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1. Summary of the impact  
 
We have developed a new technique of performing cardiac catheterisation in children and adults 
with congenital heart disease. This has led to the commercialisation of hybrid MRI and X-ray 
cardiac catheterisation laboratories, a new scientific technique for studying cardiac physiology and 
pathology and most importantly is being routinely used in clinical practice as it dramatically reduces 
X-ray radiation exposure (by a factor of 8) and improves the accuracy of physiological 
measurements leading to better clinical decision making and impact. 
 
2. Underpinning research  
 
The translation of MR-guided cardiac catheterisation from an engineering concept to a clinical 
reality, required a number of scientific challenges to be addressed. These are described in this 
section [1-5] and were carried out by Razavi (2000-present, Lecturer and subsequently Professor) 
and Hill (2000-2005, Senior Lecturer and subsequently Professor) as well as later work by Razavi 
and Schaeffter (2006-present, Professor) in the Division of Imaging Sciences & Biomedical 
Engineering at KCL. 
  
The first research challenge was to develop an MRI and X-ray cardiac catheterisation laboratory 
with the appropriate technical, work-flow and safety features to allow clinical MRI cardiac 
catheterisation [1]. This involved modification of the MRI and X-ray systems to allow a floating 
table-top to move between the two modalities, shielding of the image intensifier to minimise 
distortion and the set up of a work flow to safely monitor and move an anaesthetised patient into an 
MRI scanner and perform cardiac catheterisation procedures.  
 
The second challenge, was developing safe devices that could be used to perform cardiac 
catheterisation procedures in patients [2,3,4,5]. Previous research had focused on showing 
feasibility without tackling the safety issues. The catheters and devices used in those studies had a 
real risk of heating in an MRI scanning environment and so causing damage to heart and vessels. 
We devised four potential safe techniques of performing catheter and device visualisation and 
have moved two of these techniques into clinical practice.  
 
The first technique used passive visualisation of a non-braided balloon angiographic catheter filled 
with carbon dioxide producing a negative contrast in a steady state free procession real-time 
sequence [2]. Optimising the echo time and spatial resolution allowed us good visualisation while 
performing various catheterisation manoeuvres at 5-10 frames per second in a pulsatile flow 
phantom. We were then able to show feasibility in 20 patients and demonstrate catheter guidance 
to all the major vessels and left and right-sided cardiac chambers.  
 
The second technique involved using 19F nuclear magnetic resonance in conjunction with proton 
imaging [3].  This has the advantage of being able to automatically track the catheters when they 
move out of plane. Using a standard angiographic balloon catheter filled with the blood substitute 
perfluorooctylbromide (PFOB) and a limited bandwidth excitation at the resonances of the CF2 
groups of PFOB, we found that sufficient signal could be received to facilitate tip tracking during 
catheter motion and length visualisation for various catheter configurations.  
 
The third technique involved using multiple tuned quadrature fiducial markers attached to a non-
braided standard catheter with an interleaved real-time interactive sequence with varying flip 
angles [4]. We were able to show good visualisation and tracking of the length of the catheter in a 
postile flow phantom with minimal heating. 
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The fourth technique involved a fibreglass guide wire with a nitinol tip and tiny iron splints affixed 
along the distal 10 cm for passive visualisation [5]. This underwent bench testing, feasibility in a 
large animal model and, following Medicines and Healthcare products Regulatory Agency 
approval, was used for performing cardiovascular interventions in patients with congenital heart 
disease.  
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4. Details of the impact  
 
Around one child in a hundred is born with a congenital heart defect. Depending on the severity of 
the condition, some children will require cardiac catheterisation as a diagnostic tool or as a curative 
treatment. To guide the procedure, images are recorded throughout using X-ray, exposing children 
to radiation. Research has shown that children who undergo even a single procedure are at an 
increased risk of developing tumours and cancer in later life [6]. Children are especially vulnerable 
to the oncogenic effects of radiation. Tissues and organs that are growing and developing are 
more sensitive to radiation effects. Moreover, the oncogenic effects of radiation require a long 
latent period (decades) that varies with the type of malignancy. Therefore children have a longer 
lifetime risk of developing radiation-induced cancers.  
 
MRI is a completely radiation free imaging technique and can provide much better characterisation 
of cardiovascular anatomy than it is possible with x-ray. As described above, we developed the 
technical, work-flow and safety features and the catheter visualisation techniques needed to 
carrying out the first in-man MRI-catheterisation procedures in patients with congenital heart 
disease [1]. This new clinical technique that allows simultaneous measurement of invasive 
pressure and physiological measurements such as flow and volume has enabled new avenues of 
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research and insights into human cardiovascular physiology and pathology [7-14]. 
 
We have also shown that this technique has significant benefits for patients. Firstly, it reduces the 
X-ray radiation dose by a factor of eight, which is very important particularly as the majority of 
patients undergoing catheterisation for congenital heart disease are children [7, 15]. Secondly, it 
improves the accuracy of physiological measurements like the measurement of pulmonary-
vascular resistance (PVR) [8,9] – important in making decisions about treatment such as judging 
whether the risk of going ahead with palliative or corrective surgery is justified. The previous 
technique has a bias of up to 54% with limits of agreement from 154% to -66%.  
 
In congenital heart disease, making decision on whether to proceed with surgical palliation or other 
interventions, versus continuing conservative management, can often be very difficult. This is 
because there is not population-based data on outcomes, because of the complexity and large 
variation in the type of abnormality. Having more accurate measurement of physiology, only made 
possible by the technologies we have developed, means that now we can start to make decisions 
on the basis of these measurements and, for example, know that PVR of over 4 dyne.sec/cm5 in 
children with a uni-ventricular circulation and over 6 dyne.sec/cm5 in a bi-ventricular circulation, 
would be too high risk to move forward with palliative or corrective surgery [7, 15].  
 
We have worked with Philips Healthcare to develop the concept of a combined MRI and X-ray 
clinical cardiovascular catheterisation laboratory (the first research challenge described in section 
2) which has led to the CE marking and commercial release of the first such product by Philips 
Healthcare in 2004 [15].  Based on the concept we developed, similar systems have subsequently 
been released by Siemens and GE [15]. These systems are installed in 15 leading academic 
health science centres across the world and are used for cutting edge clinical research and for the 
care of complex patients such as those with congenital heart disease.  
 
MRI guided cardiac catheterisation, has been adopted as best practice at the Evelina Children’s 
Hospital, London - one of the ten major paediatric cardiac centres in the UK [7]. The practice has 
extended its reach nationally and internationally to hospitals such as Great Ormond Street 
Hospital, London [12], German Heart Centre, Berlin, Germany [13] and Children's National Medical 
Centre, Washington DC, USA [14] enhancing the quality of care for patients with congenital heart 
disease.  
 
Our research activities have led to the development of a new commercial product, the hybrid MRI 
X-ray cardiac catheterisation laboratory, the development of a new technique for assessing cardiac 
physiology in patients and a better way of performing cardiac catheterisation in children and adults 
with congenital heart disease, which has been adopted as routine practice at the Evelina Children’s 
Hospital, London and also used in centres around the world. 
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