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ChapterChapter 9 

Conversionn From 
Endocardiall Coordinates 
Intoo Biplane Fluoroscopic 
Projections s 

Thee BSM-based localization methods described in previous chapters pro-
videe their results in a coordinate system relative to the heart. It is prefer-
ablee to present these results in the biplane fluoroscopic views that are rou-
tinelyy used to monitor catheter positioning. We investigated how well car-
diacc coordinates can be converted into fluoroscopic projections with the 
limitedd anatomical data available in clinical practice. Endocardial surfaces 
fromm MRI scans of 24 healthy volunteers were used to create an appro-
priatee model of the left ventricular endocardium. Methods for estimation 
off  model parameters from biplane fluoroscopic images were evaluated us-
ingg simulated biplane data created from these surfaces. In addition, the 
conversionn method was evaluated using 107 catheter positions obtained 
fromm 8 patients. The median distance between reconstructed positions and 
measuredd positions was 4.3 mm. — Med. & Biol. Eng. & Comput., 2001 (in 
press)) [205]; 

9.11 Introduction 

Electrocardiographicc body surface mapping provides noninvasive localiza-
tionn of supraventricular and ventricular arrhythmias, which may be used 
too direct catheter mapping prior to radiofrequency (RF) ablation [54,194]. 
Methodss for electrocardiographic localization of exit sites in the left ven-
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Figuree 9.1: Left-ventricular polar projection, illustrating left-ventricular cylinder 
coordinates.coordinates. The apex of the left ventricle is indicated in the middle of the diagram; 
thethe circumference represents the mitral valve ring (MVR). The centre of the aortic 
valvevalve ring (CAVR) is indicated. Left-ventricular cylinder coordinates consist of a 
relativerelative length t, indicating the distance along the apex-CMVR axis relative to the 
lengthlength of this axis, and an azimuth oc, defined with respect to the position of the 
CAVR. CAVR. 

tricle,, based on the use of the QRS integral map (QRSI) of a single beat of 
aa ventricular arrhythmia, were discussed in chapters 6, 7, and 8. These 
methodss provide their results in a coordinate system relative to the heart, 
calledd "left ventricular cylinder coordinates" (LVCC). These coordinates can 
bee presented in a schematic diagram, such as the polar plot presented in fig-
uree 9.1 and the more intuitive diagram presented in chapter 7 (page 137). 

Whilee these methods can predict the positions of VT exit sites and pac-
ingg sites with respect to each other, they do not provide information on the 
locationn of the catheter at intermittent times when no pace map is created. 
Suchh information is necessary when the catheter is being inserted into the 
heart,, and when it is maneuvered to a new position. The traditional method 
off  catheter-position monitoring is (biplane) fluoroscopy. Because the radi-
ationn involved in this method is harmful for both patient and medical per-
sonnel,, alternative methods have been developed, such as magnetic local-
izationn [125,230] and electrical localization [279]. These methods provide 
onlyy information on the 3-D catheter position and not on the surrounding 
anatomy.. Therefore they are commonly applied together with fluoroscopy 
inn order to reduce fluoroscopy time but not to replace fluoroscopy com-
pletely. . 

Duringg a catheter-ablation procedure, the physician observes the posi-
tionn of the catheter relative to the heart using either fluoroscopy or one of 
thee alternative methods. He has to interpret this information as well as the 
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localizationn result in the schematic LV diagram, and to translate these to the 
anatomicall  picture he has in mind, before he can move the catheter to the 
estimatedd site of origin of an arrhythmia in the left ventricle. For more accu-
ratee operation and shorter time it is expedient to combine these two kinds 
off  information in a single mode of presentation. For example, with biplane 
fluoroscopyy the physician's task is facilitated if the estimated exit site ap-
pearss on the biplane monitors, together with the most recent catheter-tip 
position.. This would provide actual catheter guidance, rather than separate 
exit-sitee localization and catheter-tip localization. Such catheter guidance 
cann only be provided by combining catheter localization methods, either 
fluoroscopic,, magnetic, or electric, with arrhythmia localization methods, 
viz.. electrocardiography. 

InIn this chapter, the feasibility of a catheter guidance system is investi-
gated.. Since our group has used mainly biplane fluoroscopy for catheter-
positionn monitoring, the discussion wil l concentrate on this method. How-
ever,, the method that is presented is applicable to electric and magnetic 
localizationn techniques as well. 

9.22 Overview 

Inn order to present localization results on the monitors of the fluoroscopy 
system,, LVCC have to be converted into fluoroscopic projections. If the posi-
tionss of the X-ray sources and detectors are known, fluoroscopic projections 
off  points in space can be created from their three-dimensional (3-D) coordi-
nates.. The 3-D coordinates of points on the left-ventricular (LV) endocardial 
walll  in turn can be computed from LVCC by projection on the wall if the 
walll  geometry is accurately known, and if each cross section of the wall 
perpendicularr to the apex-mitral valve ring axis is star-like with respect 
too the intersection point with the axis, i.e., any half-line that lies in a cross 
sectionn and intersects the axis, intersects the endocardium exactly once, as 
illustratedd in figure 9.2. We assume that in the ventricle the deviations from 
aa star-like shape are small enough to ignore for our purposes. 

Thee LV wall geometry of a particular patient is usually not accurately 
known.. In most cases, at best endocardial contours obtained by contrast 
ventriculographyy are available during a catheter ablation procedure. There-
fore,, we investigated construction of fluoroscopic projections from LVCC 

withh a simple model for which all the required parameters can be obtained 
fromm the biplane images. 

Basedd on visual inspection of magnetic resonance imaging (MRI) data of 
thee hearts of 24 healthy subjects, we created two models to describe the left-
ventricularr wall: 1) a full ellipsoid of revolution of which only a part is used, 
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Figuree 9.2: Cross section of an imaginary left-ventricular wall, parallel to the 
apex-CMVRapex-CMVR axis, illustrating the conversion from wall position to left-ventricular 
cylindercylinder coordinates (LVCC) and its reverse. The wall is indicated with a solid line, 
whilewhile a model of the wall is shown with a dashed line. Point P is represented in 
LVCCLVCC in a unique way. Perfect conversion from LVCC to a wall position is possible 
forfor point P if the wall is perfectly known. For the model in this illustration the 
computedcomputed position is P', and a considerable representation error is made, but the 
computedcomputed position will  be unique. In contrast, if point Q is represented in LVCC, 
thethe reverse mapping cannot be performed in a unique way, because the projection 
lineline from Q to the axis crosses the wall several times. In this case, if the reverse 
mappingmapping is carried out using the model, yielding point Q', the error will  be small 
becausebecause the model happens to cross the projection line very near to Q. The resulting 
positionposition is unique with respect to the LVCC provided that the cross section of the 
modelmodel model perpendicular to the axis, is star-like with respect to the intersection 
pointpoint of the axis and this cross section. However, it is not unique with respect to the 
originaloriginal positions. In this example, the cross section of the ventricle perpendicular 
toto the axis is star-like at the level of P but not at the level ofQ. We assume that, in 
practice,practice, such deviations are small enough to be ignored. 

andd 2) a half ellipsoid of revolution. We studied how well these two mod-
elss describe the LV wall geometry by fitting them to the MRI data. Second, 
wee studied whether their parameters can be estimated from biplane fluoro-
scopicc projections of the heart. These projections were simulated from the 
MRII  data. Finally, we tested the application of the second model for conver-
sionn from LVCC into fluoroscopic projections using both the MRI data and 
actuall  biplane images obtained during cardiac catheterization. 
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9.33 Materials 

Geometricc data of the LV endocardial wall were obtained from MR images 
off  24 healthy subjects (14 male and 10 female). Their age ranged from 22 
too 64 years. The MRI scanner used was a 1.5 T Siemens Magnetom SP. The 
scannedd MR images were perpendicular to the so-called ''long axis of the 
heart,""  based on standard echocardiographic imaging views [28]. This axis 
runss approximately parallel to the line from the LV apex to the middle of 
thee mitral valve ring (MVR). The long axis of the heart is indicated schemat-
icallyy in figure 9.3. Images perpendicular to this axis are called "short-axis 
images.""  For each subject, the long axis of the heart was selected using the 
proceduree described by Burbank et al. [28,95]  an(^ m e heart was imaged us-
ingg about 12 short-axis images at 10 mm distances (Turbo-flash sequence). 
Ann example is shown in figure 9.3. To minimize movement artifacts, these 
imagess were produced during end-diastole by triggering on the peak of 
thee R wave of the ECG, with the subject holding his breath. The contours of 
thee LV endocardium (the inner surface of the left ventricle) were discretized 
fromm the MR images using dedicated segmentation software. A triangulated 
representationn of the endocardium was constructed from these contours. 
Thee resulting triangulations consisted of 85  17 vertices (range 55-120, de-
pendingg on the size of the ventricle). 

Too test clinical applicability, we also used 107 catheter positions mea-
suredd with biplane fluoroscopy in eight patients (eight to 21 positions per 
patient).. These data were taken from the pace-mapping study in patients 
withh normal cardiac anatomy, previously performed by SippensGroenewe-
genn et al. [236]. For each patient, contrast ventriculograms in the right (RAO) 
andd left anterior oblique (LAO) projections were available. Three anatomi-
call  landmarks were derived from these ventriculograms by an expert car-
diacc electrophysiologist: the apex and the circumferences of the MVR and 
thee aortic valve ring (AVR). From the circumferences of these valves, their 
centerss (CMVR and CAVR) were estimated. In addition, several catheter po-
sitionss were determined from ventriculograms acquired during the subse-
quentt catheter mapping procedure. The endocardial contours were also 
determined,, but were only used for visualization purposes. The biplane 
imagee coordinates of landmarks and catheter positions, determined from 
thee ventriculograms, were converted into 3-D coordinates by taking cross-
bearings.. First, a point was identified in both images. Then, the two projec-
tionn lines from the X-ray sources to the detectors were specified and their 
intersectionn point was determined. Due to measurement errors, these lines 
mayy fail to cross. Therefore, the intersection point was approximated by 
takingg the midpoint of the shortest line segment P^P̂  that connects the two 
projectionn lines. This is illustrated in figure 9.4. The length of P^P̂  was 
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Figuree 9.3: A short-axis MR image from one of the 24. healthy subjects (male, 
ageage 37 years). The slice was taken perpendicular to the long axis of the heart and 
isis indicated with a dashed line in the two schematic torso diagrams on the right. 
TheThe long axis itself is indicated with an arrow. The image was taken during end-
diastole.diastole. A 151 x 112-pixel area is shown. Since the pixel diameters are 1.37mm, 
thisthis area comprises 207 x 153 mm. The bright areas are blood masses. The bright 
circularcircular area in the middle of the image is the left ventricle (LV). The LV wall and 
interventricularinterventricular septum are well discernible, but the thin right-ventricular (RV) 
freefree wall cannot be recognized. 

usedd to estimate the accuracy of the measurements. Median values were 
33 mm for catheter positions and 4 mm for the anatomical landmarks (CMVR, 

CAVR,, and apex). 

9.44 Methods 

9.4.11 Fitting ellipsoids 

Thee first model of the LV endocardium, a full ellipsoid of revolution, was 
fittedd to each MRI data set by minimizing the RMS distance between the ver-
ticess of the triangulated endocardium and the model surface. This ellipsoid 
wass constrained to have one aphelion located at a vertex designated as the 
LVV apex. The part of the ellipse that would cover the data points could 
bee freely chosen by the fitting algorithm. The model parameters were the 
semi-majorr axis a and the semi-minor axis r. These parameters determine 
ann ellipsoidd obtained by rotating an ellipse around the apex-CMVR axis. The 
semi-minorr axis of the ellipse is referred to as the "radius" of this model. 
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Figuree 9.4: Reconstruction of a point from biplane ventriculograms. The actual 
pointpoint P is indicated; the dashed lines indicate its correct projection from the two 
X-rayX-ray sources S1 and S2 on the detectors. Due to measurement errors, the drawn 
lineslines are measured instead. Since these lines do not cross in yD space, the shortest 
segmentsegment PX'P̂  that connects them is computed. The midpoint of this segment, ?', 
isis used as an estimate for P. 

Thee second model of the LV endocardium consisted of one half of an el-
lipsoidd of revolution also with its aphelion located at the apex. In contrast 
too the first one, this model had its centre at a fixed position, coincident with 
thee CMVR (figure 9.5). It follows that the semi-major axis a of this model is 
equall  to the CMVR-apex distance. With a thus fixed, the radius r was ob-
tainedd by fitting the model to the vertices of the triangulated endocardium. 
Fittingg was performed by minimization of the RMS distance between the 
verticess and the model. The optimal radius is referred to as rf . 

9.4.22 Tes t ing 

Becausee the results of the fitting procedures (section 9.5) indicated that 
modell  2 did not perform worse than model 1, and is more convenient be-
causee its semi-major axis a can be easily determined from the fluoroscopic 
data,, we selected model 2 for further testing. It was tested for clinical ap-
plicabilityy using actual biplane ventriculograms (see Materials). The semi-
majorr axis a was made equal to the CMVR-apex distance. The radius was 
determinedd in two ways: 1) as the estimated radius of the MVR, rm; and 
2)) as the CMVR-CAVR distance, ra. The results for these two methods were 
subsequentlyy compared. From the 3-D coordinates of the catheter posi-
tionss obtained from biplane ventriculograms, LVCC were computed [236]. 
Thee LVCC (length f and azimuth a) were projected on the model surface 
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Figuree 9.5: The half-ellipsoid model of the left-ventricular endocardium, consist-
inging of one half of a surface of revolution with an elliptical cross section. The apex, 
mitralmitral valve ring (MVR), center of the MVR (CMVR), center of the aortic valve 
ringring (CAVR), parameters a and r of the ellipse, and the coordinates a, h, and p of 
anan arbitrary point P are indicated. The h coordinate is defined ash = la, where 
00 < i < 1. Endocardial cylinder coordinates specify h and a. The p coordinate 
cancan only be obtained with the help of a wall model, as presented here. The right 
panelpanel shows a cross section of the model through the axis and point P. 

andd the localization errors, defined as the distances between the positions 
thuss estimated and the measured positions, were computed. For visualiza-
tionn purposes the LAO and RAO projections were computed from the recon-
structedd 3-D coordinates. Since the fluoroscopic data were not calibrated, 
wee expressed the error in the 3-D coordinates as a fraction of the individ-
uall  ventricular length (the distance between apex and CMVR), multiplied 
byy 80 mm, which is a typical ventricular length, to obtain error estimates in 
millimetres.. For visualization purposes the LAO and RAO projections were 
computedd from the reconstructed 3-D coordinates by simulating X-ray pro-
jections. . 

Thee model was tested in a similar way on the MRI data, using the ver-
ticess of the triangulation as a substitute for catheter positions. 

9.55 Results 

9.5.11 Fitting the full-ellipsoid model 

AA full ellipsoid was fitted to each of the 24 MRI data sets. Since there was 
noo penalty for model parts that were far from the data points, the fitting 
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Figuree 9.6: Ventricular radius plotted against ventricular-length coordinate for a 
setset of vertices of the triangulated left-ventricular (LV) endocardium obtained from 
MRIMRI data of one of the 24. healthy subjects (male, age zy years). A fall ellipse 
(model(model 1, thin line) and a half ellipse (model 2, thick line) are fitted to these data. 
SinceSince the azimuthal angle plays no role here, the ellipsoids were "collapsed" to one 
angleangle in this figure. Thus, only a half cross section is shown. About yo % of the 
fullfull  ellipse is used in this case. The full ellipse has a slightly smaller radius r than 
thethe hal f ellipse. 

algorithmm was free to choose the optimal section of the ellipsoid to use; 
onlyy the aphelion and major-axis direction were fixed. This optimal part of 
thee ellipsoid was expressed as the projection of the most basal data point 
onn the axis, normalized by the semi-major axis a. This value had mean 
andd standard deviations of 0.5  0.2 (range 0.1-0.8), indicating that the data 
setss resembled a half ellipsoid rather than a full ellipsoid. The median dis-
tancee from the data points to this model, pooled over all MRI data sets, was 
2.1mmm (range 0.0-13.5 mm). An example of a fitted ellipsoid is shown in 
figuree 9.6. 

9.5.22 Fitting the half-ellipsoid model 

Thee half-ellipsoid model was also fitted to all MRI data sets. Fitting of the 
modell  comprised fixation of the semi-major axis a to the apex-CMVR dis-
tancee and fitting the radius r = rf. An example of a fitted half ellipsoid 
iss shown in figure 9.6. The median distance from the data points to the 
model,, pooled for all subjects, was 2.2 mm (range 0.0-14.1 mm). These val-
uess are similar to those for fitting full ellipsoids. Since the semi-major axis 
off  the half-ellipsoid model can be more easily determined from the data 



1744 Chapter 9. Conversion to Biplane Fluoroscopic Projections 

thann that of the full-ellipsoid model, we concentrated on this model in the 
subsequentt experiments. 

9.5.33 Estimates for the model radius 

Inn the catheterization laboratory, the model radius r has to be obtained from 
thee biplane ventriculograms since there are generally no 3-D data available 
too fit the model. Therefore, we studied the relation between rf, obtained 
fromm the fitting procedure, and the two estimates rm (the MVR radius) and 
raa (the CMVR-CAVR distance). As an estimate of the MVR radius, we used the 
averagee radius of the most basal short-axis cross section in each MRI data 
set.. Estimate rm performed well: the difference rm — rf was 0.0  0.9 mm 
(rangee — 1.6 to +2.2 mm). The distance between CAVR and CMVR proved to 
bee a less accurate estimate for rf: ra rf was 0.6  5.0mm (range —7.1 to 
+10.55 mm). 

9.5.44 Testing the half-ellipsoid model 

Thee method was evaluated using 107 catheter positions obtained with bi-
planee fluoroscopy from eight patients. The model parameters were ob-
tainedd from the ventriculograms, a being the distance from CMVR to apex 
andd r being estimated using ra and rm. Cylinder coordinates were com-
putedd for the catheter positions and projected on the model. Localization 
errors,, i.e., distances between the positions estimated by the model and the 
positionss measured with biplane fluoroscopy, are listed in table 9.1. In addi-
tion,, the mean values of all patients and the pooled values for all positions 
together,, are given. With r = ra, the pooled reconstruction error for all fluo-
roscopicc data had median 4.3 and range 0.3-17.1 mm. When rm was used as 
ann estimate for the radius, the errors were somewhat larger with a median 
off  4.7 mm and a range of 0.0-26.0mm. In figure 9.7, RAO and LAO projec-
tionss of the measured and estimated catheter positions of a single patient 
aree shown in relation to the cardiac anatomy. 

Forr testing the model on the MRI data, the r parameter was again es-
timatedd using rm (MV R radius) and ra (CAVR-CMVR distance). With rm, we 
obtainedd a median reconstruction error of 2.2 mm (range 0.0-14.7 mm) for 
alll  MRI data sets; with r = rA, the median reconstruction error was 3.5 mm 
(rangee 0.0-18.0 mm). 

9.66 Discussion 

Twoo simple models of the LV endocardium, a full ellipsoid of revolution and 
aa half ellipsoid of revolution, were used to reconstruct catheter positions 
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Tablee 9.1: Localization errors in millimetres for eight patients. For each patient, 
thethe number N of catheter positions, median error, minimum error, and maximum 
errorerror are given, for both methods of estimating parameter r, i.e., using 1) the dis-
tancetance between CMVR and CAVR, r,, and 2) the MVR radius, rm. 

patient t 

1 1 

2 2 

3 3 
4 4 
5 5 
6 6 

7 7 
8 8 

mean n 
pooled d 

N N 

8 8 
12 2 

14 4 

10 0 

10 0 

21 1 

16 6 

16 6 

13.4 4 

1 07 7 

localization n 
withh r — 

median n 

2.0 0 

7.6 6 
3.2 2 

3.8 8 
2 .1 1 

5-3 3 
3-1 1 

5.8 8 

4 .1 1 

4-3 3 

min n 

0 .8 8 

3-1 1 

0 .3 3 

1.1 1 

0 .7 7 

0 .4 4 

0 .7 7 

0 .8 8 

1.0 0 

0 .3 3 

error r 
r a a 

max x 

10.2 2 

13-5 5 

13-5 5 

10.1 1 

5-i i 
17.1 1 

13-4 4 
12.4 4 

11.9 9 

17.1 1 

localization n 
withh r = 

median n 

2-3 3 

3.6 6 

4-7 7 
3-5 5 
5.6 6 

12.2 2 

3-5 5 
3-8 8 

4-9 9 
4-7 7 

min n 

0.4 4 

0 .0 0 

0-5 5 

0 .1 1 

i-7 7 
1.4 4 

0.3 3 

0.0 0 

0 .6 6 

0 .0 0 

error r 

m m 

max x 

11.7 7 

17.9 9 

M-3 3 
12.0 0 

10.7 7 

26.0 0 

11.6 6 

10.2 2 

14.3 3 

26.0 0 

fromm LVCC. When these models were fitted to the 3-D MRI data, median fit-
tingg errors were 2 mm for both. We conclude that a half ellipsoid performs 
justt as well as a full ellipsoid (where the used part of the ellipsoid is selected 
byy the fitting algorithm). Since the half ellipsoid can be parametrized more 
easily,, we chose to use this model for further testing with clinical data. 

Ann median representation error of 4.3 mm was obtained over the pooled 
positionss of all patients when testing the half-ellipsoid model on fluoro-
scopicc data. The maximum error in a single patient, taken over all patients, 
rangedd from 5 to 17 mm. These errors can be attributed in part to inaccu-
raciess in measuring the actual catheter positions in the fluoroscopic data; 
thesee inaccuracies can be as large as 7 mm [88]. Inaccuracy in the catheter-
positionn measurement may be an important contribution to the error ob-
tainedd for position 1 in patient 7 (figure 9.7). In the LAO view, the measured 
positionn lies outside the ventricular contour which was determined earlier 
byy contrast ventriculography. Movement of the patient during the proce-
duree and deformations of the endocardial wall caused by catheter pressure 
mayy also contribute to errors of this kind. 

Sincee we could not infer absolute distances from our fluoroscopic data, 
wee had to assume a ventricular length of 80 mm for all hearts in order to 
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Figuree 9.7: Right (RAO) and left anterior oblique (LAO) projections of the left 
ventricleventricle of patient 7 (male, age 25 years). Black dots indicate measured catheter 
positions;positions; open circles indicate the corresponding positions reconstructed from 
lleft-ventricularlleft-ventricular cylinder coordinates using the half-ellipsoid model. The catheter 
positionspositions are labelled with numbers from 1 to 16, to facilitate comparison of RAO 
andand LAO data. The mitral valve ring is indicated with a dashed line. A plus sign 
indicatesindicates the positioii of the centre of the aortic valve ring. The contours of the left 
ventricle,ventricle, determined with contrast cineangiography, are shown for convenience; 
thesethese contours were not used in our conversion method. 

estimatee absolute reconstruction errors. For a clinical application, it would 
bee preferable if absolute sizes could be computed. This would be feasible 
iff  the X-ray source and detector positions are known. However, absolute 
dimensionss are not crucial for our method. Provided that the landmark po-
sitionss are measured with the same system as catheterization is performed, 
itt is possible to present catheter positions on the fluoroscopy monitors even 
iff  only relative dimensions are known. 

Byy extracting the positions of apex, CMVR, and CAVR, as well as the 
circumferencee of the MVR, from the MRI data sets and using the vertices 
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off  the triangulated endocardium as a substitute for catheter positions/ we 
couldd also perform the testing procedure on the MRI data. Using the esti-
matedd MVR radius rm, the median reconstruction error was 2.2 mm, which 
iss comparable to the residual error of the fitted half-ellipsoid model (me-
diann 2.2 mm). Using ra to estimate the radius, we obtained a less accurate 
modell  with a median reconstruction error of 3.5 mm, and a larger maxi-
mumm error. For the fluoroscopic data, the reverse was true: 4.3 mm median 
representationn error with ra and 4.7 mm with rm as an estimate for r (ta-
blee 9.1). In addition, the maximum error was much larger with the latter 
method:: 26 mm instead of 17mm. These differences between fluoroscopic 
dataa and MRI data can be attributed to the difficulty of detecting the mitral 
valvee contour in the ventriculograms and recognizing the AVR in the MR im-
ages.. However, the overall reconstruction errors of fluoroscopic data and 
MRII  data were remarkably similar. 

AA VT exit site that is localized by BSM-guided pace mapping is generally 
usedd as a starting point for an activation mapping procedure aimed at iden-
tificationn of a suitable site for radiofrequency ablation [194]. Precise accu-
racyy requirements for this purpose are not known. However, occasionally 
thee exit site itself is a target for ablation. For conventional radiofrequency 
ablation,, positioning of the ablation catheter within 5 mm from the target 
sitee is required to secure a successful outcome [233]. Although the average 
reconstructionn errors are below this limit , 12 % of the errors in the MRI data 
andd 45 % of the errors in the fluoroscopic data are larger. Application of 
thee recently introduced cooled radiofrequency technique for VT ablation is 
likelyy not to require such a high level of reconstruction accuracy because 
thee cooled-tip catheters produce significantly larger lesions [29,182]. 

Forr a better understanding of the limitations of the model employed 
here,, we fitted ellipses to the short-axis cross sections of the triangulated 
endocardiaa obtained from the MRI data. These ellipses (x,y) had a free 
originn (x0,y0), semi-major/minor axes a, b, and orientation 0 

xx \ _ / x0 \ / cos0 sin 9 \ / acoscfi \ 
yy / \ ^o / V — sinG cos0 / \ bsincj) / ' 

Subsequently,, we analysed the parameters a, b, and d, where the "centre 
offset""  d = [(x0—xa)

2 + (y0—ya)
2] l / 2 is the distance between the centre of the 

fittedfitted ellipse and the intersection point of the cross section with the apex-
MVRR axis, (xa, ya). Results for all subjects are shown in figure 9.8. The excen-
tricityy of the fitted ellipses was small, as can be judged from figure 9.8. The 
distancee d was small compared to a and b in most cases except for several 
crosss sections in subjects 3, 10, and 22. The largest fitting error found was 
3.7mm.. When circles with fixed origin (x0,y0) — (xa,ya) were fitted, the 
maximumm error was 13 mm. This suggests that a more complicated model 
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Figuree 9.8: Major axis a, minor axis b, and centre offset d resulting from fitting 
ellipsesellipses to short-axis cross sections of 24 subjects. Cross sections were made at 10-
mmmm intervals. For each subject, the two lines on the left of the diagram indicate the 
semi-majorsemi-major and semi-minor axes as a function of the ventricular length coordinate. 
TheThe bars that extend on the right of the axis indicate the centre offset. Note that the 
directiondirection of the major axis and the direction of the offset are not indicated in these 
diagrams.diagrams. In four subjects (3,8,10, and 23), the most basal cross section could not 
befittedbefitted because there were not enough data points (fits were automatically rejected 
ifif  the gap between successive points was more than a quarter circle). 

consistingg of non-aligned ellipses, as depicted in figure 9.9, could represent 
thee ventricle better in subjects like numbers 3, io, and 22 (figure 9.8). Of 
course,, more information than just the apex and valve positions is needed 
too set up such a model. 

Severall  other models were used previously to represent the LV endo-
cardium;; an exhaustive list was given in a recent review by Frangi et al. [68]. 
Simplee models of the entire LV wall were used for simulation of cardiac ex-
citationn and recovery [141,184] but may be too inaccurate for our purpose. 
AA bullet model was applied for Lv-volume computation using echocardio-
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Figuree 9.9: A model of the left ventricle consisting of non-aligned ellipses. The 
apexapex and mitral valve ring (MVR) are indicated. The axes and centre of each 
ellipseellipse can be determined from the points of intersection of the contrast fluoroscopic 
outlinesoutlines with the plane of that ellipse. 

graphyy [181]. A full ellipsoid is commonly used for contrast - uoroscopic 
LV-volumee computations [49]. A half ellipsoid was previously used by 
Gustavssonn et al. [85] as an initial approximation of the LV shape, which 
wass meant to be re ned with data from 2-D echocardiograms. One could 
alsoo use a triangulated model of a 1 standard! heart or a heart properly se-
lected,, using simple patient information, from a database like the currently 
appliedd MRI data sets. Finally, one could t a spline surface in three di-
mensionss to the cardiac contours if these are available. This would require 
3-DD echocardiography, MRI, or CT imaging prior to an ablation procedure. 
Electronn beam computed tomography (EBCT) may be able to provide even 
moree accurate images of the heart [50]. However, in current clinical prac-
tice,, usually only low-intensity biplane ventriculograms and perhaps pre-
viouslyy created contrast cineangiograms, are available. Therefore, for our 
modell  we opted to use only the positions of the apex, CMVR, and CAVR, and 
optionallyy the radius of the MVR. Still, it may be of interest to develop a 
methodd that can use MRI or CT scans if they happen to be available. 

Inn an on-line clinical application for guidance during catheter mapping 
andd ablation of ventricular arrhythmias it may be possible to obtain catheter 
positionss at any time from the biplane images or from other catheter local-
izationn modalities [230,279]. If it is also known at which times the catheter 
tipp touches the endocardial wall, this 3-D position information can be used 
too adapt the model instantly. 

Wee chose the - uoroscopic projections as a presentation mode because 
theyy play a key role in the electrophysiology laboratory. Perhaps it seems 
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moree straightforward to present the heart geometry and catheter positions 
ass a 3-D image. However, presentation of quantitative 3-D information is 
difficult .. The use of a stereoscope, red-green glasses, or LCD glasses may be 
tooo distracting as the physician also has to observe the real world of the lab-
oratory.. Presentation on a normal video display would require depth cues, 
whichh would make the scene rather busy in the presence of many anatomic 
landmarkss and catheter positions. A solution might be to use 2-D projec-
tionss of a 3-D image that is maintained by the computer. If projections are 
used,, it is preferable to choose projections that are familiar to the physician, 
i.e.,, either RAO and LAO or frontal and lateral projections. This approach 
wouldd allow for easy comparison of catheter positions and electrocardio-
graphicc localization results, particularly if the data can be combined with 
thee biplane fluoroscopic images on a single monitor. 

Sincee presentation of data on monitors in the catheterization laboratory 
cann only be performed by the manufacturer of the equipment, prototype 
systemss wil l have to use their own monitors. However, in our experience, 
aa standard video output is often provided with fluoroscopic equipment. 
Thiss makes it possible to superimpose catheter guidance information on 
fluoroscopicc images on an additional video monitor. Such a prototype wil l 
obviouslyy not reduce the number of monitors, but does improve the pre-
sentationn of the data to the physician by superimposing the image and 
displacementt advice. It will thus reduce the number of monitors that the 
physiciann has to observe while maneuvering the catheter in the cavity. The 
originall  monitors, which have a much higher resolution than the standard 
videoo signal provided for external systems, may be needed in other phases 
off  the procedure. 

Althoughh the standard RAO and LAO projections are almost always used 
forr fluoroscopy during electrocardiographic catheterization procedures, the 
physiciann sometimes chooses different directions for a specific patient. For 
example,, a 6o° LAO projection with 25° cranial angulation may be used to 
obtainn a better view of the LV outflow tract [222]. An implementation of our 
methodd should therefore be able to produce any desired projection. 

AA direct advantage of our method is that it provides a quantitative and 
objectivee alternative for a procedure that the physician now has to carry out 
byy visually relating the LVCC provided by our electrocardiographic localiza-
tionn methods to the fluoroscopic projections. In conclusion, presentation 
off  ECG mapping data directly in biplane fluoroscopic projections provides 
aa novel, accurate, and intuitive method to guide catheter positioning and 
mappingg prior to ablation of cardiac arrhythmias. 


