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Abstract. We describe a registration and tracking technique to integrate cardiac
x-ray images and cardiac magnetic resonance (MR) images acquired from a
combined x-ray and MR interventional suite (XMR). Optical tracking is used to
determine the transformation matrices relating MR and x-ray image coordi-
nates. Calibration and tracking enable us to combine x-ray projection images
with registered projection MR images from a volume acquisition, and to display
3D reconstructions of catheters within the MR volume. Registration errors were
assessed using phantom experiments. Errors in the combined projection images
(2D root mean square target registration error – RMS TRE) were found to be
2.4 – 4.2mm, and the errors in the integrated volume representation (3D RMS
TRE) were found to be 4.6 – 5.1mm. These errors are clinically acceptable for
alignment of images of the heart and the great vessels. We demonstrate that our
technique can be used to guide catheters and to combine electrical and me-
chanical information in the context of the patient-specific anatomy for a patient
undergoing cardiac radio-frequency (RF) ablation.

1 Introduction

XMR suites are interventional facilities that incorporate both MR and x-ray imaging
[1-2].  These suites have two capabilities. Firstly, they provide a migration path so
that interventions traditionally done under x-ray guidance can be carried out under
MR guidance, with the reassurance of x-ray backup. Secondly, XMR suites offer the
potential to carry out interventions that benefit from the mixture of MR and x-ray for
guidance. For both capabilities, it is desirable to be able to combine the images from
x-ray and MR for use during interventions, and also for retrospective analysis. The
XMR suite at Guy’s hospital is used for diagnostic cardiac catheterization of patients
with congenital heart disease – where MRI can be used for the entire procedure – and
for combined MR and x-ray guided cardiac interventions. In this paper we describe a
registration and tracking technique that we have devised for use during XMR proce-
dures. This provides two capabilities: overlay of projections calculated from the 3D
MR images on the x-ray views, and display of 3D reconstructed structures from bi-
plane x-ray in 3D MR images. Our technique is demonstrated on phantoms and im-
ages from a patient undergoing cardiac RF ablation.
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2 Method

2.1    Description of XMR Facility

The XMR interventional suite at King’s College London comprises an x-ray and RF
shielded interventional room containing a 1.5T cylindrical bore MR scanner (Philips
Intera I/T) and a mobile cardiac x-ray set (Philips BV Pulsera).  The patient can be
easily moved between the two systems using a specially modified sliding MR table
top that docks with and transfers patients to a specially modified x-ray table (Philips
Angio Diagnost 5 Syncratilt table). The docking and transfer takes less than 60 sec-
onds.

2.2    Modifications for Tracking and Registration

Registration of XMR images requires finding the transformation that maps 3D points
in MR image space to 2D points in x-ray image space. This is achieved by a combi-
nation of system calibration and tracking. It is necessary to track the three moving
components of the XMR system. The sliding MR table top is automatically tracked by
the MR scanner when docked with the MR table. The x-ray C-arm and the x-ray table
each have 6 infrared emitting diodes (IREDs) affixed, which are tracked by a North-
ern Digital Optotrak 3020.
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Fig. 1. Relationship between coordinate systems and transformation matrices.

The relationship between the coordinate systems is shown in figure 1. For the two
x-ray components a rigid body transformation matrix is calculated that maps points

from x-ray C-arm space and x-ray table space to Optotrak space. Let CX  be the

transformation from x-ray C-arm space to Optotrak space, and let TX  be the trans-

formation from x-ray table space to Optotrak space. Then

TC XXM 1
3

−= . (1)
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2.3    Calibration of X-ray Perspective Geometry

During cardiac catheterisation, x-ray images are acquired from many different views,
and the perspective projection changes with view due to non-rigidity of the x-ray
gantry and changes in local magnetic field. This makes calibration from a single view
insufficiently accurate. We therefore devised a novel technique to calculate an “aver-
age” projection matrix based on multiple views. The perspective projection calibra-
tion process involves acquisition of multiple x-ray views of an acrylic calibration
object that incorporates 14 point markers. The markers are based on those used in the
Acustar neurosurgical guidance system [3]. The calibration object needed to be im-
aged with both MR imaging and x-ray imaging without being moved with respect to
the sliding table top. Initially the table top was docked to the x-ray table and the posi-
tion of the markers was located in x-ray table space using an Optotrak pointing de-
vice. Then 12 tracked x-ray images were acquired with the x-ray gantry being moved
to cover the typical locations used for interventions. The 2D position of 48 markers
that were in the field of view was found. The corresponding 3D positions were calcu-
lated by transforming the previously determined marker positions in x-ray table space

to C-arm space using the matrix 3M  for each x-ray image. Now,

DD 23 CPC = , (2)

where D3C  is the matrix of 3D point coordinates, D2C  is the matrix of correspond-

ing 2D point coordinates, and P  is the perspective projection matrix. Equation (2)
leads to an over determined set of linear equations and P  was then found using sin-
gular value decomposition.

2.4    Calibration of the Transformation between 3D Image Space and X-ray
Table Space

It is necessary to determine the transformation between MR scanner space and the x-

ray table space (matrix 2M ). To determine this transformation, the sliding table top

is docked with the MR scanner and the calibration object is imaged (T1-weighted
volume MR scan, 256x256 matrix, 200 slices, resolution=1.05x1.05x1.2mm,
TR=14.0, TE=6.0). The 3D position of the markers is determined in MR image space.
Now,

IXRT FMMF 12= , (3)

where XRTF  is the matrix of marker locations in x-ray table space, 1M  is the trans-

formation from 3D image space to scanner space (determined from image header

information), and IF  is the matrix of marker locations in 3D image space. Equation

(3) is solved to compute 2M , the transformation from scanner space to x-ray table

space. The overall transformation from 3D image space to x-ray table space must also
include a variable translation parallel to the axis of motion of the sliding table top.
The unit translation T is calculated by moving the calibration object along the sliding
table top parallel to its axis of motion and marking the position of markers using the
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Optotrak pointing device. The magnitude of the translation λ is determined from the
tracking of the sliding table top provided by the MR scanner software.

2.5    Generation of the Overall Registration Matrix

Once the calibration steps have been carried out it is then possible to generate a 3D to
2D registration matrix for any MR scans and tracked x-ray images. The matrices

2M , T , and P  are determined from the calibration, whereas 1M , 3M , and the

parameter λ are specific to the MR acquisition and the tracked x-ray images. Fur-
thermore, since the radiographer is allowed to arbitrarily rotate the x-ray image for
correct anatomical viewing, the 2D rotation matrix R  needs to be determined by
marking corresponding points in 2D images acquired pre- and post-rotation. The
overall registration matrix is then given by

123 MTMRPMW λ= . (4)

2.6    Validation with Point-Based Test Object

The first validation experiment was carried out using the calibration object described
above as a phantom. The phantom was imaged using a T1-weighted volume MR scan
(256x256 matrix, 200 slices, resolution=1.05x1.05x1.2mm, TR=14.0, TE=6.0). The
table top was then docked to the x-ray system, and five biplane tracked x-ray images
were acquired. The registration matrix was calculated for each image and this was
used to generate maximum intensity projections (MIPs) through the MR volume. The
2D registration error was quantified by marking the location of the imaging markers
in both the x-ray images and the MIPs. In total 35 markers where located in 2D. The
3D error was found by finding the position of the markers from the biplane x-ray
views using the epipolar constraint [4] and by manual marking in the MR volume
scan. In total 17 markers where located in 3D.

2.7    Validation with Anthropomorphic Phantom

The second set of validation experiments were carried out using an anthropomorphic
vascular phantom. This incorporates a silicone model of one half of the circle of
Willis. It was connected to a pulsatile flow pump that circulated saline with an aver-
age flow of approximately 450 ml per minute. Nine MR imaging markers were placed
on the vascular phantom to assess the registration error. The phantom was imaged
using a phase contrast MR sequence (256x256 matrix, 110 slices, resolu-
tion=0.86x0.86x0.86mm, TR=9.2, TE=4.3) and a T1-weighted volume MR sequence
(512x512 matrix, 190 slices, resolution=0.43x0.43x0.8mm, TR=7.3, TE=2.0). It was
then transferred to the x-ray system and tracked dynamic images were acquired from
two oblique views during the injection of contrast medium. Using the registration
matrices and the epipolar constraint it is possible to semi-automatically track vessels
from the two x-ray views [4]. This provides a 2D centreline representation for each x-
ray view, together with a single 3D centreline representation for each pair of views.
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This was carried out for the internal carotid artery segment of the vascular phantom.
The registration matrices were used to generate MR MIPs corresponding to the x-ray
projections. The 2D centrelines of the vessels in these MIPs, and the corresponding
3D centreline could be calculated using the same algorithm used for the x-ray images.
A 2D registration error was also calculated from the location of the imaging markers
in the x-ray images and the MR MIPS. A total of 12 markers were visible in the pair
of x-ray images. The TRE was quantified in 2D and 3D using the centreline repre-
sentation above.

2.8    Clinical Validation

The system was calibrated prior to the patient investigation using the technique de-
scribed in sections 2.3 and 2.4 above. The patient (male, aged 15) had an intermittent
ventricular tachycardia that was to be treated by electrophysiology study and RF ab-
lation. During the MR part of the procedure, MR scans of the heart and the great ves-
sel were acquired using an SSFP three-dimensional multiphase sequence (3 phases,
256x256 matrix, 128 slices, resolution=1.13x1.13x1.0mm, TR=3.1, TE=1.6). During
the x-ray part of the procedure, tracked biplane x-ray images were acquired. Registra-
tion matrices were calculated for each of the tracked views. Additionally for this pa-
tient, tagged MR sequences (256x256 matrix, 59 phases, resolution=1.33x1.33x8.0mm,
TR=11.0, TE=3.5, tag spacing=8mm) were also acquired from which the myocardial
motion was quantified using a non-rigid registration technique [5]. The registration
enabled us to relate the position of the measured electrophysiology data to the cardiac
motion.

3 Results

3.1    Calibration

The robustness of the projection matrix calculation was assessed using a leave-one-
out experiment. The 2D RMS error between the position of markers located in the x-
ray images and the position of markers calculated using the perspective projection
matrix was found to be 2.0mm (n=48).

3.2    Validation with Point-Based Test Object

2D RMS TRE calculated from the location of the markers in the x-ray images and the
MR MIPs generated using the registration matrices was found to be 4.2mm (n=35).
The 3D RMS TRE calculated from the location of markers MR volume and the pairs
of x-ray views was found to be 4.6mm (n=17).
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3.3    Validation with Anthropomorphic Phantom

Figure 2a shows one of the two x-ray images of the vascular phantom with the MR
MIP overlay generated using the registration matrix. The 2D RMS TRE for the target
vessel centreline was found to be 2.7mm (n=255) for the first view and 2.4mm
(n=242) for the second view. The 3D RMS TRE was found to be 5.1mm (n=233)
computed from both views. The 2D RMS TRE computed using the imaging markers
was 3.6mm (n=12).

(a) (b)

Fig. 2. (a) One of two x-ray views of the vascular phantom with the MR MIP overlaid. (b) One
of the two x-ray views from the patient data showing 3 electrical measurement catheters and
one electrode basket catheter in the right ventricle.

3.4    Clinical Validation

Figure 2b shows one of the biplane x-ray views acquired during the electrophysiology
study for this patient. Four catheters can be seen in place. Three of these are meas-
urement catheters with several electrodes along their lengths, and the other is a basket
catheter with 67 electrodes distributed approximately over a spherical surface. Figure
3 shows the MR-derived surface rendering of the right side of this patient’s heart.
Added to this are the three measurement catheters reconstructed using the registered
biplane x-ray views and the basket catheter shown as a sphere whose centre and di-
ameter were found from the registered views. Also shown is an example of the elec-
trograms recorded along one of the splines of the basket catheter. Figure 4 shows
renderings of the electrode basket, the tagged MR images and the derived myocardial
motion in the same coordinate system. The motion vectors were derived from the
dynamic tagged images using non-rigid registration.
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Fig. 3. (Left & Right) Surface rendering of the right side of the heart derived from the MR 
images incorporating the three reconstructed catheters and the basket catheter shown as a 
sphere. (Centre) Electrogram recordings showing the progression of depolarization along one 
of the splines in the basket catheter. 

 

  
Fig. 4. The electrode basket, tagged MR image slices, and motion-encoded heart surface 
(Left),and derived motion vectors (Right) all displayed in the same coordinate system. 

4 Discussion and Conclusions 

XMR systems, in which MRI and x-ray imaging are available in the same room, al-
low endovascular procedures to be carried out under a combination of MR and x-ray 
guidance.  We have described our novel approach for the registration of these imaging 
modalities to provide an integrated representation of the patient for use during guid-
ance. Our technique determines the relative positions of the x-ray set, patient and MR 
scanner using a combination of IREDs tracked by an Optotrak, and the MR scanner’s 
own table tracking system. Having carried out an initial calibration stage, this tracking 
information enables us to generate a projection from an MR image to match the cur-
rent x-ray view, and also to reconstruct the 3D position of a point or line from a pair 
of x-ray views, and transfer this 3D structure into MR coordinates.  

The lack of visualisation of the heart and great vessels during x-ray-guided cardiac 
catheterisation is a real disadvantage especially during interventional procedures such 
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as cardiac RF ablation. This leads to prolongation of the procedure time, increased x-
ray radiation dose and is often the main cause for unsuccessful outcome and the need 
for repeat cardiac catheterisation. There is a relationship between the electrical activa-
tion and motion of the myocardium. We can measure the motion by processing tagged 
MR images and our registration method allows us to relate the location of the meas-
urement electrodes positioned under x-ray guidance to the MR-derived motion. In the 
future this opens up a new avenue of research and as well as providing extra informa-
tion for the cardiologist during the ablation procedure it has the potential of replacing 
part of the invasive x-ray-guided cardiac electrophysiology study with non-invasive 
MR-guidance. 

Our phantom results show that the potential accuracy of the system is approxi-
mately 4mm. Patient motion during a procedure will reduce this accuracy.  The pa-
tients investigated in our centre all have a general anaesthetic and paralysis. This 
reduces the likelihood of the patient moving substantially on the table, and also en-
ables us to overcome respiratory motion by acquiring the images with a ventilator-
controlled end-expiration image acquisition. We aim to improve accuracy by better 
synchronisation with the cardiac cycle, application of MR and x-ray geometric distor-
tion correction, and refinement of the registration transformation using an intensity 
registration algorithm [6-7]. 
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