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Introduction	
  
Cardiac arrhythmias are common, affecting 3-5 % of the over 40s, which is expected to grow 
due to ageing population [1]. Cardiac arrhythmias cause considerable morbidity and 
significant mortality as well as considerable anxiety in patients and their relatives. Early and 
accurate diagnosis is essential for the selection of the appropriate treatment.  Over the last 
decades the application of ablation therapy has shown as a successful alternative over drug 
treatment [2-5]. For this, the arrhythmogenic substrate is elucidated by measuring the 
electrophysiological (EP) signal inside the heart. It is often possible to completely cure the 
condition by either burning the endocardial surface where the abnormal electrical activity is 
originating or to block the propagation of the abnormal electrical activity. This procedure, 
which is called radio-frequency (RF) ablation, deposits RF energy via specially adapted 
catheters. Currently, X-ray fluoroscopy is the standard technique used for image guidance. 
However, this imaging modality offers no 3D information and soft tissue contrast, making 
catheter navigation within the heart difficult. In addition, due to the electrophysiological 
complexity of the arrhythmia and its anatomical substrate the procedure normally takes 
several hours with X-ray fluoroscopy and requires skilled operators. Recently, electro-
anatomical mapping systems (Biosense Webster Carto, California, USA, and St Jude Medical 
ESI, Minnesota USA) generate static anatomical maps by tracking the electrical catheters or 
by importing a static 3D image dataset (CT or MRI). However, there is a degree of inaccuracy 
in the registration of the MR or CT derived and mapping catheter-derived surfaces. 
 
 

 
 
Figure 1: Components of an MR-guided EP-Platform 
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MR-­‐guided	
  EP	
  
Magnetic resonance-guided EP (MR-guided EP) offers several potential advantages over x-
ray fluoroscopy and electro anatomic mapping systems. It provides high-resolution 3D 
visualisation of the true anatomy with unrivalled soft tissue contrast, the real-time guidance of 
catheter devices and the potential to visualize ablation lesions and acute complications while 
eliminating patient and physician exposure to ionizing radiation. Recently a number of groups 
have demonstrated the feasibility MR-guided EP procedures using passively and actively 
tracked catheters [6-14]. MR-guidance has been used both for obtaining intra-cardiac EEG 
signal in a mapping procedure and to perform rf-ablation inside the MR-scanner. Moreover, it 
has been shown that MRI can be used for the assessment of rf-ablation lesions [15-20]. In 
order to perform a fully MR-guided EP-procedure (EP-mapping and RF-ablation) a number 
of components have to be integrated into a MR-EP suite. Figure 1 shows the components and 
their interaction. The MR scanner provides anatomical information, allows for real-time 
tracking of MR-compatible EP-catheter devices and can be used for the assessment of 
ablation procedure. An MR-compatible patient monitoring system is used to obtain vital signs 
such as filtered ECG signals during MR-scanning. An MR-compatible EP recording system 
allows for obtaining intracardiac electrograms during MR-scanning. An RF generator is 
connected to MR-compatible EP-catheter devices for ablation therapy. In the following the 
different components will be described in more detail: 
 
1. MR-compatible catheter devices and safe tracking technology.  

EP procedures require highly specialized catheters with a range of functions to perform 
EP-mapping and ablation procedures while tracking the catheter position. EP catheters 
require electrodes for recording of the intra cardiac signal with an amplitude of 
approx.10mV with maximal frequency of approx. 1 kHz. Additionally, intracardiac 
pacing is performed with these electrodes using currents of 10mA and a maximal 
frequency of 100 kHz. In conventional EP catheters, these signals are transmitted by 
copper cables, which are impermissible in MR due to potential RF heating [21, 22]. 
Highly resistive (HR) wires with a resistance in the order of several kΩ have been shown 
to reduce heating effectively while transmitting electrical signal for EP-recording and 
pacing [23].  
Another important requirement is to provide the cardiologist with images showing the 
myocardial tissue and the position and shape of the catheter devices. However, device 
visualization with two-dimensional MRI is complicated by the fact that for a tomographic 
imaging modality the device has to stay within the imaging slice. Therefore fast catheter-
tracking techniques are highly desirable, i.e. to track the MR-safe catheter devices within 
the MR-scanner. A variety of techniques have been proposed for these purposes, many of 
which incorporate a receive micro-coil in the catheter tip and localizing this coil by 
obtaining projections [24]. This allows the rapid tracking of the catheter tip in three-
dimensional space within the coordinate system of MR-images and thus being inherently 
registered. In order to minimize RF heating associated with the active tracking 
components, the micro coil can be connected to a transformer-based cable suppressing the 
common mode RF currents [23, 25]. 

 
2. MR-compatible Patient Monitoring.   

An MR-compatible patient monitor is required to obtain vital signs of the patients during 
the intervention, such as ECG, SpO2 and respiration. The filtered surface ECG can also 
be used for triggering of the MR-acquisition and providing a reference EP-recording. For 
this, ECG transmission should be established from the patient monitoring system to both 
the EP recording system and the MR scanner. This allowed for patient monitoring, 
activation mapping, and MR-triggering using a single set of ECG electrodes. 
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3. EP-recorder, Pacer and RF generator  

The EP-catheter devices are connected to an EP recorder to receive the intracardiac 
electrograms. MR-scanning results in artifacts in the electrograms due to the application 
of rf-pulses and gradients requiring dedicated filter to recover the signal. In addition, 
ECG-signal obtained from surface electrodes can be used for reference, i.e. the timing of 
the intracardiac electrograms can be related from a first catheter to those of a second 
catheter or to the surface ECG. After the time delay has been determined for a specific 
catheter position, this information has to be related to the anatomy as a mapping point. 
For this, the point is displayed on the image guidance platform. While this is repeated for 
a large number of different catheter positions, the image guidance platform also generates 
a color-coded representation of all mapping points called time-map. Sometimes activation 
data needs to be acquired under pacing, e.g. by using and additional pacing catheter in the 
coronary sinus, which is connected to a pacer. Finally, an RF-generator needs to be 
connected to the EP-catheter to perform RF-ablation for treatment. 

	
  
4. Image-Guidance Platform  

This builds the core component of the MR-EP suite to integrate the different information, 
i.e. MR-images, catheter position and intracardiac electrograms or time delays. In 
particular real-time visualization of the catheter position on a 3D roadmap is required to 
guide the procedure. This can either be done on reformatted MR-images or endocardial 
surface extracted from a 3D MR-dataset [26]. Sometimes the cardiac anatomy is 
dynamically changing due to respiratory motion. Therefore, either real-time MRI or a 
motion compensated roadmap needs to be used [27, 28].   
For the ablation therapy the position of the catheter device and the atrial wall thickness is 
of importance to create a transmural lesion while avoiding perforation by applying to high 
RF-energy. Local MR imaging can be used to confirming the catheter position and 
determining the wall thickness before RF-ablation. In addition, non-invasive MR-
techniques can be used to quantify the size and shape of the ablation lesion. These 
techniques are either based on delayed enhancement of lesions using a contrast agent 
[15,16] or using T2-weighted imaging for imaging of edema [17,29]. Furthermore, the 
three-dimensional visualization of the lesions and edema pattern [30] is of great 
importance to provide the interventionist with location of potential gaps. 

Conclusion	
  	
  
MR-­‐compatible	
   catheter	
   technologies,	
   advances	
   in	
   cardiac	
  MRI	
   and	
   image	
   integration	
  
allow	
   the	
   guidance	
   of	
   electrophysiology	
   procedures.	
   Such	
   an	
   MR-­‐suite	
   will	
   likely	
  
improve	
   the	
   identification	
   of	
   the	
   arrhythmogenic	
   substrate	
   and	
   facilitate	
   complex	
  
arrhythmia	
  procedures.	
  
	
  	
  

References	
  
1. Lip GY, Tse HF. Management of atrial fibrillation  Lancet. 2007;370:604-18. 
2. Calkins H et al. Catheter ablation of accessory pathways, atrioventricular nodal reentrant 

tachycardia, and the atrioventricular junction: Final results of a prospective, multicenter clinical 
trial. The atakr multicenter investigators group. Circulation. 1999;99:262-270 

3. Brooks AG et al. Outcomes of long-standing persistent atrial fibrillation ablation: A systematic 
review. Heart rhythm 2010;7:835-846 

4. Calkins H et al. Treatment of atrial fibrillation with antiarrhythmic drugs or radiofrequency 
ablation: Two systematic literature reviews and meta-analyses. Circulation. Arrhythmia and 
electrophysiology. 2009;2:349-361 

5. Bhargava M et al. Impact of type of atrial fibrillation and repeat catheter ablation on long-term 
freedom from atrial fibrillation: Results from a multicenter study. Heart rhythm 2009;6:1403-1412 

6. Nordbeck P et al. Feasibility of real-time mri with a novel carbon catheter for interventional 
electrophysiology. Circulation. Arrhythmia and electrophysiology. 2009;2:258-267 

Proc. Intl. Soc. Mag. Reson. Med. 22 (2014)



	
   4	
  

7. Hoffmann BA et al. Interactive real-time mapping and catheter ablation of the cavotricuspid 
isthmus guided by magnetic resonance imaging in a porcine model. European heart journal. 
2010;31:450-456 

8. Nordbeck P et al. Feasibility of contrast-enhanced and nonenhanced mri for intraprocedural and 
postprocedural lesion visualization in interventional electrophysiology: Animal studies and early 
delineation of isthmus ablation lesions in patients with typical atrial flutter. Circulation. 
Cardiovascular imaging. 2011;4:282-294 

9. Ganesan AN et al. Mapping and ablation of the pulmonary veins and cavo-tricuspid isthmus with a 
magnetic resonance imaging-compatible externally irrigated ablation catheter and integrated 
electrophysiology system. Circulation. Arrhythmia and electrophysiology. 2012;5:1136-1142 

10. Piorkowski C et al. Cavotricuspid isthmus ablation guided by real-time magnetic resonance 
imaging. Circulation. Arrhythmia and electrophysiology. 2013;6:e7-10 

11. Sommer P et al. Feasibility of real-time magnetic resonance imaging-guided electrophysiology 
studies in humans. Europace  2013;15:101-108 

12. Nazarian S, et al. Feasibility of real-time magnetic resonance imaging for catheter guidance in 
electrophysiology studies. Circulation. 2008;118:223 

13. Dukkipati SR et al. Electroanatomic mapping of the left ventricle in a porcine model of chronic 
myocardial infarction with magnetic resonance-based catheter tracking. Circulation. 
2008;118(8):853-62 

14. Schmidt EJ, et al. Electro-Anatomic Mapping and Radio-Frequency Ablation of Porcine Left Atria 
and Atrio-Ventricular Nodes using Magnetic Resonance Catheter Tracking. Circ Arrhythm 
Electrophysiol. 2009;2(6):695-704  

15. Dickfeld T et al. Characterization of radiofrequency ablation lesions with gadolinium-enhanced 
cardiovascular magnetic resonance imaging. J Am Coll Cardiol. 2006;47:370-378. 

16. Peters DC et al. Detection of pulmonary vein and left atrial scar after catheter ablation with three-
dimensional navigator-gated delayed enhancement MR imaging: initial experience. Radiology 
2007;243:690-698 

17. McGann CJ et al. New magnetic resonance imaging-based method for defining the extent of left 
atrial wall injury after the ablation of atrial fibrillation. J Am Coll Cardiol. 2008; 52(15):1263-71. 

18. Reddy Vet al. Arrhythmia recurrence after atrial fibrillation ablation: can magnetic resonance 
imaging identify gaps in atrial ablation lines? J Cardiovasc Electrophysiol. 2008; 19:434-437. 

19. Vergara GR et al. Real-time magnetic resonance imaging-guided radiofrequency atrial ablation 
and visualization of lesion formation at 3 Tesla. Heart rhythm. 2011;8:295-303 

20. Ranjan R et al. Identification and acute targeting of gaps in atrial ablation lesion sets using a real-
time magnetic resonance imaging system. Circulation. Arrhythmia and electrophysiology. 
2012;5:1130-1135 

21. Konings MK et al. Heating around intravascular guidewires by resonating RF waves. J Magn 
Reson Imaging 2000;12:79–85. 

22. Nitz WR et al. On the heating of linear conductive structures as guide wires and catheters in 
interventional MRI. J Magn Reson Imaging 2001;13:105–114. 

23. Weiss S et al. In vivo evaluation and proof of radiofrequency safety of a novel diagnostic MR-
electrophysiology catheter. Magnetic Resonance in Medicine 2011 65(3), 770–777.   

24. Dumoulin, C.L. et al. Real-time position monitoring of invasive devices using magnetic resonance. 
Magn Reson Med, 1993. 29(3): 411-5. 

25. Weiss, S., et al., Transmission line for improved RF safety of interventional devices. Magn Reson 
Med, 2005. 54(1): 182-9. 

26. Guttman MA et al. Real-time volume rendered MRI for interventional guidance. J Cardiovasc 
Magn Reson. 2002;4: 431-442.   

27. King AP et al. A subject-specific technique for respiratory motion correction in image-guided 
cardiac catheterisation procedures. Med Image Anal. 2009; 13(3):419-31. 

28. Kolbitsch C et al. Prospective high-resolution respiratory-resolved whole-heart MRI for image-
guided cardiovascular interventions. Magnetic Resonance in Medicine 2011; 68(1):205-13. 

29. Yokokawa M et al The change in the tissue characterization detected by magnetic resonance 
imaging after radiofrequency ablation of isthmus-dependent atrial flutter. Int J Cardiol. 2011 Apr 
1;148(1):30-5. 

30. Knowles B. et al. Three-dimensional visualization of acute radiofrequency ablation lesions using 
MRI for the simultaneous determination of the patterns of necrosis and edema. IEEE Trans 
Biomed Eng. 2010 Jun;57(6):1467-75. 

Proc. Intl. Soc. Mag. Reson. Med. 22 (2014)


