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Abstract

Myocardial infarction (MI) is one of the leading causes of death in the world. Small animal studies 

have shown that stem-cell therapy offers dramatic functional improvement post-MI. An 

endomyocardial catheter injection approach to therapeutic agent delivery has been proposed to 

improve efficacy through increased cell retention. Accurate targeting is critical for reaching areas 

of greatest therapeutic potential while avoiding a life-threatening myocardial perforation. 

Multimodal image fusion has been proposed as a way to improve these procedures by augmenting 

traditional intra-operative imaging modalities with high resolution pre-procedural images. 

Previous approaches have suffered from a lack of real-time tissue imaging and dependence on X-

ray imaging to track devices, leading to increased ionizing radiation dose. In this paper, we present 

a new image fusion system for catheter-based targeted delivery of therapeutic agents. The system 

registers real-time 3D echocardiography, magnetic resonance, X-ray, and electromagnetic sensor 

tracking within a single flexible framework. All system calibrations and registrations were 

validated and found to have target registration errors less than 5 mm in the worst case. Injection 

accuracy was validated in a motion enabled cardiac injection phantom, where targeting accuracy 

ranged from 0.57 to 3.81 mm. Clinical feasibility was demonstrated with in-vivo swine 

experiments, where injections were successfully made into targeted regions of the heart.
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1. Introduction

Cardiovascular disease is one of the primary sources of mortality in the world, especially in 

industrialized nations. In particular, myocardial infarction (MI), which is usually caused by 

an abrupt thrombotic occlusion of a coronary artery that results in myocardial necrosis, is 

responsible for nearly 50% of deaths globally [1]. The American Heart Association 
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estimates 600,000 Americans will experience new MI and about 320,000 will experience 

recurrent MI [2]. Eighteen percent of men and 23% of women over the age of 40 will die 

within a year of their first MI [2]. Those who present late or fail early treatment often 

develop progressive ventricular enlargement (also called adverse remodeling), heart failure, 

and sudden death. Patients who survive an MI but develop heart failure are 10 times more 

likely to die than other MI survivors [3]. Novel biologic agents such as stem cells represent 

an exciting and potentially revolutionary advance in post-MI therapy; however, little is 

known about the optimal delivery method of these agents. In this paper, we present a multi-

modal image fusion system for catheter based delivery of theraputic agents in the beating 

heart. The system, the first-of-its-kind for this application, fuses 3D echocardiography 

(3DEcho), X-ray fluoroscopy (XRF), and pre-operative magnetic resonance (MR) image 

based anatomical models with electromagnetic (EM) tracking to create a versatile imaging 

platform. It allows the physician to perform endomyocardial injections in situations where 

targeting accuracy may be crucial from the standpoint of safety and efficacy, with the 

potential for reducing patient and staff exposure to ionizing radiation.

Open chest, direct intramuscular injection of bone marrow stem cells into infarct borders 

results in functional myocardial recovery in mice post-MI [4]. However, human studies that 

infused cells into coronary arteries have not shown robust benefits [5, 6, 7, 8, 9, 10, 11]. 

Contributing to this discrepancy may be the delivery method and target location which 

influences cell retention and engraftment. For example, intra-coronary cell infusion requires 

a patent infarct related artery and is associated with low acute retention [12, 13, 14, 15]. 

Open chest procedures are impractical and risky in this clinical population because they 

require general anesthesia, thoracotomy, and long recovery times. Minimally invasive, 

controlled intramuscular catheter injection directly into infarct borders from the inside 

surface (transendocardial) is conceptually safer and would be associated with faster patient 

recovery than an open chest approach. In addition, the transendocardial approach offers 

improved cell retention in animal studies, and therefore, may offer enhanced therapeutic 

effect. However, there are safety issues involved with transendocardial injections, namely 

the risk of myocardial perforation by interventional devices.

Clinically, the risk of spontaneous ventricular wall, papillary muscle, and septal rupture 

occurs 3–5 days post-MI due to tissue fragility, and the risk diminishes thereafter. 

Coincidently, this time frame may be the most optimal for stem cell transplants to offer the 

greatest efficacy [16]. Although newly infarcted myocardium remains thick, it is “friable,” 

meaning the tissue is mechanically weak and prone to perforation, especially if “prodded” 

by stiff endomyocardial catheters. Consequently, there remains a serious concern of cardiac 

perforation caused by a catheter if pressed against the new, friable infarct. Furthermore, both 

acute and chronically infarcted myocardium is not perfused and therefore transplanted cells 

are not likely to thrive within the infarcted region. This observation underlies the hypothesis 

that the infarct border zone is the optimal location for transplantation of therapeutic agents. 

An acceptable distance-to-infarct accuracy threshold has yet to be defined and is probably 

dependent upon the biologic mode of action of the cell or biologic agent. Tools that can 

predictably map injection sites will allow investigators to study the effect of injection 

distribution or redundant injection locations. Therefore, from the standpoints of safety and 
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efficacy, accurate image guidance is a crucial component of catheter-based targeted 

endomyocardial injection therapy.

Catheter-based transendocardial delivery of various biologic agents are being investigated in 

human trials using several catheter delivery systems for mostly chronically ischemic or non-

ischemic cardiomyopathy [17, 18, 19, 20, 21, 22]. These procedures are conducted in mild 

to moderately sedated, non-intubated, free-breathing patients lying supine on a cardiac 

catheterization table. Two primary interventional imaging modalities have been used to 

guide these procedures: i) XRF [17, 23], and ii) electroanatomical mapping (EAM) (also 

known as electromechanical mapping, EMM) [18, 19, 24, 20, 25, 21, 26, 27, 28, 22]. XRF 

uses the principle of projection imaging and therefore offers poor depth perspective and poor 

soft tissue contrast. For example, XRF cannot itself provide visualization of the precise 

infarct boundary. Despite being the de facto imaging modality for guiding nearly all 

catheter-based cardiac interventions, XRF has limited usefulness as a stand-alone imaging 

modality for targeted transendocardial therapy.

NOGA (Cordis Corporation, Bridgewater, NJ) is a clinical EAM-based navigation system 

that has been used to perform transendocardial stem cell injections in human studies [18, 19, 

24, 20, 25, 21, 26, 27, 28, 22]. 3D maps are acquired by moving a flexible, EM-tracked 

catheter into the left ventricle and recording numerous locations of the catheter tip, along 

with displacement and voltage measurements. This technique was originally validated in 

[29]. Precision and accuracy measurements were defined as the stability of repeated 

measurements (“loop stability”), and small relative catheter displacements compared to 

known values. Targeted injection accuracy relative to known landmarks has not been 

investigated. The clinical studies that used NOGA to perform stem-cell injections targeted 

the entire ischaemic region, so accuracy was not as critical as when targeting the discrete 

infarct border zone. As previously mentioned, the safety of this approach for acute MI cases 

is questionable due to the fragile nature of newly infarcted tissue, with limited experience 

showing that the procedure is safe[25]. Aside from safety concerns, one of the major 

drawbacks of the NOGA system is the time it takes to perform the mapping, resulting in 

long procedures (reported as 81 ± 19 min. in [24], 62 ± 18 min. in [21], and 54 ± 15 min. in 

[25]). Furthermore, the ability of EAM to properly detect the actual infarct border zone 

location has been brought into question [30]. The authors found that infarct border 

localization using EAM does not always correspond to that obtained from delayed 

enhancement MR, the clinical gold standard [31, 32].

Attempts have been made to overcome the limitations of X-ray imaging by integrating pre-

procedural MR images. This technology is often referred to as XFM, and the first such 

system for endomyocardial injections was proposed in [33]. Point based registration was 

performed by using X-ray/MR visible markers (“fiducials”) placed on the chest. Contours of 

the left ventricular (LV) epicardium, LV endocardium, right ventricular (RV) endocardium, 

and infarct were used to generate 3D anatomical models of the heart, which were then 

overlaid on top of the biplane XRF images for improved intraprocedural catheter guidance. 

Injections containing tissue dye and MR visible contrast were made into the border zone and 

interior of the infarct in a swine model. A similar XFM system was presented in [34], where 

the major difference was that the MR derived 3D models were registered to biplane XRF by 
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visual alignment with a ventriculogram. Similar systems have been proposed for 

electrophysiology procedures [35][36], some of which support integration of EAM 

generated maps [37].

A common limitation of the previously discussed XFM and NOGA systems is the lack of 

real-time cardiac motion information. Injections are typically performed only at diastole, 

minimizing mis-registration due to beating motion. However, respiratory motion can result 

in tissue displacements of up to 2.0 cm [38]. Interventional MRI based procedures have been 

demonstrated [39] and are capable of providing the interventionalist with dynamic, high-

resolution images of the heart that can capture this motion. A few studies [40, 41, 42, 43, 44, 

45] focused on demonstrating safety and feasibility of targeted endomyocardial injections 

using real-time MRI in swine or canine models. The ability to perform injections into correct 

regions was shown, but targeting accuracy was not quantified as a distance error measure. 

No human clinical trials using interventional MRI for transendocardial therapy have been 

conducted. A comprehensive review of these procedures [46] noted severe limitations, 

including the ability to monitor patients, risk of device heating causing burns, lack of 

commercial testing and development of compatible devices, and lack of dedicated combined 

multimodal interventional suites, all contributing to a lack of acceptance for clinical use.

Echocardiography (Echo) can also provide real-time images of the heart, without many of 

the aformentioned issues related to real-time MRI. Echo is relatively inexpensive, provides 

real-time images at high frame-rates, and offers soft-tissue contrast that isn’t possible with 

XRF. The recent availability of live 3DEcho offers volumetric imaging, enabling 

visualization of complex cardiac anatomy and valvular function. Limitations do exist, 

however, such as small field-of-view (FOV), poor signal-to-noise ratio, presence of artifacts, 

and operator and patient dependent image quality. In [47], swine experiments testing the 

feasibility of echo-guided endomyocardial injections were conducted. A catheter was 

directed toward three anatomical targets in the heart and injections were performed under 

purely 3D and biplane echo guidance with the aid of echo contrast. From post-mortem 

examination, 95% of the attempted injections were confirmed, but only 83% were made into 

the correct zone.

Echo imaging has also been used in recent multimodal image fusion prototypes for cardiac 

interventions. In [48], direct access and targeted catheter injection accuracy comparisons 

were made between endoscopic (considered as a control), 2DEcho guided, and pre-operative 

model enhanced 2DEcho guided imaging within a beating heart phantom. For catheter 

injections, it was shown that model-enhanced echo guided RMS targeting errors were much 

smaller than 2DEcho-only guided errors.

We present an innovative solution to address precise targeting for transendocardial 

therapeutic delivery. Delayed enhancement MRI is the clinical gold standard for infarct 

imaging and therefore a pertinent imaging modality for MI applications. Real-time 3DEcho 

can image cardiac motion directly, without relying on ECG gating or respiratory bellows 

that track irregular heart and respiratory motion poorly in the clinical setting. XRF allows 

for confirmation of device locations and a familiar imaging modality for the 

interventionalist. Finally, EM-tracking provides accurate, real-time catheter tip definition in 
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3 dimensions without additional radiation exposure. The EM system also serves as an 

intermediate framework to register the MR and XRF images to 3DEcho. By combining all 

three modalities with EM-tracking, we achieve i) superior cardiac tissue and infarct 

definition, ii) full cardiorespiratory motion visualization and iii) 3D catheter tip tracking. 

The significance is that this system is the first flexible, truly multi-modal image fusion 

system implemented in the clinical setting for transendocardial injections. This has 

tremendous long-term potential to reduce X-ray and contrast dose and improve procedural 

safety, efficiency, and outcomes. We hypothesize that such a system is accurate and feasible, 

and demonstrate this with in-vitro and in-vivo experiments.

2. Methods

The overall approach to achieve intra-operative registration and fusion with the aid of EM-

tracking is shown in Fig. 1. The TEE probe and catheter are independently pre-calibrated to 

the tracking system. Pre-operative MR is registered to the EM-tracking system using patient 

fiducial markers in the operating room. XRF is registered to the EM system using a 

calibration phantom. This binds registration between MRI, XRF, catheter, and 3DEcho, 

providing the capability for the visualization of the pre-operative plan, interventional 

devices, and live anatomy. The proposed EM-based framework has the following 

advantages:

• An easy plug-and-play framework to replace different probes/tools.

• A pre-calibrated suite to minimize the number of intra-operative registrations that 

need to be performed.

• Real-time tracking of echo probe/ interventional tools.

• Minimal dependence on any one particular modality.

The platform allows the use of the system in a variety of different combinations, enabling 

interventional navigation using (i) multiplanar 2D views showing echo overlaid onto MR 

images with EM based catheter positioning and automatic slice selection; (ii) a 3D heart 

model segmented from MR with EM-tracked catheter positioning and biplane echo overlay, 

and (iii) an MR based anatomical model with 3DEcho projected onto XRF views.

2.1. Registration Workflow

2.1.1. 3DEcho to EM Calibration—To track the 3DEcho volumes within the EM 

framework, it was necessary to calibrate the tracked TEE probe to the 3DEcho volume. A 

method and toolkit [49] was developed using MATLAB (Mathworks, Natick, MA) to 

facilitate this calibration (Fig. 2). It allowed a user to simultaneously acquire 3DEcho 

volumes and the locations of EM-tracked tools. 3DEcho data was acquired using proprietary 

LAN-based streaming software and hardware for the Philips iE33 ultrasound machine. The 

3DEcho was tracked by rigidly attaching EM sensors onto the TEE probe with a coating of 

curable polyurethane plastic (Smooth-Cast 300 Series, Smooth-On, Easton, PA, USA) (Fig. 

2). Echo images were calibrated at a 10 cm imaging depth for both the Live3D and Thick 

Slice acquisition modes. This calibration needed to be done only once in the laboratory, and 

was therefore not part of the clinical workflow.
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Two algorithms were used, a point-to-point (P2P) based calibration and a point-to-line (P2L) 

based calibration. For the P2P method, an EM-tracked needle tip was simultaneously 

recorded and imaged within the 3DEcho volume, allowing calibration by point cloud 

registration [50]. The P2L method was investigated because the needle tips were difficult to 

visualize in Thick Slice mode. The P2L-based calibration was found by minimizing the 

distance between the EM-tracked needle, represented as a line in the EM coordinate system, 

and points lying on the needle in the in the echo image. Further details about the methods 

can be found in [49].

For analysis, the registration was calculated under two scenarios: using all available points 

and using only inlier points. Outlier detection was employed because of the inherent 

uncertainty in segmenting objects in US volumes. Outliers were found using the MLESAC 

[51] algorithm (a variation of RANSAC). Throughout the rest of this paper, we refer to the 

accuracy metrics fiducial registration error (FRE) and target registration error (TRE). Unless 

otherwise stated, fiducial registration error (FRE) is the RMS error between the registered 

point clouds, and target registration error (TRE) is the distance between registered data 

points that were not themselves used to calculate the registration. FRE and TRE were used to 

characterize registration accuracy for the EM-3DEcho calibration.

2.1.2. XRF to EM and XRF to 3DEcho Registration—XRF was registered to the EM 

space using two custom-built “prism” and “planar” phantoms (Fig. 3), designed for pre-

procedural and intraprocedural calibration, respectively. The prism phantom’s geometry was 

more optimal for calibration, but the planar phantom was easier to integrate into the clinical 

workflow because it had a smaller spatial footprint. The phantoms contained metal beads 

and grooves that were clearly visible in the XRF images, and were machined with a high 

degree of precision so that the geometry and location of the features were precisely known 

within an arbitrarily defined phantom coordinate system P. Both also had a rigidly mounted 

EM sensor attached. Finding the registration transformation between XRF and EM-

tracking, XRFTEM, was performed in two steps: calibration between the EM space and the 

phantom space (PTEM, once in the lab), and registration between the phantom space and the 

C-arm space (XRFTP, intra-operatively). Knowing the overall registration XRFTEM allowed 

for fusion between the 3DEcho and XRF images (eq. 1), since 3DEcho was calibrated to the 

EM system (sec. 2.1.1). Further details concerning the XRF to EM registration step are 

located in [52].

(1)

XRF to EM registration accuracy was determined by segmenting an EM-tracked needle in 

the XRF space and comparing its location to the transformed EM location measurement. 

This was performed 25 times at 3 table heights and 3 horizontal positions within the XRF 

field of view. 3DEcho to XRF registration accuracy was measured by placing a needle in a 

water tank, simultaneously imaging the needle with XRF and 3DEcho, segmenting the 

needle tip in both modalities, and measuring the distance between the two locations. This 

was done 10 times with different needle poses for each phantom.
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2.1.3. MR to EM and MR to 3DEcho Registration—Registration between the MR and 

EM coordinate systems was performed using external fiducials. Fiducials were manually 

segmented from the MR images, resulting in a set of points pMR. The fiducials were then 

touched with an EM-tracked pointer to acquire their locations in the EM coordinate space, 

pEM. The registration transformation that aligned the two point sets, TEETMR, was found 

using using the algorithm from [50]. Because 3DEcho was calibrated to the EM space, it 

was also possible to register 3DEcho to MR (eq. 2).

(2)

Registration accuracy for MR to EM and MR to 3DEcho was performed using a cardiac 

phantom. Seven MR compatible fiducials (Beekley Corporation, Bristol, CT) were attached 

to the phantom, which was then scanned to generate an MR image. Thread like fiducials that 

were visible in MR and 3DEcho were also attached for validation of the MR to 3DEcho 

registration.

Because a minimum of 3 fiducials were needed to register the images, a statistical analysis 

was performed that used all possible combinations of fiducials to find the transformation 

matrix. For example, if there were 7 total fiducials, all  possible combinations of 3 

fiducials were tested, as well as all all  possible combinations of 4 fiducials, and so on. 

This was done to analyze the effect of fiducial count on the overall registration accuracy. 

FRE was calculated for each combination, and TRE was measured for each fiducial that was 

not used in the registration. To calculate TRE for the MR to 3DEcho registration, the 

distance between the tips of the thread-like fiducials in MR and in 3DEcho were measured.

For pre-operative registration during the in-vivo experiments, fiducials were stuck on the 

surface of the animal’s chest before the MR scan, manually segmented from the images after 

the scan, and touched with an EM-tracked pointer once the animal was on the operating 

table. A typical fiducial placement configuration, as well as the location of the fiducials 

relative to the heart, is shown in Fig. 4. FRE and TRE were calculated as in the phantom 

experiments.

2.1.4. Catheter Design, Tracking, and Calibration—While EM-tracked catheters 

exist for some proprietary clinical systems, off-the-shelf models for research do not. For 

example, the NOGA system uses the EM-tracked “Myostar” catheter, but it is designed to be 

used only once and is not compatible with the NDI Aurora system. We therefore designed 

an EM-tracked injection catheter by mounting a 5DOF EM sensor into the interior of a 

steerable catheter sheath (Channel catheter, Bard Medical, Covington, GA) (Fig. 4). We 

used a sharpened nitinol hypotube (Johnson Matthey Medical, West Chester, PA) for the 

injection needle. Off the shelf calibration software (NDI ToolViewer, Waterloo, ON, CA) 

was used to calibrate the distance from the EM sensor to the catheter tip.

Hatt et al. Page 7

Comput Med Imaging Graph. Author manuscript; available in PMC 2014 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.2. Cardiac Injection Phantom

Targeting experiments were carried out in a realistic, respiratory motion enabled cardiac 

phantom. The phantom was made from poly-vinyl alcohol (PVA), a hydro-gel material with 

tissue-like echo and MR imaging properties. It was modeled from a cadaver heart and 

realistically shaped. For targeting experiments, it was desirable to have easily removable 

targets that could be replaced rapidly to facilitate numerous injection experiments. This was 

accomplished by removing the apical half of the phantom and replacing it with a removable 

“slab.” Within this slab were 4 circular target holes, each 9 mm in diameter, where targets 

could easily be added and removed (Fig. 6).

The PVA phantom was mounted on a stage, itself mounted on a ramp within a water tank. 

This enabled the phantom to move back and forth with a small rotation in the sagittal plane, 

similar to the way the human heart moves with respiration. An electronically controlled 

pneumatic pump system was used to move the phantom back and forth. A pressure cylinder 

attached to a differential pressure pump, which was controlled by a micro-controller (RAPU, 

Brookshire software, Springfield, VA), was used to drive motion of the phantom. The 

microcontroller allowed for millimeter resolution positioning as a function of time for 

realistic breathing motion of the phantom. MR to EM registration was performed as 

described in section 2.1.3.

A series of injections were performed with our prototype EM-tracked catheter to test the 

accuracy of the system under different amounts of respiratory motion. Food dye was 

injected into the targets to localize the actual injection site. Based on previous reports of 

typical human respiratory motion [38], we tested targeting accuracy under 0 mm, 5.0 mm 

and 20.0 mm of inferior-superior translation. All experiments were performed at a 

respiratory rate of 15 breaths per minute, a typical rate for a sedated patient. We defined 

“injection error” as the distance between the target centers and the actual injection locations.

2.3. In-vivo Experiments: System Feasibility

We performed a total of four in-vivo swine experiments to test feasibility. Procedures were 

approved by the local Institutional Animal Care and Use Committee. Injections were 

performed in the fourth experiment. The experimental workflow is shown in Fig. 7.

MR (1.5T, 8 channel cardiac phased array coil, Signa HDx, GE Healthcare, Milwaukee, WI) 

was performed before and after the procedures. Left ventricular (LV) short axis oblique 

slices were obtained using balanced steady state free procession (bSSFP) imaging. Delayed 

enhancement (DE) imaging was performed 15 minutes following administration of 0.15 

mmol/kg Gd-BOPTA (Multihance, Bracco Diagnostics, Princeton, NJ) using a standard 

inversion recovery based sequence. The DE scans were gated at mid-diastole. All MR 

imaging was performed at end expiration by temporarily suspending mechanical ventilation. 

Scan parameters can be found in [34].

Following MR, the swine was moved to a cathlab and placed on the operating table. Care 

was taken to make sure that the position of the animal did not change between MR imaging 

and transport to the cath-lab. Once on the table, the EM field generator was mounted next to 

the swine so that the center of the field generator was aimed at the heart. The EM-tracked 
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TEE probe was introduced and maneuvered until the highest quality image of the heart was 

attained. EM-tracked sensors were introduced through the femoral artery and maneuvered 

through the aorta into the left ventricle.

For the fourth experiment the 3D workstep was used, where the devices were viewed within 

a three-dimensional mesh and/or surface model of the cardiac anatomy (Fig. 8). Injections 

were performed using this workstep. Five proposed injection sites were segmented from the 

MR images and included in the 3D model. During the procedure, the location and 

orientation of the catheter tip was displayed within the anatomical mesh models (Fig. 8). 

Biplane ultrasound was also available for display. The animal was injected with co-

localizing agents for visualization in MR and tissue slices. Ferex (BioPal, Worchester, MA) 

was used to visualize the injection locations in post-op MR, and tissue dye (Bradley 

Products, Bloomington, MN) was used to confirm the injection locations in the ex-vivo 

heart. Following the injections, MR imaging was again performed according to the same 

protocols as the pre-procedural images in order to locate the injections. The animal was then 

sacrificed and the heart was removed, fixed in formalin, and stored for later imaging and 

examination.

3. Results

3.1. Registration Workflow

3.1.1. 3DEcho to EM Calibration—Results for the 3DEcho to EM calibration are shown 

in Table 1. TRE was calculated only on random inlier points that were not included in the 

calibration calculation. For the Live3D mode, the TRE values were marginally better for the 

point to line calibration method. Live3D was more accurate than Thick Slice mode, 

presumably due to the larger field of view allowing more accurate segmentation of the 

catheter.

3.1.2. XRF to EM and XRF to 3DEcho Registration Results—TRE mean and 

standard deviation are reported for the XRF to EM registration accuracy experiments in 

Table 2. XRF to 3DEcho registration accuracy was measured for both phantom designs. For 

the prism phantom, the TRE was 2.38 ± 0.96 mm, while for the planar phantom, it was 3.72 

± 0.48 mm (n=10 for both phantoms). In general, the planar phantom was less accurate than 

the prism phantom, which can be explained by increased localization error in the direction of 

the X-ray beam resulting from low variance of feature locations in that direction.

3.1.3. MR to EM and MR to 3DEcho Registration Results—The results of the 

statistical analysis based on different fiducial combinations for the phantom and in-vivo MR 

to EM registrations are shown in Table 3, while results for MR to 3DEcho registration for 

the phantom experiments are shown in Table 4. Notice that increasing the number of 

fiducials increased the FRE, but lowered the TRE.

3.2. Phantom Experiments: Catheter Injection Accuracy

Results for the phantom catheter injection experiments are shown in Table 5. Injection error 

is the distance between the center of the phantom target and the actual injection location 
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marked by food dye. Not surprisingly, the data showed that respiratory motion increased 

targeting error.

3.3. In-vivo Experiments: System Feasibility

For the MR to 3DEcho fusion workstep, the myocardial borders in the 3DEcho images 

aligned well with the those from the MR volumes and the devices (Fig. 9). On several 

occasions, we noticed registration errors when the devices were in regions near the 

boundaries of the EM field generator FOV. For example, when the catheter was moving 

through the descending aorta, the tip appeared to be outside the 3D vessel model, 

presumably due to the location of this structure with respect to the EM FOV. We also 

noticed that bringing the X-ray C-arm near the EM field generator caused mis-registration 

errors. For example, the 3DEcho images were well aligned with the MR images following 

registration, but when the C-arm was brought closer, the 3DEcho image “drifted” out of 

registration, returning to the correct location when the C-arm was again removed.

A qualitative analysis showed that it was possible to make relatively accurate injections 

using the 3D workstep. Four out of five injections were confirmed from post-op MR, ex-

vivo MR, and tissue examination (Fig. 10). It was not possible to determine an exact 

correspondence between pre- and post-operative injection locations due to relative 

proximity, but the MR and tissue images showed that there were three injections confirmed 

in the anterior and septal wall and one confirmed near the apex. Two injections were at the 

infarct border (Fig. 10 col. 1,3), while one was in the infarct near the border (Fig. 10 col. 2). 

The location of the apical injection appeared to be just outside the infarct border in the tissue 

sample (Fig. 10 col. 5). MR and tissue samples did not reveal the location of one of the 

injections (Fig. 10. col. 4).

4. Discussion

In this paper, we presented a system that combines XRF, MR, and real-time 3DEcho within 

an EM-based framework. The system and algorithms developed in this research have 

focused on the need for an interventional cardiologist to perform these injections as 

accurately as possible in a beating heart. Calibration and registration accuracies were 

demonstrated for MR to EM and 3DEcho, and XRF to EM and 3DEcho. We also 

demonstrated injection accuracy in a cardiac injection phantom under differing amounts of 

respiratory motion, and feasibility in animal experiments.

Each of the sub-system registrations were found to have a TRE of less than 2 mm. In 

general, the most accurate registration was between XRF and EM. This is probably because 

it is possible to more accurately segment fiducials in XRF compared to other modalities due 

to lack of artifacts, excellent contrast, and high image resolution. Another major factor was 

the ability to incorporate a large number of data points into the registration. The 3DEcho to 

EM calibration was presumably less accurate because of the inability to accurately segment 

the EM-tracked needles in the US images. Collecting as many data points as possible was 

needed to compensate for this. For example, even though three points were in theory 

suffcient to compute the 6-DOF calibration, in practice at least 30–35 were needed to 

converge to a stable FRE and TRE.
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XRF and MR to 3DEcho registration showed the largest overall TRE in the phantom 

experiments. This can be explained by the fact that these registrations were highly indirect, 

involving a number of registration steps, each having its own source of errors. For example, 

XRF to 3DEcho registration involves four registration steps, which results in an overall 

registration error of almost 4.0 mm. A solution to this may be to incorporate image-based 

registration solutions between XRF and 3DEcho, such as proposed in [53, 54]. MR to 

3DEcho registration is also possible [55], but challenging due to the nature of echo images.

There were some interesting take away points from the results of the MR to EM registration. 

First, increasing the number of fiducials decreased the TRE, but increased the FRE. This is 

in line with the theoretical results on point based rigid registration from [56], where it was 

shown that lowering FRE does not necessarily result in lower TRE. This is an important 

lesson to remember, as our team was often tempted to re-do the registration with less 

fiducials to get a “better” (lower) FRE value, even though the post-experiment analysis 

showed that this actually increased the TRE. As with the EM to 3DEcho and EM to XRF 

registrations, increasing the number of fiducials helped to converge to the lowest possible 

TRE. Second, there was a large increase in error for the in-vivo experiments. This can be 

explained by the electromagnetic environment of the cath-lab having more EM distortions 

than an ideal laboratory environment. Also, the fiducial configuration for the in-vivo 

experiment (Fig. 4) was less optimal than for the phantom. Results from [56] show that TRE 

depends on the distance of the target point from the centroid of all the fiducials and the 

localization error of the fiducials, among other factors. Localization error is probably higher 

in the cathlab for a chest fiducial configuration, because the fiducials are more spread out 

within the FOV of the EM field generator, and EM field distortions are generally higher in 

that environment.

For the in-vitro injection accuracy, we demonstrated accurate catheter injection accuracy in 

a phantom that was able to mimic respiratory motion, using the 2D MR/3DEcho fusion 

workstep with EM-tracked catheter guidance. The catheter injection accuracy was 1.36 mm 

when no respiratory motion was present, and roughly doubled for both 5.0 and 20.0 mm of 

respiratory motion. The data suggested that respiratory motion increased targeting error, 

which was expected, but that increased amplitude of respiratory motion had little effect on 

the errors. We hypothesize that accurate targeting in the presence of motion is a function of 

knowing the respiratory and cardiac timing correctly, or having accurate, real-time motion 

compensation.

For the in-vivo injections, we showed from visual inspection that four out of five injections 

were near their proposed injection sites. Three of the injections were made very close to the 

infarct border zone, while one of the injections was in the infarcted region near the border 

zone. It should be noted that the injections were performed with a sub-optimal prototype 

catheter that had limited range and steerability, as well as a cumbersome injection 

mechanism. It was reported by the physician performing the injections that commercial 

catheter models designed for these procedures are easier to use and would result in better 

outcomes. Some of the proposed sites were impossible to maneuver to, and the physician 

was forced to settle for “as close as possible.” The sub-optimal design may also have been a 
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reason that one of the injections could not be confirmed, as the relatively dull needle may 

not have penetrated the myocardium.

One of the major sources of error in our approach was the existence of cardiorespiratory 

motion. We demonstrated the ability to fuse 3DEcho with MR in both the 2D and 3D 

worksteps (Figs. 9,8), but we found that the echo images were difficult to interpret in the 3D 

workstep (Fig. 8). This highlights the need for real time tracking of cardiorespiratory motion 

implemented into the fusion system. A motion compensation algorithm was demonstrated 

by our group [57] and others [58]. These methods have been designed and validated using 

offline in-vitro and in-vivo data. However, a reliable clinical solution remains a challenging 

technical problem due to variations in 3DEcho image quality and the inherent added 

complexity of the clinical environment. An important issue which is not often addressed is 

correcting for the inherent system latency of streaming 3DEcho data, which is the topic of 

further research. Management of latencies of different parts of the system will be crucial to 

translate this technology to human clinical studies. Forward looking motion estimation such 

as presented in [59] is a potential option. Furthermore, quality control of the clinical 

workflow is of interest. For example, if EM field distortions cause mis-calibration of the 

image fusion system, or if there is a break down in the registration, can this be detected? 

Tools to automatically detect these distortions and compensate for them have been proposed 

[60], and need to be tested in a clinical scenario.

Our calibrations and validation studies were performed using commercially available 

imaging tools (i.e. XRF, Echo, EM, MR); however, several steps are still required before 

this combination multimodality interventional image registration workflow can be 

implemented clinically. A U.S. Food and Drug Administration (FDA) Investigational 

Device Exemption (IDE) is required on the registration software, the EM tracked TEE probe 

and the EM tracked transendocardial injection catheter before this approach can be tested in 

real-time in humans. From a technical perspective, placing EM tracked coils on the TEE 

probe and the transendocardial interventional device is relatively straightforward. There are 

several examples in the field of electrophysiology and arrhythmia ablation that employ such 

EM tracked tools. Future steps include software risk assessment and human cardiac 

interventional validation studies that will test the workflow and registration capabilities 

using off-line image reconstructions.

5. Conclusion

The purpose of this study was to investigate the feasibility of EM tracking based multimodal 

image fusion for catheter based endomyocardial injections. The system fused XRF, real-time 

streaming 3DEcho, and MR images within an EM-tracking framework. It was able to be 

used in multiple modes where different combinations of modalities were available. We 

demonstrated that the system registration and calibrations are accurate and resulted in an 

efficient clinical workflow, that the entire system is accurate for catheter based injections 

with in-vitro experiments, and that this system can be used to accurately guide catheters and 

perform injections in an in-vivo scenario. Image guided catheter injection procedures 

present unique clinical and technical challenges, and we believe that this system provides an 

innovative and practical approach to solving these problems. With potential future advances 
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in 3DEcho imaging in the form of capacitive micro-machined ultrasound transducers and 

improved EM sensor accuracy, multi-modal image fusion systems like the one presented 

here show great promise in applications where targeting accuracy in the presence of organ 

motion is critical and reduced radiation exposure is desired.

References

1. Turpie AGG. Burden of disease : Medical and economic impact of acute coronary syndromes. The 
American journal of managed care. 2006; 12(16):1096–1860.

2. Rosamond W, Flegal K, Furie K, Go A, Greenlund K, Haase N, Hailpern S, Ho M, Howard V, 
Kissela B, Kittner S, Lloyd-Jones D, McDermott M, Meigs J, Moy C, Nichol G, O'Donnell C, 
Roger V, Sorlie P, Steinberger J, Thom T, Wilson M, Hong Y. Heart disease and stroke statistics–
2008 update: a report from the american heart association statistics committee and stroke statistics 
subcommittee. Circulation. 2008; 117(4):e25–e146. [PubMed: 18086926] 

3. Lewis EF, Moye LA, Rouleau JL, Sacks FM, Arnold JO, Warnica J, Flaker GC, Braunwald E, 
Pfeffer MA. Predictors of late development of heart failure in stable survivors of myocardial 
infarction: The care study. Journal of the American College of Cardiology. 2003; 42(8):1446–1453. 
URL http://www.sciencedirect.com/science/article/pii/S073510970301057X. [PubMed: 14563590] 

4. Orlic D, Kajstura J, Chimenti S, Jakoniuk I, Anderson SM, Li B, Pickel J, McKay R, Nadal-Ginard 
B, Bodine DM, Leri A, Anversa P. Bone marrow cells regenerate infarcted myocardium. Nature. 
2001; 410:701–705. [PubMed: 11287958] 

5. Schachinger V, Erbs S, Elsasser A, Haberbosch W, Hambrecht R, Holschermann H, Yu J, Corti R, 
Mathey DG, Hamm CW, Sselbeck T, Assmus B, Tonn T, Dimmeler S, Zeiher AM. Intracoronary 
bone marrow derived progenitor cells in acute myocardial infarction. New England Journal of 
Medicine. 2006; 355(12):1210–1221. arXiv:http://www.nejm.org/doi/pdf/10.1056/NEJMoa060186. 
URL http://www.nejm.org/doi/full/10.1056/NEJMoa060186. [PubMed: 16990384] 

6. Assmus B, Schchinger V, Teupe C, Britten M, Lehmann R, Dbert N, Grnwald F, Aicher A, Urbich 
C, Martin H, Hoelzer D, Dimmeler S, Zeiher AM. Transplantation of progenitor cells and 
regeneration enhancement in acute myocardial infarction (TOPCARE-AMI). Circulation. 2002; 
106(24):3009–3017. arXiv:http://circ.ahajournals.org/content/106/24/3009.full.pdf+html, URL 
http://circ.ahajournals.org/content/106/24/3009.abstract. [PubMed: 12473544] 

7. Wollert KC, Meyer GP, Lotz J, Lichtenberg SR, Lippolt P, Breidenbach C, Fichtner S, Korte T, 
Hornig B, Messinger D, Arseniev L, Hertenstein B, Ganser A, Drexler H. Intracoronary autologous 
bonemarrow cell transfer after myocardial infarction: the BOOST randomised controlled clinical 
trial. The Lancet. 2004; 364(9429):141–148.

8. Janssens S. Autologous bone marrow-derived stem-cell transfer in patients with ST-segment 
elevation myocardial infarction : double-blind, randomised controlled trial. Lancet. 2006; 
367(9505):113–121. URL http://ci.nii.ac.jp/naid/30006112170/en/. [PubMed: 16413875] 

9. Lunde K, Solheim S, Aakhus S, Arnesen H, Abdelnoor M, Egeland T, Endresen K, Ilebekk A, 
Mangschau A, Fjeld JG, Smith HJ, Taraldsrud E, Grgaard HK, Bjrnerheim R, Brekke M, Mller C, 
Hopp E, Ragnarsson A, Brinchmann JE, Forfang K. Intracoronary injection of mononuclear bone 
marrow cells in acute myocardial infarction. New England Journal of Medicine. 2006; 355(12):
1199–1209. arXiv:http://www.nejm.org/doi/pdf/10.1056/NEJMoa055706, URL http://
www.nejm.org/doi/full/10.1056/NEJMoa055706. [PubMed: 16990383] 

10. Kang H-J, Kim H-S, Zhang S-Y, Park K-W, Cho H-J, Koo B-K, Kim Y-J, Lee DS, Sohn D-W, 
Han K-S, Oh B-H, Lee M-M, Park Y-B. Effects of intracoronary infusion of peripheral blood 
stem-cells mobilised with granulocyte-colony stimulating factor on left ventricular systolic 
function and restenosis after coronary stenting in myocardial infarction: the magic cell randomised 
clinical trial. The Lancet. 2004; 363(9441):751–756.

11. Traverse J, Henry T, Ellis S, et al. Effect of intracoronary delivery of autologous bone marrow 
mononuclear cells 2 to 3 weeks following acute myocardial infarction on left ventricular function: 
The LateTIME randomized trial. JAMA: The Journal of the American Medical Association. 2011; 
306(19):2110–2119. URL + http://dx.doi.org/10.1001/jama.2011.1670. 

Hatt et al. Page 13

Comput Med Imaging Graph. Author manuscript; available in PMC 2014 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.sciencedirect.com/science/article/pii/S073510970301057X
arXiv:http://www.nejm.org/doi/pdf/10.1056/NEJMoa060186
http://www.nejm.org/doi/full/10.1056/NEJMoa060186
arXiv:http://circ.ahajournals.org/content/106/24/3009.full.pdf+html
http://circ.ahajournals.org/content/106/24/3009.abstract
http://ci.nii.ac.jp/naid/30006112170/en/
arXiv:http://www.nejm.org/doi/pdf/10.1056/NEJMoa055706
http://www.nejm.org/doi/full/10.1056/NEJMoa055706
http://www.nejm.org/doi/full/10.1056/NEJMoa055706
http://dx.doi.org/10.1001/jama.2011.1670


12. Hou D, Youssef EA-S, Brinton TJ, Zhang P, Rogers P, Price ET, Yeung AC, Johnstone BH, Yock 
PG, March KL. Radiolabeled cell distribution after intramyocardial, intracoronary, and interstitial 
retrograde coronary venous delivery: Implications for current clinical trials. Circulation. 2005; 
112:150–156.

13. Hofmann M, Wollert KC, Meyer GP, Menke A, Arseniev L, Hertenstein B, Ganser A, Knapp WH, 
Drexler H. Monitoring of bone marrow cell homing into the infarcted human myocardium. 
Circulation. 2005; 111:2198–2202. [PubMed: 15851598] 

14. Musialek P, Tekieli L, Kostkiewicz M, Majka M, Szot W, Walter Z, Zebzda A, Pieniazek P, 
Kadzielski A, Banys R, Olszowska M, Pasowicz M, Zmudka K, Tracz W. Randomized 
transcoronary delivery of CD34+ versus stop-ow method in patients with recent myocardial 
infarction: Early cardiac retention of 99m TC-labeled cells activity. Journal of Nuclear Cardiology. 
2011; 18:104–116. 10.1007/s12350-010-9326-z. URL http://dx.doi.org/10.1007/s12350-010-9326-
z. [PubMed: 21161463] 

15. Silva SA, Sousa ALS, Haddad AF, Azevedo JC, Soares VE, Peixoto CM, Soares AJS, Issa AFC, 
Felipe LRV, Branco RVC, Addad JA, Moreira RC, Tuche FAA, Mesquita CT, Drumond CCO, 
Junior AO, Rochitte CE, Luz JHM, Rabischoffisky A, Nogueira FB, Vieira RBC, Junior HS, 
Borojevic R, Dohmann HFR. Autologous bone-marrow mononuclear cell transplantation after 
acute myocardial infarction: Comparison of two delivery techniques. Cell Transplantation. 2009; 
18(3):343–352. doi: URL http://www.ingentaconnect.com/content/cog/ct/
2009/00000018/00000003/art00011. [PubMed: 19558782] 

16. Fuchs S, Satler LF, Kornowski R, Okubagzi P, Weisz G, Baffour R, Waksman R, Weissman NJ, 
Cerqueira M, Leon MB, Epstein SE. Catheter-based autologous bone marrow myocardial injection 
in no-option patients with advanced coronary artery disease: A feasibility study. Journal of the 
American College of Cardiology. 2003; 41(10):1721–1724. URL http://www.sciencedirect.com/
science/article/pii/S0735109703003280. [PubMed: 12767654] 

17. de la Fuente LM, Stertzer SH, Argentieri J, Penaloza E, Miano J, Koziner B, Bilos C, Altman PA. 
Transendocardial autologous bone marrow in chronic myocardial infarction using a helical needle 
catheter 1-year follow-up in an open-label, nonrandomized, single-center pilot study (the 
TABMMI study). Am. Heart J. 2007; 154(1):1–7.

18. Fuchs S, Baffour R, Zhou YF, Shou M, Pierre A, Tio FO, Weissman NJ, Leon MB, Epstein SE, 
Kornowski R. Transendocardial delivery of autologous bone marrow enhances collateral perfusion 
and regional function in pigs with chronic experimental myocardial ischemia. Journal of the 
American College of Cardiology. 2001; 37(6):1726–1732. URL http://www.sciencedirect.com/
science/article/pii/S0735109701012001. [PubMed: 11345391] 

19. Briguori C, Reimers B, Sarais C, Napodano M, Pascotto P, Azzarello G, Bregni M, Porcellini A, 
Vinante O, Zanco P, Peschle C, Condorelli G, Colombo A. Direct intramyocardial percutaneous 
delivery of autologous bone marrow in patients with refractory myocardial angina. Am. Heart J. 
2006; 151(3):674–680. [PubMed: 16504630] 

20. Perin EC, Dohmann HF, Borojevic R, Silva SA, Sousa AL, Silva GV, Mesquita CT, Belm L, 
Vaughn WK, Rangel FO, Assad JA, Carvalho AC, Branco RV, Rossi MI, Dohmann HJ, Willerson 
JT. Improved exercise capacity and ischemia 6 and 12 months after transendocardial injection of 
autologous bone marrow mononuclear cells for ischemic cardiomyopathy. Circulation. 2004; 110 
suppl 1(11):II–213–II–218.

21. van Ramshorst J, Bax J, Beeres S, et al. Intramyocardial bone marrow cell injection for chronic 
myocardial ischemia: A randomized controlled trial. JAMA: The Journal of the American Medical 
Association. 2009; 301(19):1997–2004. URL + http://dx.doi.org/10.1001/jama.2009.685. 

22. Tse HF, Thambar S, Kwong YL, Rowlings P, Bellamy G, McCrohon J, Thomas P, Bastian B, 
Chan JK, Lo G, Ho CL, Chan WS, Kwong RY, Parker A, Hauser TH, Chan J, Fong DY, Lau CP. 
Prospective randomized trial of direct endomyocardial implantation of bone marrow cells for 
treatment of severe coronary artery diseases (PROTECTCAD trial). Eur. Heart J. 2007; 28(24):
2998–3005. [PubMed: 17984132] 

23. Poh K-K, Sperry E, Young RG, Freyman T, Barringhaus KG, Thompson CA. Repeated direct 
endomyocardial transplantation of allogeneic mesenchymal stem cells: Safety of a high dose, off-
the-shelf, cellular cardiomyoplasty strategy. International Journal of Cardiology. 2007; 117(3):

Hatt et al. Page 14

Comput Med Imaging Graph. Author manuscript; available in PMC 2014 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://dx.doi.org/10.1007/s12350-010-9326-z
http://dx.doi.org/10.1007/s12350-010-9326-z
http://www.ingentaconnect.com/content/cog/ct/2009/00000018/00000003/art00011
http://www.ingentaconnect.com/content/cog/ct/2009/00000018/00000003/art00011
http://www.sciencedirect.com/science/article/pii/S0735109703003280
http://www.sciencedirect.com/science/article/pii/S0735109703003280
http://www.sciencedirect.com/science/article/pii/S0735109701012001
http://www.sciencedirect.com/science/article/pii/S0735109701012001
http://dx.doi.org/10.1001/jama.2009.685


360–364. URL http://www.sciencedirect.com/science/article/pii/S0167527306005791. [PubMed: 
16889857] 

24. Perin EC, Silva GV, Sarmento-Leite R, Sousa AL, Howell M, Muthupillai R, Lambert B, Vaughn 
WK, Flamm SD. Assessing myocardial viability and infarct transmurality with left ventricular 
electromechanical mapping in patients with stable coronary artery disease. Circulation. 2002; 
106:957–961. [PubMed: 12186800] 

25. Krause K, Jaquet K, Schneider C, Haupt S, Li-oznov MV, Otte K-M, Kuck K-H. Percutaneous 
intramyocardial stem cell injection in patients with acute myocardial infarction: first-in-man study. 
Heart. 2009; 95(14):1145–1152. arXiv:http://heart.bmj.com/content/95/14/1145.full.pdf+html, 
URL http://heart.bmj.com/content/95/14/1145.abstract. [PubMed: 19336430] 

26. Losordo DW, Schatz RA, White CJ, Udelson JE, Veereshwarayya V, Durgin M, Poh KK, 
Weinstein R, Kearney M, Chaudhry M, Burg A, Eaton L, Heyd L, Thorne T, Shturman L, 
Hoffmeister P, Story K, Zak V, Dowling D, Traverse JH, Olson RE, Flanagan J, Sodano D, 
Murayama T, Kawamoto A, Kusano KF, Wollins J, Welt F, Shah P, Soukas P, Asahara T, Henry 
TD. Intramyocardial transplantation of autologous cd34+ stem cells for intractable angina. 
Circulation. 2007; 115(25):3165–3172. [PubMed: 17562958] 

27. Kamihata H, Matsubara H, Nishiue T, Fujiyama S, Amano K, Iba O, Imada T, Iwasaka T. 
Improvement of collateral perfusion and regional function by implantation of peripheral blood 
mononuclear cells into ischemic hibernating myocardium. Circulation. 2002; 22:1804–1810.

28. Smits PC, van Geuns R-JM, Poldermans D, Bountioukos M, Onderwater EE, Lee CH, Maat AP, 
Serruys PW. Catheter-based intramyocardial injection of autologous skeletal myoblasts as a 
primary treatment of ischemic heart failureclinical experience with six-month follow-up. Journal 
of the American College of Cardiology. 2003; 42(12):2063–2069. URL + http://dx.doi.org/
10.1016/j.jacc.2003.06.017. [PubMed: 14680727] 

29. Gepstein L, Hayam G, Ben-Haim SA. A novel method for nonuoroscopic catheter-based 
electroanatomical mapping of the heart. Circulation. 1997; 95:1611–1622. [PubMed: 9118532] 

30. Pieter, van Deer Vleuten; Robin, N.; Eng-Shiong, T.; van Rossum Albert C, TRA.; Felix, Z. Value 
and limitations of electromechanical endocardial mapping in the assessment of global and regional 
left ventricular function and transmural extent of infarction: a comparison with cardiovascular 
magnetic resonance. Eurointervention. 2010; 6:616–622. [PubMed: 21044916] 

31. Kim RJ, Fieno DS, Parrish TB, Harris K, Chen E-L, Simonetti O, Bundy J, Finn JP, Klocke FJ, 
Judd RM. Relationship of mri delayed contrast enhancement to irreversible injury, infarct age, and 
contractile function. Circulation. 1999; 100(19):1992–2002. arXiv:http://circ.ahajournals.org/
content/100/19/1992.full.pdf+html, URL http://circ.ahajournals.org/content/100/19/1992.abstract. 
[PubMed: 10556226] 

32. Kim R. The use of contrast-enhanced magnetic resonance imaging to identify reversible 
myocardial dysfunction. N Engl J Med. 2000; 343:1445–1453. URL http://ci.nii.ac.jp/naid/
30022554627/en/. [PubMed: 11078769] 

33. de Silva R, Gutirrez LF, Raval AN, McVeigh ER, Ozturk C, Lederman RJ. X-ray fused with 
magnetic resonance imaging (xfm) to target endomyocardial injections. Circulation Imaging. 
2005; 114:2342–2350.

34. Tomkowiak MT, Klein AJ, Vigen KK, Hacker TA, Speidel MA, VanLysel MS, Raval AN. 
Targeted transendocardial therapeutic delivery guided by mrix-ray image fusion. Catheterization 
and Cardiovascular Interventions. 2011; 78(3):468–478. URL http://dx.doi.org/10.1002/ccd.
22901. [PubMed: 21413125] 

35. Rhode K, Sermesant M, Brogan D, Hegde S, Hipwell J, Lambiase P, Rosenthal E, Bucknall C, 
Qureshi S, Gill J, Razavi R, Hill D. A system for real-time xmr guided cardiovascular intervention. 
Medical Imaging, IEEE Transactions on. 2005; 24(11):1428–1440.

36. De Buck S, Maes F, Ector J, Bogaert J, Dymarkowski S, Heidbuchel H, Suetens P. An augmented 
reality system for patient-specific guidance of cardiac catheter ablation procedures. Medical 
Imaging, IEEE Transactions on. 2005; 24(11):1512–1524.

37. Ector J, Buck SD, Adams J, Dymarkowski S, Bogaert J, Maes F, Heidbchel H. Cardiac three-
dimensional magnetic resonance imaging and fluoroscopy merging: A new approach for 
electroanatomic mapping to assist catheter ablation. Circulation Imaging. 2005; 112:3769–3776.

Hatt et al. Page 15

Comput Med Imaging Graph. Author manuscript; available in PMC 2014 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.sciencedirect.com/science/article/pii/S0167527306005791
arXiv:http://heart.bmj.com/content/95/14/1145.full.pdf+html
http://heart.bmj.com/content/95/14/1145.abstract
http://dx.doi.org/10.1016/j.jacc.2003.06.017
http://dx.doi.org/10.1016/j.jacc.2003.06.017
http://circ.ahajournals.org/content/100/19/1992.full.pdf+html
http://circ.ahajournals.org/content/100/19/1992.full.pdf+html
http://circ.ahajournals.org/content/100/19/1992.abstract
http://ci.nii.ac.jp/naid/30022554627/en/
http://ci.nii.ac.jp/naid/30022554627/en/
http://dx.doi.org/10.1002/ccd.22901
http://dx.doi.org/10.1002/ccd.22901


38. McLeish K, Hill D, Atkinson D, Blackall J, Razavi R. A study of the motion and deformation of 
the heart due to respiration. Medical Imaging, IEEE Transactions on. 2002; 21(9):1142–1150.

39. McVeigh ER, Guttman MA, Kellman P, Raval AN, Lederman RJ. Real-time, interactive mri for 
cardiovascular interventions. Academic Radiology. 2005; 12(9):1121–1127. [PubMed: 16112512] 

40. Lederman RJ, Guttman MA, Peters DC, Thompson RB, Sorger JM, Dick AJ, Raman VK, 
McVeigh ER. Catheter-based endomyocardial injection with real-time magnetic resonance 
imaging. Circulation. 2002; 105(11):1282–1284. [PubMed: 11901036] 

41. Saeed M, Lee R, Martin A, Weber O, Krombach GA, Schalla S, Lee M, Saloner D, Higgins CB. 
Transendocardial delivery of extracellular myocardial markers by using combination x-ray/mr 
fluoroscopic guidance: Feasibility study in dogs1. Radiology. 2004; 231(3):689–696. arXiv:http://
radiology.rsna.org/content/231/3/689.full.pdf+html, URL http://radiology.rsna.org/content/
231/3/689.abstract. [PubMed: 15163809] 

42. Dick AJ, Guttman MA, Raman VK, Peters DC, Pessanha BS, Hill JM, Smith S, Scott G, McVeigh 
ER, Lederman RJ. Magnetic resonance fluoroscopy allows targeted delivery of mesenchymal stem 
cells to infarct borders in swine. Circulation. 2003; 108(23):2899–2904. arXiv:http://
circ.ahajournals.org/content/108/23/2899.full.pdf+html, URL http://circ.ahajournals.org/content/
108/23/2899.abstract. [PubMed: 14656911] 

43. Saeed M, Martin AJ, Lee RJ, Weber O, Revel D, Saloner D, Higgins CB. MR guidance of targeted 
injections into border and core of scarred myocardium in pigs. Radiology. 2006 Aug; 240(2):419–
426. arXiv:http://radiology.rsna.org/content/240/2/419.full.pdf+html, URL http://
radiology.rsna.org/content/240/2/419.abstract. [PubMed: 16801371] 

44. Krombach GA, Pfeffer JG, Kinzel S, Katoh M, Gnther RW, Buecker A. MR guided percutaneous 
intramyocardial injection with an MR-compatible catheter: Feasibility and changes in t1 values 
after injection of extracellular contrast medium in pigs. Radiology. 2005; 235(2):487–494. 
arXiv:http://radiology.rsna.org/content/235/2/487.full.pdf+html, URL http://radiology.rsna.org/
content/235/2/487.abstract. [PubMed: 15858090] 

45. Rickers C, Gallegos R, Seethamraju RT, Wang X, Swingen C, Jayaswal A, Rahrmann EP, 
Kastenberg ZJ, Clarkson CE, Bianca R, O'Brian T, Verfaillie C, Bolman RM, Wailke N, Jerosch-
Herold M. Applications of magnetic resonance imaging for cardiac stem cell therapy. Journal of 
Interventional Cardiology. 2004; 17(1):37–46. URL http://dx.doi.org/10.1111/j.
1540-8183.2004.01712.x. [PubMed: 15009770] 

46. Kraitchman DL, Gilson WD, Lorenz CH. Stem cell therapy: MRI guidance and monitoring. 
Journal of Magnetic Resonance Imaging. 2008; 27(2):299–310. URL http://dx.doi.org/10.1002/
jmri.21263. [PubMed: 18219684] 

47. Baklanov DV, de Muinck ED, Simons M, Moodie KL, Arbuckle BE, Thompson CA, Palac RT. 
Live 3d echo guidance of catheter-based endomyocardial injection. Catheterization and 
Cardiovascular Interventions. 2005; 65(3):340–345. URL http://dx.doi.org/10.1002/ccd.20379. 
[PubMed: 15832326] 

48. Linte C, Moore J, Wedlake C, Peters T. Evaluation of model-enhanced ultrasound-assisted 
interventional guidance in a cardiac phantom. Biomedical Engineering, IEEE Transactions on. 
2010; 57(9):2209–2218.

49. Lang, A.; Parthasarathy, V.; Jain, A. Calibration of 3D ultrasound to an electromagnetic tracking 
system, in: Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series; Vol. 
7968 of Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series; 2011. 

50. Arun KS, Huang TS, Blostein SD. Least-squares fitting of two 3-d point sets. IEEE Trans. Pattern 
Anal. Mach. Intell. 1987; 9(5):698–700. URL http://dx.doi.org/10.1109/TPAMI.1987.4767965. 
[PubMed: 21869429] 

51. Torr P, Zisserman A. MLESAC: A new robust estimator with application to estimating image 
geometry. Computer Vision and Image Understanding. 2000; 78(1):138–156. URL http://
www.sciencedirect.com/science/article/pii/S1077314299908329. 

52. Lang, A.; Stanton, D.; Parthasarathy, V.; Jain, A. Fast and accurate calibration of an x-ray imager 
to an electromagnetic tracking system for interventional cardiac procedures; Engineering in 
Medicine and Biology Society (EMBC), 2010 Annual International Conference of the IEEE; 2010. 
p. 1868-1873.

Hatt et al. Page 16

Comput Med Imaging Graph. Author manuscript; available in PMC 2014 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://radiology.rsna.org/content/231/3/689.full.pdf+html
http://radiology.rsna.org/content/231/3/689.full.pdf+html
http://radiology.rsna.org/content/231/3/689.abstract
http://radiology.rsna.org/content/231/3/689.abstract
http://circ.ahajournals.org/content/108/23/2899.full.pdf+html
http://circ.ahajournals.org/content/108/23/2899.full.pdf+html
http://circ.ahajournals.org/content/108/23/2899.abstract
http://circ.ahajournals.org/content/108/23/2899.abstract
http://radiology.rsna.org/content/240/2/419.full.pdf+html
http://radiology.rsna.org/content/240/2/419.abstract
http://radiology.rsna.org/content/240/2/419.abstract
http://radiology.rsna.org/content/235/2/487.full.pdf+html
http://radiology.rsna.org/content/235/2/487.abstract
http://radiology.rsna.org/content/235/2/487.abstract
http://dx.doi.org/10.1111/j.1540-8183.2004.01712.x
http://dx.doi.org/10.1111/j.1540-8183.2004.01712.x
http://dx.doi.org/10.1002/jmri.21263
http://dx.doi.org/10.1002/jmri.21263
http://dx.doi.org/10.1002/ccd.20379
http://dx.doi.org/10.1109/TPAMI.1987.4767965
http://www.sciencedirect.com/science/article/pii/S1077314299908329
http://www.sciencedirect.com/science/article/pii/S1077314299908329


53. Gao G, Penney G, Ma Y, Gogin N, Cathier P, Arujuna A, Morton G, Caulfield D, Gill J, Rinaldi 
CA, Hancock J, Redwood S, Thomas M, Razavi R, Gijsbers G, Rhode K. Registration of 3d trans-
esophageal echocardiography to x-ray uoroscopy using image-based probe tracking. Medical 
Image Analysis. 2012; 16(1):38–49. URL http://www.sciencedirect.com/science/article/pii/
S1361841511000533. [PubMed: 21624845] 

54. Lang P, Seslija P, Chu M, Bainbridge D, Guiraudon G, Jones D, Peters T. US-uoroscopy 
registration for transcatheter aortic valve implantation, Biomedical Engineering. IEEE 
Transactions on. 2012; 59(5):1444–1453.

55. King A, Rhode K, Ma Y, Yao C, Jansen C, Razavi R, Penney G. Registering preprocedure 
volumetric images with intraprocedure 3-d ultrasound using an ultrasound imaging model. 
Medical Imaging, IEEE Transactions on. 2010; 29(3):924–937.

56. Fitzpatrick J, West J, Maurer J, CR. Predicting error in rigid-body point-based registration. 
Medical Imaging, IEEE Transactions on. 1998; 17(5):694–702.

57. Parthasarathy, V.; Hatt, C.; Stankovic, Z.; Raval, A.; Jain, A. Real-time 3d ultrasound guided 
interventional system for cardiac stem cell therapy with motion compensation. In: Fichtinger, G.; 
Martel, A.; Peters, T., editors. Medical Image Computing and Computer-Assisted Intervention 
MICCAI 2011, Vol. 6891 of Lecture Notes in Computer Science. Berlin / Heidelberg: Springer; 
2011. p. 283-290.URL http://dx.doi.org/10.1007/978-3-642-23623-5_36

58. King A, Jansen C, Rhode K, Caulfield D, Razavi R, Penney G. Respiratory motion correction for 
image-guided cardiac interventions using 3-d echocardiography. Medical Image Analysis. 2010; 
14(1):21–29. URL http://www.sciencedirect.com/science/article/pii/S1361841509000863. 
[PubMed: 19879796] 

59. Yuen, S.; Kesner, S.; Vasilyev, N.; Del Nido, P.; Howe, R. 3d ultrasound-guided motion 
compensation system for beating heart mitral valve repair. In: Metaxas, D.; Axel, L.; Fichtinger, 
G.; Szkely, G., editors. Medical Image Computing and Computer-Assisted Intervention MICCAI 
2008, Vol. 5241 of Lecture Notes in Computer Science. Berlin / Heidelberg: Springer; 2008. p. 
711-719.

60. Matinfar, M.; Parthasarathy, V.; Chan, R.; Jain, A. Relative error: An approach for in-vivo 
characterization of electromagnetic tracking errors and confidence intervals. In: Liao, H.; 
Edwards, P.; Pan, X.; Fan, Y.; Yang, G-Z., editors. Medical Imaging and Augmented Reality, Vol. 
6326 of Lecture Notes in Computer Science. Berlin / Heidelberg: Springer; 2010. p. 257-266.URL 
http://dx.doi.org/10.1007/978-3-642-15699-1_27

Hatt et al. Page 17

Comput Med Imaging Graph. Author manuscript; available in PMC 2014 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

http://www.sciencedirect.com/science/article/pii/S1361841511000533
http://www.sciencedirect.com/science/article/pii/S1361841511000533
http://dx.doi.org/10.1007/978-3-642-23623-5_36
http://www.sciencedirect.com/science/article/pii/S1361841509000863
http://dx.doi.org/10.1007/978-3-642-15699-1_27


Figure 1. 
Approach for integrating MRI, 3DEcho, and XRF using an EM-tracking framework.
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Figure 2. 
Close-up of the TEE probe after the sensors have been mounted. The white material is the 

plastic layer covering the sensors (left). Physical setup for EM/3DEcho calibration, showing 

the EM-tracked needle with the TEE probe in a water bath, and the corresponding echo 

image (right).
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Figure 3. 
The prism (left) and planar (right) XRF to EM calibration phantoms.
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Figure 4. 
Volume renderings of the swine MRI with chest fiducials highlighted in blue. Left: Image of 

the skin surface. Middle: Internal image of the heart from the same point of view as the 

surface image. Right: Internal image of the heart rotated about the inferior-superior axis to 

show the distance of the fiducials from the heart. The spatial configuration of the fiducials 

relative to the heart has an effect on the overall targeting accuracy.
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Figure 5. 
Diagram of the EM-tracked injection catheter. The EM sensor is fixed in place at the tip the 

catheter, while the sharpened hypotube is able to move freely within the lumen.

Hatt et al. Page 22

Comput Med Imaging Graph. Author manuscript; available in PMC 2014 November 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. 
(Left) A custom validation phantom designed for in-vitro experiments. (Right) The 

removable “slab” and injection targets, with dye from catheter injections.
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Figure 7. 
In-vivo experimental workflow.
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Figure 8. 
3D MR/Echo/EM workstep. (Left) Infarct and ventricle surface models are displayed 

simultaneously with 3DEcho images. This image was from a practice run where a clot 

caused a double infarct. (Right) The ventricle (green mesh), infarct (yellow), injection target 

zone (red), and catheter pose are both shown for the actual injection experiment. Note that 

rendering properties and colors changed between experiments as the interventionalist’s 

preferences evolved.
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Figure 9. 
Long (left) and short (right) axis slices of the pre-operative MR image (grayscale) with 

overlaid 3DEcho (colored). Notice the general agreement between anatomical features in the 

two images. The green lines reveal the location of the image slice in the other view.
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Figure 10. 
In-vivo injection results. The corresponding points are labeled the same color. The infarct 

scar is visible as bright areas in the ex-vivo MR and brown areas in the tissue samples, and 

is outlined in pink. Columns 4 and 5 have missing images because the 4th injection was 

never confirmed, and the 5th injection was not visible in the ex-vivo MR images. Top Row: 

Pre-operative MR with proposed injection sites. 2nd Row: Ex-vivo high-resolution MR. 3rd 

Row: Post-op in-vivo MR. 4th Row: Tissue slices with tissue dye showing injections. * 

Injection not identified in the image series.
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Table 1

Accuracy of the Ultrasound to EM calibration. P2P = Point to Point calibration method, P2L = Point to Line 

calibration method

Calibration Method FRE (all points, mm) FRE (inliers, mm) TRE (mm)

P2P, Live3D 1.55 1.37 1.48

P2L, Live3D 1.22 1.30 1.45

P2L, Thick Slice 1.66 1.54 1.63
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Table 2

XRF to EM registration accuracy for different table heights and positions. Average TRE ± St. Dev. for each 

table height and position are shown (n=25 trials each)

Position

Type Table Height (cm) 1 2 3

39 0.99 ± 0.39 0.88 ± 0.44 0.68 ± 0.36

Prism 36 0.87 ± 0.38 0.87 ± 0.39 0.88 ± 0.39

33 1.45 ± 0.34 0.68 ± 0.21 0.81 ± 0.23

39 1.37 ± 0.38 1.00 ± 0.31 1.59 ± 0.31

Planar 36 1.44 ± 0.60 1.23 ± 0.54 1.60 ± 0.66

33 1.92 ± 0.48 1.67 ± 0.31 1.65 ± 0.41
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Table 3

MR to EM registration accuracy for the phantom and in-vivo experiments. FRE was calculated for varying 

numbers of fiducials used in the registration, and TRE was calculated using fiducials that were left out of the 

registration.

Phantom

Fiducials Trials FRE Mean (mm) ± St. Dev. TRE Mean (mm) ± St. Dev.

3 35 1.21 ± 0.38 3.10 ± 0.90

4 35 1.47 ± 0.29 2.55 ± 0.57

5 21 1.60 ± 0.22 2.35 ± 0.65

6 7 1.68 ± 0.16 2.15 ± 0.92

7 1 1.73 -

In-vivo

Fiducials Trials FRE Mean (mm) ± St. Dev. TRE Mean (mm) ± St. Dev.

3 84 3.11 ± 1.13 7.80 ± 5.15

4 126 3.76 ± 0.75 6.27 ± 2.45

5 126 4.07 ± 0.51 5.89 ± 1.95

6 84 4.26 ± 0.36 5.67 ± 1.59

7 36 4.39 ± 0.24 5.52 ± 1.32

8 9 4.47 ± 0.15 5.46 ± 1.14

9 1 4.54 -
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Table 4

MR to 3DEcho registration accuracy for the phantom experiments. FRE was calculated for varying numbers 

of fiducials used in the registration MR to EM component of the registration, and TRE was calculated using 

fiducials that were left out of the MR to EM component of the registration.

Fiducials Trials TRE Mean (mm) ± St. Dev.

3 35 3.23 ± 0.49

4 35 3.02 ± 0.30

5 21 2.96 ± 0.20

6 7 2.93 ± 0.14

7 1 2.91
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Table 5

Mean values of FRE and injection error for each set of phantom injection experiments.

n Motion (mm) Mean FRE (mm) Mean Injection Accuracy ± Std. Dev.

15 00.0 0.76 1.36 ± 0.79

16 05.0 0.86 2.23 ± 1.33

10 20.0 0.85 2.54 ± 1.27
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