calibration, the suc-
cess rate depends on the initial starting positions. Byrne et al [7] have shown
in a clinical setting for 10 patients, that patient movement between the 3D ac-
quisition and the 2D intervention was within ± 4◦ rotation for 7 patients and
within ± 8◦ rotation for the other 3 patients. In our experiments, for starting
positions within 4◦ rotation and 5 mm translation in all directions, a success rate
of 97.8% was obtained and for starting positions within 8◦ rotation and 10 mm
translation, a success rate of greater than 84% could be obtained, which implies
that image-based calibration could potentially be used in clinical practice.
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Fig. 5. Five non-subsequent frames of a patient image sequence. Only the tip is shown
since in the 2D guide wire tracking only the proximal part of the guide wire is localized.
The sixth image (lower right) is a 3D reconstruction from a manually outlined guide
wire in the 2D projection images.
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