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(Stanford University), Omer Oralkan (Stanford University), 

Aman Mahajan (UCLA School of Medicine), Kalyanam 

Shivkumar (UCLA School of Medicine) and David J. Sahn 

(Oregon Health & Science University) – is in its sixth year of 

NIH funding, having proposed to develop a family of high 

frequency miniaturized forward and side-looking ultrasound 

imaging devices equipped with electrophysiology mapping and 

localization sensors and eventually to include a family of 

capactive micromachined ultrasonic transducer (cMUT) devices 

– a forward-looking cMUT MicroLinear array and a ring array 

capable of 3-dimensional imaging and a 5Fr lumen large enough 

to admit an electrode and ablation devices. 

I. INTRODUCTION 

While fluoroscopic electroanatomical navigation methods 

are still the most widely used imaging modalities for guiding 

interventional electrophysiology (EP) procedures, the actual 

desire to see tissue structure has provided opportunities for 

transesophageal and intracardiac imaging.  Intracardiac 

echocardiography (ICE) imaging catheters are increasingly 

being used to guide EP therapeutic procedures because they 

offer real-time, direct observations and improved procedural 

guidance over that of fluoroscopy alone [1]. Improved 

interventional image guidance can certainly lead to improved 

clinical outcomes. Recent reports have shown procedural 

improvements for atrial fibrillation using ICE integrated with 

other available imaging modalities [2], [3]. We have taken 

this integration approach by building and testing a 

multifunctional catheter capable of both EP sensing and ICE 

imaging functions. 

II. ARRHYTHMIAS AND INTERVENTIONAL PROCEDURE IN 

ELECTROPHYSIOLOGY 

Atrial fibrillation (AF), the most common cardiac 

dysrhythmia, now affects more than 2.2 million adults in the 

United States alone and was the discharge diagnosis for 

465,000 hospitalizations in 2003 [4]. Because cardiac 

dysrhythmia is more prevalent in ages beyond 60 years, the 

yearly rate of increase in the patient population with AF is 

expected to peak by 2030 due to the growing population of 

aging baby boomers, resulting in an expected 5.6 million 

U.S. patients by 2050 [5]. 

Since x-ray fluoroscopy guidance is the standard for EP 

interventional procedures, the potential for significant 

radiation exposures is a true concern if there happens to be a 

case combining a high-exposure fluoroscope with a lengthy 
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procedure especially in a young patient. An example is given 

[6] of an atrophic indurated plaque forming two years later 

on the skin of a 17 year old following an EP ablation 

procedure that used approximately 100 min of fluoroscopy; 

the corresponding dose to skin was estimated to be 10 Gray. 

One study [7] conducted as a survey of diagnostic 

fluoroscopy machines from various hospitals in the 

Netherlands showed that there were substantial variations in 

exposure rates, with the highest exposure rate at 15 times 

that of the least. With the highest-dose fluoroscopic device, a 

patient could receive 1 Sievert (Sv) in as little as 7 min of 

exposure. Thus a lengthy, but not uncommon, 50-min 

procedural exposure with this level of radiation could 

produce an alarming total equivalent dose of more than 7 Sv 

to a region of the chest. 

There have been only a few studies focused specifically on 

fluoroscopic radiation exposures to patients during EP 

procedures; attention to patient exposure rates and 

measurement accuracy is still in development. One recent 

study [8] stated that patients undergoing RF ablation 

procedures for paroxysmal AF with long duration exposures 

that averaged 57 min produced an effective dose of (only) 

0.0011 Sv on average. Improvements in radiation 

exposimetry in a clinical setting are apparently still in 

development because another author [9] strongly questions 

this dubious result.  Many investigators now are using 

“effective dose,” for example, which converts a higher 

radiation dose delivered to a small portion of the body into 

an equivalent uniform dose to the entire body that carries the 

same radiation-induced risk. 

Serious efforts to diminish unnecessary radiation exposure 

have been conducted by groups integrating various mapping 

tools to display electrical data collected along with 

anatomical 3-D location. The CARTO system has been 

employed by investigators [10], [11], [12], [13], all showing 

significantly decreased radiation exposure. Additionally, the 

NavX system [10], [14], [15], [16], provided marked 

reductions in radiation and shortening of procedure time that 

offer compelling rationale for the utility of these guidance 

systems. 

Guiding interventional EP therapies is clearly challenging. 

Among the issues are: 1) adequate endocardial electrical 

mapping; 2) identification of appropriate landmarks and 

recognition of individual variants in anatomy; 3) specific site 

guidance of ablation devices; and 4) the determination of 

therapeutic success while the heart is in motion, and 

importantly, while radiation exposure is held to a minimum. 

III. A FAMILY OF INTEGRATED ICE CATHETERS 

Our Bioengineering Research Partnership has targeted 

several integrated imaging catheter designs specifically for 

electrophysiology therapy guidance. The first of 3 devices, 

the “HockeyStick” (HS) [17], is a 9 French (Fr, where 3Fr = 

1 mm) combination EP mapping and ICE catheter designed 

to be easily deployed with standard introducer sheaths, 

possess dual direction steering capability, and incorporate 

fully integrated EP mapping electrodes near the imaging tip. 

A 64-element array was chosen in the first design to operate 

at a center frequency in the range of 7 to 12 MHz with a 

fractional bandwidth of 50% or greater. The design of this 

catheter is discussed in more detail in the companion paper 

[18]. The HockeyStick catheter is depicted in Fig. 1 as it has 

been used in the right side of the pig heart (Figs. 2 & 3). 

 
Fig 1.  HockeyStick catheter with extra electrodes to enable electrofield 3D 

localization and image overlay.  The catheter is 9Fr. 

 

 
Fig 2.  HockeyStick in RV (r-l invert of LV and RV post ions in diagram) 

capable of imaging the entire LV in a 60kg pig.  

 

 
Fig 3.  NavX overlay image of LA and pulmonary veins with side looking 

HockeyStick catheter. 

 

The second member of the EP-ICE family is the 

“MicroLinear” (ML) catheter. The most recent design is a 

9Fr EP capable catheter with a 24-element, 14 MHz phased 

array mounted at the tip for high definition, high-frame rate, 

forward-looking imaging. A preferred design configuration 
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for the ML catheter will include a metal ablation tip 

surrounding the distal array allowing both radio-frequency 

ablation (RFA) and imaging simultaneously. Prototypes of 

the MicroLinear forward-looking catheter are shown in Fig. 

4 and Figs. 5 and 6 with our latest design, a cMUT version, 

shown in Figs. 7 and 8. 
 

 
Fig 4.  Early prototype versions of MicroLinear forward looking ICE 

catheter. 

 

 
Fig 5.  Forward looking catheter imaging ablation of the right atrium near 

the ostium of the coronary sinus. 

 

 
Fig 6.  MicroLinear forward looking catheter, imaging ablation (“crater”) 

and altered strain rate mechanics in ablated region. 

 
Fig 7.  Forward looking cMUT based MicroLinear array fabrication. 

 
Fig 8.  Imaging of the atrium and atrial appendage of a Langendorff heart 

preparation with the forward looking cMUT based array mounted on a 

breadboard beneath a water tank and diagram of catheter configuration for 

cMUT MicroLinear array. 

 

The third device is a 9Fr forward-looking 64 capacitive 

micromachined ultrasonic transducer (cMUT) element ring 

array catheter operating at 10 MHz that ultimately will allow 

the central catheter lumen to be used as a conduit for any of 

many small wire, fiber, or electroded therapy devices that 

can be used simultaneously with forward-looking imaging 

(Fig. 9). The ring array has been used with synthetic aperture 

imaging techniques in laboratory testing to demonstrate its 

usefulness (Figs. 10 & 11). Work to incorporate this ring 

design into a catheter is in progress. 
 

 
Fig 9.  Fabrication and connections for the cMUT ring array catheter 

device.  
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Fig 10.  Bench imaging of springs and stents in water using the cMUT ring 

array device.  

 
Fig 11.  Prototype imaging with a 4D intracardiac imaging catheter, of a 

curved catheter placed through the left atrial appendage into the LV (seen 

in short axis view) in an open-chest pig experiment.   

 

IV. RESULTS 

More than 10 pigs weighing in the range of 34 to 55 kg 

have been studied. ICE imaging was performed using a 

VingMed Vivid 7 ultrasound system in standard imaging 

modes, including color and pulsed Doppler, tissue Doppler, 

TVI, SRI, and tissue synchronization (TSI) imaging. High 

frame rates were commonly used at 150 F/sec. Digital scan 

line data were transferred to an offline EchoPac-PC (GE 

Healthcare, Milwaukee, WI) for further analysis. 

The pig studies yielded useful ultrasound imaging 

guidance indicators while simultaneous tissue ablation was 

performed using a separate ablation catheter with 50 Watts 

of RF power delivery capability. 

V. DISCUSSION 

A. Imaging Utility of Multifunctional ICE Catheters 

Early animal studies targeted general B-Mode imaging of 

intracardiac features and ablation catheters with attention to 

evaluation of resynchronization pacing using the 

multifunctional nature of the EP-ICE combination catheters 

equipped with integrated EP sensors. The EP-ICE catheters 

were usually advanced to the heart to perform studies of the 

RA and RV without fluoroscopic guidance. In one animal, 

the EP-ICE catheter entered the patent foramen ovale in the 

intra-atrial septal wall and entered the LA without difficulty. 

Clear delineation of bubble production after prolonged RF 

ablation was observed. 

Both the side-looking HockeyStick catheter and the 

forward-looking MicroLinear catheter designs have been 

successful in obtaining very useful images of therapeutic RF 

catheter ablations. 

The HockeyStick has been used very successfully to track 

tissue synchrony using the high frame rate SRI modality 

available on the imaging system platform. This ability can be 

valuable in the assessment of cardiac arrhythmias. High 

frame rate SRI imaging (Fig. 6) allows a mechanical survey 

of the effects of the electrical activation and improves the 

ability to detect early contractions in the monitored regions 

of the myocardium that move first using this tissue-tracking 

technique. 

B. Imaging with 3-D Electroanatomical Guidance 

Individual intracardiac ECG channel evaluations of 

arrhythmias have evolved toward simultaneous, multichannel 

mapping, producing much more detail in the temporal 

characterization of specific arrhythmias. With the sheer bulk 

and complexity of the temporo-spatial information, it has 

become increasingly more difficult to maintain a clear 

perspective on the large number of channels of ECG data 

and as well interpret their significance with respect to their 

specific anatomic locations. Within the last decade, the 

development of computer-based mapping that better records 

and presents both the spatial and temporal characteristics of 

cardiac activity has become more popular as a natural 

solution to this issue, and in particular as it addresses the 

need for procedural guidance of therapeutic ablation 

treatments for problems related to arrhythmias. 

Electro-anatomical mapping using either electric or 

magnetic fields in particular has become a significant 

guidance tool. One technique uses patient isolated electrical 

field gradients established by a set of patch electrodes 

attached to the patient’s body in at least 5 key positions. The 

electrical field gradients can be sensed by either a single 

electrode on a single intracardiac catheter or on as many as 

64 electrodes from many different catheters.  

A series of pre-clinical studies have been performed by 

our partnership that have combined ICE imaging capability 

with catheter localization and tracking in 3-D space in real 

time. Following an initial volumetric mapping with the NavX 

catheter, the HockeyStick catheter itself could be tracked 

continuously within the volume, and with the multiple 

electrode feature, the orientation of the ICE catheter could 

also be placed accurately in the intracardiac chamber (Fig. 

3). Since the HockeyStick has a separate EP connector to 

allow for ECG signal monitoring, the electrodes connected to 

this EP connector allow for a very easy means of connection 

to the NavX system connectors. It is only this simple 

interconnect that is necessary for the NavX system to track 

the electrode positions in 3-D space. This capability can 

potentially yield a very powerful strategy to enhance the 

clinical utility of ICE by enabling therapeutic procedures, 
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guided by intracardiac echocardiography, with much less 

dependence on hazardous fluoroscopic image guidance. In 

one of our studies, the navigation and manipulation time for 

achieving ultrasound imaging of an ablation procedure was 

substantially reduced by more than 75% compared with 

fluoroscopic visualization only. 

VI. CONCLUSIONS 

Future intracardiac therapies will likely include devices 

which have multiple capabilities to improve clinical 

outcomes with superior guidance features and less 

dependence on fluoroscopy with its potential for hazardous 

radiation exposure. 

A 3-D road map projection of the heart anatomy through 

the use of electroanatomical mapping can be successfully 

combined with ICE catheters in a very seamless fashion, 

which suggests a great future for the success of this 

technology integration. The future combination of 

electroanatomical mapping and ICE may offer a significant 

means for improving the identification accuracy of 

therapeutic targets, lessen the lengthy procedural times, and 

decrease the dependence on potentially hazardous 

fluoroscopic guidance. 
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