Nonfluoroscopic electromechanical mapping of the left ventricle



To Zoé, Sam and Ben
To Anncke
To my mother

And of course to you, papa



Nonfluoroscopic electromechanical
mapping of the left ventricle

Evaluation of the technique as diagnostic tool
and as guidance for novel therapeutic strategies

Zonder rontgendoorlichting in kaart brengen van de
electromechanische eigenschappen van de linker kamer

Evaluatie van de techniek als diagnostisch middel
en als begeleiding van nieuwe therapeutische strategieén

PROEFSCHRIFT

Ter verkrijging van de graad van doctor
aan de Erasmus Universiteit Rotterdam
op gezag van de
Rector Magnificus
Prof. dr. ir. J.H. van Bemmel
en volgens besluit van het college voor promoties

De openbare verdediging zal plaats vinden op
woensdag 6 december 2000 om 15.45 uur

door
Gienn van Langenhove

geboren te Gent, Belgié



Promotie commissie

Promotor: Prof. dr. PW. Serruys

Overige leden : Prof. dr. AJ.).C. Bogers
Prof. dr. 5. Ben-Haim
Prof. dr. V. Legrand

Copromotor : Dr. P C. Smits

Financial support from the Netherlands Heart Foundation (NHS) for the publication of this
thesis is gratefully acknowledged

ISBN: 90-73235-91-X



Contents
Introduction and overview of the thesis

Chapter i
Nonfluoroscopic real-time endoventricular three-dimensional mapping. A novel catheter-
based technique to assess mechanical and electrophysiological properties of the heart.

The Thoraxcenter Journal 1999;11/4:97-7103

Chapter 2

Electromechanical properties of the normal human left ventricle: assessment with
nonfluoroscopic 3-D real-time mapping
Four Heare ] 2000, In Press

Chapter 3
Evaluation of Left Ventricular Volumes and Ejection Fraction Using a Nonfluoroscopic
Endoventricular Three-Dimensional Mapping Technique. A Comparison with Contrast
Ventriculography.

American Heart Journal, 2000, 140; 4: 596-602

Chapter 4

Mechanical properties of the left ventricle in patients with severe coronary artery disease.

A comparison between nonfluoroscopic mapping and two-dimensional echocardiograms.
American Journal af Cmr.’r:'ology, 2000, 86: 50-53

Chapter 5

Assessment of regional left ventricular wall motion: comparing computerized automated
angiography and nonfluoroscopic electromechanical mapping
Int J Cm'dio[agy, 2000, In Press,

Chapter 6

Electromechanical propertics of myocardium supplied by coronary collateral circulation
Submitted

Chapter 7
Left ventricular electromechanical endocardial mapping to assess myocardial viability:
comparisons with thallium radicnuclide perfusion imaging

Submitted

Chapter 8
Nonfluoroscopic electromechanical mapping for detection of viable myocardium: a

comparison with dobutamine stress echocardiography.
Crrculaiion 2000, In Press

Chapter 9
Acute changes of global and regional left ventricular function immediately after

percutancous direct myocardial revascularization.

Semin Interev Cardiol 2000,5:103-106



Contents

Chapter 10
Improved regional wall motion 6 months after direct myocardial revascularisation using
the NOGA™ DMR system

Circulation 2000, 102;7:e44-e45.

Chapter 11
Efficiency of percutaneous intramyocardial injections using a nonfluorescopic 3-d
mapping based catheter system

Submitted

Chapter 12
Nonfluoroscopic Endoventricular Electromechanical Three-dimensional Mapping.
Current Status and Future Perspectives.
Japan Cire [, 2000, In Press
Summary and Conclusions
Samenvatting en Conclusies

Acknowledgements

Curriculum Vitae
List of Publications









Introduction -



Introduction

Introduction and outline of the thesis

With his landmark paper in Nature Medicine in 1996, Shlomo Ben-Haim and coworkers
introduced a novel technique into the clinical arena.” Indeed, this initiated the possibility
of on-line, real-time, in-cathlab 3-dimensional (3-D) assessment of the function of the
left ventricle. Through a dedicated system they were able to exactly locate a catheter in
3-D space, to follow its excursions during ventricular contraction, and while making
contact with the ventricular wall, also acquire clectrical data. From the initial introduction
of the technique, several investigators have shown its possibilities in assessing the quality
of the human left ventricle, in evaluating possible recovery of diseased myocardium and in
guiding therapies that may treat such conditions.®™

The importance of the assessment of left ventricle dysfunction, its causes and potential
treatment strategies cannot be undesestimated. Indeed, in addition to about 3000 people
per million that die annually from acute myocardial infarction in industrialized countries,
an even bigger number suffers from heart failure, mainly due to advanced coronary heart
disease." Also, the continuous increase in life expectancy adds substantially to this
problem. It is of uttermost importance to assess therapeutic possibilities for this patient
group, as it has been shown that even a small gain in left ventricle ejection fraction
(LVEF} may improve life quality and reduce mortality. One of the major therapeutic goals
for the prevention of the consequences of 1schemic heart disease should thercfore be the
preservation of LV function through the limitation of infarct size during the acutc event,
and by improvement of chronic ischemic LV dysfunction. While the prognosis of acute
myocardial infarction has greatly improved with the advent of aggressive reperfusion
strategies as thrombolysis and primary percutancous cororary angioplasty (PTCA),
chronic ischemic LV dysfunction may be more difficuit to master.

Revascularization — with both established (coronary artery bypass surgery (CABG),
PTCA) and experimental (direct myocardial revascularization {DMR}, protein or gene
injection therapy) techniques - of myocardium in jeopardy has been advocated to reduce
the impact of chronic ischemic heart disease on morbidity and mortality.

As revascularization of necrotic tissue is unnecessary and may even prove to be hazardous,
it is essential that injured myocardiat tissue with potential for recovery is identified, so that
patients who will actually benefit from the revascularization, are selected.

Several methods to assess myocardial function and detect viability are currently available.
Positron emission tomography (PET) with 18F-flucredeoxyglucose uptake is currently
the gold standard. However, this technique is expensive, and is not readily available, Other
techniques as single photon emission computed tomography (SPECT) and dobutamine
stress echocardiography are clinically attractive, widely available and more cost-effective
than PET, but are confronted with varying sensibility and specificity figures in predicting
recovery of injured myocardium. Also, none of these techniques can be easily performed
on-line, inside the cathlab.

Noenfluoroscopic electromechanical mapping with the NOGA™ system (Biosense-
Webster, a Johnson&Johnson company) may fifl this gap. Also, its unique 3-dimensional
abilities to locate specific myocardial regions is able to guide local intramyocardial therapy
with high specificity. Although very interesting research has been performed, the system
still needs to find its place within common clinical interventional practice.

"The aim of this thesis can be summarized as follows: in the first part of the thesis (chapters
1-5) we will explain the technical background of the system, and compare the diagnostic



Intradiction

capacities of the system to standard accepted methods to assess baseline left ventriewlar
function. In the second part {chapters 6-8) we will evaluate the ability of the system to
detect and to define myocardial viability. In the third part (chapters 9-12), we describe the
use of the NOGA™ system as guidance for novel intramyocardial therapies. In the last
part (chapter 13) we reflect on the future applications of nonfluoroscopic mapping.
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INTRODUCTION

Nonfluoroscopic electromechanical mapping is a novel technique that enables the
investigator to acquire on-line information on clectrical and mechanical endoventricular
functioning of myocardial tissue. Although the system has only very recently been
developed, it is already implied in the clinical arena in both the interventional cardiology
(NOGA™) and electrophysicfogy (CARTO™) settings. The decision of the company
that introduced the system (Blosense, Cordis-Webster, Johnson and Johnson} to subdivide
NOGA™ and CARTO™ into two separate systems was a political one, based on the fact
that in the United States interventional cardiclogy and interventional electrophysiology
are two entirely separated branches of clinical cardiology. The basic concepts of the two
systems are however the same, In this first of two parts, we shall review the NOGA™
system components, the left ventricular mapping technique, the initial experimental and
clinical data available, the ongoing trials and the future applications of this technigue. In
the second part, an overview of the CARTO™ system will be presented,

The rationale of a new technique

Percutanecus interventional techniques such as catheter-based ablation of cardiac
arrhythmias, direct myocardial revascularization (DMR) or intramyocardial gene-
injection are becoming widespread in clinical medicine. Previously these techniques
needed surgical interventions, implying higher risks, cost and discomfort for the patient.
The navigation of the minimally invasive tool in the body ean be performed using
standard imaging techniques such as echocardiography or fluoroscopy. This may prove
cumbersome, as multiple views providing only two-dimensional projections are currently
available on-line™. A major pitfall in the methods presently used in electrophysiclogy is
indeed the inability to accurately associate the intracardiac clectrogram with a specific
endocardial site. Thus, the localization of the recording sites with fuoroscopy is
inaccurate, cumbersome, and associated with high x-ray exposure for both the patient and
the physician®.

Although clinical application of on-line 3D echocardiography and magnetic resonance
unaging are underway, unal recently no technique for real-time 3D guiding of
intervention tools and assessment of myocardial electromechanical functioning was
available. Indeed, nonfluoroscopic electromechanical mapping has become the first
navigation technique to accurately determine the trajectory of @ tool inside the human
heart, to guide the interventional device to a specific site, and to meticulously couple

functional and anatomical properties.

The system

The system is composed of a miniature passive magnetic field sensor incerporated in a
catheter, an external ultralow magnetic field emitter (location pad), and a processing unit
(NOGA®™, Biosense). The deflectable-tip catheter (NOGA-STAR, Cordis-Webster)
contains both 2 location sensor just proximal to its tip, and standard electrodes that allow
recording of unipolar (unipolar voltages, UPV) and bipelar {BPV) electrical signals {figure
1a).
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1a. Tip of mapping catheter, showing the location of the sensor and the electrodes. 15 Three coils
originating from the location pad (C 1,2 and 3) that is placed under the patient. Every point s is
locatable in 3D space by its veference to the different magnetic field strengths (distances D1, 2 and 3).

The locator pad placed beneath the operating table consists of threc radiators that
generate ultralow magnetic ficlds (5x10° to 5x10* Tesla) (figure 1b) that contain the
information necessary to resolve the location and orientation of the sensor in 6 degrees of
freedom. Indeed, the amplitude, phase and frequency of the emitted magnetic signals
recorded by the location sensor allow the computer algorhitm to solve a number of
complicated algebraic equations yielding the location (x, y and z) and orientation ( roll,
pitch and yaw) of the sensor. The NOGA™ processing unit consists of a computer that
updates the acquired information in real-time and a Silicon Graphics workstation that
displays the 3D left ventricular endocardial reconstruction. The operator can choose
whatever view he wishes to work with during point acquisition, can add a second view in
a separate window, and can change both views whenever he wishes to do so, during the
mapping procedurc. Besides electroanatomical activation maps, minimum voltage maps
(showing uni- or bipolar voltages), local shortening maps, and bull’s eyes views (figure 2),

Figure 2

(a) Electroanatomical map in LAO view
showing activation times of the myocardium
at the different sites. Color-coding is from
very early (blue) to late (red). (b)
Maximum voltage map showing unipolar
voltages at the different measurement
points. Color-coding is from high (blue-
purple) to very low voltages (red). (c) Local
linear shortening (LLS) map, with colors
going from akinetic (red) to normal (blye-
purple). (d) Bull's eye view of the LLS map,
with basal (outer segments), mid and apical
(inner segments) regions of A (anterior), I,
(lateral), P (posterior) and S (septal)
segments. The average value of LLS is

automatically given by the system.
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a variety of other features are provided by the system. A full-length deseription however
would lead us too far.

Definitions

Point logp stability: measures the maximum of distances between the locations of the
selected point in two consecutive heart cycles. Low point loop stability indexes indicate a
good point.

Cycle Iength (CL) stabifity: the difference between the length of the current cycle and the
average of the last 100 cycles recorded.

Local activation time (LAT) stability: measure of how stable the LAT is between cycles.
Reliable points show a LAT variation of <3ms.

Location stability: a measure of the variability in position of the catheter tip on the
endoventricular wall during two consecutive cardiac cycles.

Triangle fill threshold: by setting a “triangle fill threshold” value, the operator chooses the
minimum triangle size for which the program will close a face on the reconstructed

chamber (figures 3a and b).

Frgure 3

(a) Catheter tip while taking a third point, accurately located in space through distances relative to
the different coils of the location pad; (b) the triangle threshold allows the iriangle between the three
points Lo be filled,

This feature allows the operator to determine the degree to which the system will
interpolate between actual data points and will ensure that a minimal level of point density
will be met at each mapped region. Usually an interpolation threshold of 30 mm between
adjacent points is taken”,

Inner poinis filtering: computer algorithm that removes points thought to be located inside
the ventricular lumen (and not on the ventricular wall) or on a papillary muscle. The
algorithm calculates relative position of points as compared to at least three neighboring
ones and is therefore able to remove these contending points,

Local linear shortening (LLS): The local linear shortening assessment is based on the
assumption that in healthy myocardium any two points move closer to each other during
contraction. Measurement of distances between neighboring points is therefore the basis
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for calculation of myocardial shortening. The computer algorithm takes into account the
density of points around a point p, and gives a negligible weight to points too close
(sampling noise) and points too far (of no influence as they provide non-local
information). The algorithm for regional linear shortening is calculated as follows: for any
two points on the map, 1 and j, LLS is calculated as the change in distance between these
two points from end-diastole to end-systole, normalized for the length at end diastole:

LLS;j = (L(ED)j - L(ES);j)/ L(ED);

For any point p LLS is calculated as a function of the LLSpj, for all points j=1 to n on the
map, so that

LLSp= (Sj=1..n Wpj (L(ED)pj)x LLSpj ) / Sj=1..n Wpj,

where W is the weight of a certain point as a function of the distance Lij between two
points i and j, the average distance D around point p (D is defined in the computer
algorithm as the average distance of the ten closest points to p) (figure 4)

Figure 4

Local linear shortening is defined as
the average distance that points
move relative io each other during
systole. The computer algorhitm
takes the ten most neighboring
points, but discards poinis to close or
to far from the point under study,
thereby confining a region of
interest (orange in picture).

“\Region of interest

and the volume V at end-diastole. The weight is therefore function of the point density in
a defined region, the volume of the heart and the distances between points at end-diastole.

The mapping procedure

The mapping catheter is introduced through a 7F or 8F femoral sheath. Prior to the actual
mapping procedure, heparin is given intravenously (10,000 IU); additional heparin is
given to maintain an activated clotting time (ACT) above 200s. A reference catheter can
be inserted into the coronary sinus or RV apex or can be applied to the back of the patient.
A mapping catheter is then inserted into the mapped chamber. The location of the tip of
the mapping catheter while inside the heart is gated to end diastole and is recorded relative

11
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to the fixed reference catheter, thus compensating for subject or cardiac motion®.

As the catheter tip is dragged over the LV endocardial surface (figure 5),

Figure 5

Dragging of the catheter over the endocardium, in this case of the right ventricle.

(*) denotes the different positions of the catheter during the procedure. SCV= superior caval vein,
ICV= inferior caval vein, RA= right atrium, RV= right ventricle. The procedure in the left wentricle
5 e.rsentiaf/y the same; the ameacb 15 r'etmgmde through the aortic valve; some investigafm‘.f use a
transseptal approach.

the system continuously analyzes its location in 3-dimensional space without the use of
fluoroscopy. The set of points thus collected comprises an irregularly sampled data set of
location points that are members of the endocardial surface. Chamber geometry is then
reconstructed, in real time, using the set of sampled location points. The endocardial
surface is presented as a set of polygons (triangles) whose vertices are the sampled points.
The local activation time (LAT) at each site is determined as the time difference between
a selected fiducial point on the body-surface ECG and the steepest negative intrinsic
deflection in the unipolar intracardiac electrogram (filtered at 0.5 to 400 Iz) recorded
from the tip of the mapping catheter. The activation map is color coded and superimposed
on the 3D chamber geometry. The center of mass of the reconstructed chamber is
automatically calculated from the set of the surface points. The volume of the chamber can
be calculated from the sum of the volumes of all tetrahedrons constructed when
connecting the center of mass to all triangles forming the reconstructed surface”. Thus,
left ventricular end-diastolic (LVEDV) and end-systolic (LVESV) volumes, stroke
volume (LVEDV-LVESV) and ejection fraction (LVEF, SV/LVEDV) can be calculated

and displayed (figure 6).
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Figure 6

(a) Volume-time curve. Mini-
mm and maximwm velumes
are marked with blue crosses,
(b) Electroanatomical map of
the same patient. (c) Point
displacement  curve.  Point
displacement on the ventricular
wall is a function of the local
wall motion. The displacement
bar graph shows the maxinum
distance between (wo locations
of each point within the

recorded  period. (d)  Loop i
stability graph. Shows ‘
maximum distances between

the location of a specified point |

at a specified time during :
different heart cycles. | f

The stability of the catheter-to-wall contact is evaluated at every site in real time, and
points are manually deleted from the map if 1 of the following criteria is met: (1) a
premature beat or a beat after a premature beat; (2) location stability, defined as a
difference of >4 mm in end-diastolic location of the catheter at 2 sequential heartbeats;
(3) loop stability, defined as an average distance of >4 mm between the location of the
catheter at 2 consccutive beats at corresponding time intervals in the cardiac cycle; (4)
cycle length that deviated >10% from the median cycle length; (5) different morphologies
of the local ECG at 2 consecutive beats, or severe ST-elevation of the intracardiac
electrogram depicting excessive myocardial impression by the mapping catheter; (6) local
activation time differences of >3 ms between 2 consccutive beats; (7) different QRS
morphologies of the body surface ECG; (8) inner point location; (9) adjacent points closer
than 5 mm (local linear shortening data proved to be unreliable if measured under these
conditions) and (10) points not related to the left ventricle (such as atrial location)®.

Experimental and clinical validation studies

The initial validation studies of the mapping system were reported by Gepstein et al.”
These authors first tested the in vitro accuracy of the locatable-catheter capabilities. By
using a test jig with several holes at precise known distances from each other, they showed
that repeated measurements of the location of one specific site differed 0.16 mm
maximally, and that distances between specific points were equally highly reproducible
(mean error 0.42 mm). Also, the intracardiac electrical signal from the locatable catheter
was found to correlate highly with the signal acquired using a standard nonlocatable
clectrophysiological catheter placed in the immediate vicinity of the mapping catheter
(cross-correlation = 0.96 + 0.01). In the same study, they tested the reproducibility of

13
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measurements performed on the beating pig’s heart. Again, standard deviation {(SD) for
medsurements at the same site were low (0.74 + 0.13 mm), and the overall mean error of
distances measured inside the body (through the use of a long sheath with markers every
10 mm) proved to be low (0.73 + 0.03 mm)*. Furthermore, Gepstein and colleagues found
a consistent activation pattern of the left ventricie in pigs. During ventricular pacing, the
earliest site of activation was at the site of pacing. During sinus rhythm, the earliest site
of activation was on the superior part of the septum. Invariably, the latest site of activation
in both rhythms was on the left lateral wall close to the mitral valve annulus. The tatal
activation time of the left ventricle varted between 40 and 80 ms during sinus rhythm and
between 57 and 87 ms during paced rhythm™.

In a second series of validation studies by the same group, volumetric measurements of test
jigs and pig ventricles were analyzed®. Phantom objects with known volumes showed that
the measured volumes were very close to the actual volumes, with an average deviation of
about 2.7%. Measurements of LV casts (with a more difficult anatomy) showed an average
deviation of 9.6%. , with a correlation r=0.94 with the actual volumes. Measurements of
volumes in a dynamic test jig showed high accuracy with known volumes, deviating only
1.4,0.7, 6.0 and 5.2% for maximal volume, minimal volume, SV and EF respectively®. In
12 pigs tested in this study, the intra- and interobserver variability proved to be very low.
Also, SY measurements acquired with the mapping system proved to be highly correlated
with thermeodilution cardiac output measurements (figure 7)%.

50 -
Figure 7 :;::::;xw.ls
Grraph showing the correlation befween 40 -
NOGA™  mapping  derived stroke B
wvelumes  (NFM, Non  fluoroscopic [
mapping,  calenlated SV} and E 30 - &
thermodilution measured SV in pigs. 4 5
wery good correlation of r2 = 0.93 was 2 @ 4
Jound. g 20 4 ]
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As further validation of the system as a tool for the assessment of local left ventricular
function, Crepstein et al. acquired the left ventricular electromechanical regional properties
in 11 dogs with chronic infarction (4 weeks after ligation of the proximal LAD) and 6
controls and compared them to the pathology results. Average endocardial local
shortening (LS, measured at end systole and normalized to end diastole) and intracardiac
bipolar electrogram amplirude were quantified at 13 LV regions. Endocardial 1S was
significantly lower at the infarcted area (1.2+/-0.9%, P<0.01) compared with the
noninfarcted regions {7.2+/-1.1% to 13. 5+/-1.5%) and with the same area in controls
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(15.5+/-1.29%, P<0.01). Average bipolar amplitude was also significantly lower at the
infarcted zone (2.3+/-0.2 mV, P<0.01) compared with the same region in controls
(10.3+/-1.3 mV) and with the noninfarcted regions (4. 0+/-0.7 to 10.2+/-1.5 mV, P<0.01)
in the infarcted group. Also, the clectrical maps could accurately delineate both the
location and extent of the infarct, as demonstrated by the high correlation with pathology
(Pearson’s correlation coefficient=0.90) and by the precise identification of the infarct
border. The authors concluded that chronic myocardial infarcted tissue could be accurately
characterized and quantified by abnormal regional mechanical and electrical functioning®
(figure 8).

Figure §

Local shortening map (left) showing a dear delineation of the infarct zone (in red) in a dog, with
Jfour (1-4) brown tags, revealing the places where ablation was performed. As one can clearly see, the
ablation sites correlated pretty good with the sites of necrosis on authopsia (vight picture). It also
becomes clear from the picture that NOGA™ can accurately delineate myocardial infarction zones.
From Gc:pstei;';' L, Goldin A, Lessick ], et al. Electromechanical characterization of chronic myocardial
infarction in the canine coronary occlusion model. Circulation 1998;98:2055-64.

The first human studies with the NOGA™ system were reported by Kornowski et al.”
In 24 patients ( 12 patients with prior myocardial infarction (M) and 12 control patients)
LV endocardial mapping was performed to assess electromechanical function in infarcted
versus healthy myocardial tissue. In patients with prior M1, the average voltage was 7.2+/-
2.7 mV (UP)/1.4+/-0.7 mV (BP) in MI regions, 17.8+/-4.6 mV (UP)/4.5+/-1.1 mV (BP)
in healthy zones remote from MI, and 19.7+/-4.4 mV (UP)/5.8+/-1.0 mV (BP) in control
patients without prior MI (P<0.001 for MI values versus remote zones or control
patients). They clearly showed that both UPV and local endocardial shortening were
significantly impaired in MI zones compared with controls. Also, concordance with
echocardiographic wall motion analysis was good®(figure 9, figure 10).

15
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Figure 9

Example of a normal NOGA™ map. Both
the woltage map (a) as well as the local
shortening map () are predominantly
green—blue-purple-pink, showing bigh
unipolar wvollages and local shortening
values. The respective bulls eye maps (c and
d) show consistently high values of UPV
and LLS, underlying the normal nature of
this ventricle. Note again the low regional
contractility and the low wvoltages in the
vicinity of the mitral valve gnnulus.

Figure 10

RAQ wiew of a patient that suffered an anterosepial
infarction 3 years ago. The red zones in (a) and (5)
delineate a zone with akinesia and obsence of
electrical activity. The respective bull’s eye views
show negative values for local shortening (d) in the
septal and anterobasal segments, suggestive of wall
a- to dyskinesia. The voltage map (¢} shows UPV
below 6 mV in the same region.

Kornowski et al. later reported on a comparison between NOGA™ mapping and
radionuclide perfusion imaging®. They showed that UPV (14.0+/-2.0 mV) and LLS
values (12.5+/-2.8%) were highest when measured in myocardial segments (n=56) with
normal perfusion and lowest (7.5+/-3.4 mV and 3.4+/-3.4%) when measured in
myocardial segments with fixed perfusion defects (n=20) (P0.0001) on single photon
emission computed tomography imaging studies using T at rest and 99mTe-sestamibi
after adenosine stress. A significant difference in UPV and LIS values was found between
groups (P<0.001 for each comparison by ANOVA). Myocardial segments with reversible
perfusion defects (n=66) had intermediate UPV (12.0+/-2.8 mV, P=0.048 versus normal
and P=0.005 versus fixed segments) and LLS values (10.3+/-3.7%, P=0.067 versus normal
and P=0.001 versus fixed segments). From these results it was concluded that NOGA™
mapping might allow the detection of myocardial viability.

Van Langenhove et al. compared enddiastolic (EDV) and endsystolic volumes (ESV),
stroke volume (SV) and ejection fraction in 44 patients with both LV angiogram and
NOGA™ mapping. Although a strong correlation (r=0.78, p<0.001) for EF measurement
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between the two technigues was found, the Bland-Altman analysis (figure 11)

Bland-Aliman Analysis Figure 11
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demonstrates the disagreement and the absence of interchangeability between hoth
methods. Indeed, on average, a ditference of about 30% in LVET was found”.

The same authors described moderate cotrclations between regional wall motion
assessment using LV angiography as compared to LLS data acquired i the same
segments(p<0.001)® (figure 12).

109

Figure 12

Comparison of area change as devived from the
biplane left wentricular anglogram derived in 7
segmeints, analyzed zrsiﬁg the area-length method.
Area change 5% change of a specified segment in
diastole versus systole.

Angiographic Area Wall Motion changa(%)
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Finally, dobutamine stress echo was compared to LLS and UPV data for comparable
segments in patients with a previous myocardial infarction. ROC curves showed
significant cut-off values for myocardial viability of UPV=9.0 mV (sens 56%, spec 819%,
p<0.0001) and LL5=6.8% (sens 56%, spec 92%, p<0.0001)",

Fuchs et al. assessed in-vivo electromechanical changes following gradual coronary artery
occlusion in a pig ameroid constrictor model using NOGA™(10), UPV and LLS were
measured in the ischemic lateral and nen-ischemic anterior zones in anlmals at rest {n = 9)
and 5 weeks after the implantation of ameroid constrictors around the left circumiflex
artery. Echocardiography was used to assess regional contractility (% myocardial
thickening), and an echo-contrast perfusion study was performed using acoustic
densitometry methods. The ischemic lateral zone showed reduced myocardial perfusion at
rest {peak intensity; 3.4 +/- 1.7 versus 20.7 +/- 14.8, P = 0.0053), impaired mechanical
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function (percentage wall thickening 22 +/- 19% versus 40 +/- 11%, P = 0.03; local
endocardial shortening 2.9 +/- 5.5% versus 11.7 +/- 2.1%, P = 0.002), and preserved
clectrical activity (unipolar voltage 12.4 +/- 4.7 versus 14.4 +/- 1.9 mV, P = 0.25; bipolar
voltage 4.1 +/- 1.1 versus 3.8 +/- 1.5 mV, P = 0.62}, compared with the anterior region.
The authors concluded that gradual coronary artery occlusion resulting in regional
reduced perfusion and function at rest (i.e. hibernating myocardium} is characterized by
preserved clectrical activity. Electromechanical left ventricular mapping may be of
diagnostic value for identifying the hibernating myocardium®,

Recently, Vale ct al. showed feasibility and safety of percutaneous, catheter-based,
nonfluotoscopic mapping guided myocardial gene transfer™. In six pigs in which the
injection catheter was used to deliver plasmid using cytomegalovirus promoter/enhancer,
encoding nuclear-specific LacZ gene (pCMV-nlsLacZ) (50 microg/ml) to a single LV
myocardial region, peak beta-galactosidase activity after five days was documented in the
target area of myocardial injection in each pig. As all pigs survived until sacrifice, and no
complications were observed with cither the mapping or the injection procedures, the
authors concluded that percutaneous myocardial gene transfer can be successtully achieved
in normal and ischemic myocardium without significant morbidity or mortality”™. It 1s
furthermore important to underline the importance of the 3D mapping technique for
gene application procedures, as exact delineation of the area to be treated seems

mandatory.

Ongoing clinical investigations

Some burning questions refated to the clinical usability of the NOGA™ mapping system
in clinical practice still are unanswered:

Is the local shortening function (LLS) reaily a reflection of the local wall motion?

Does direct myocardial revascularization (DMR), for which this system seems to be an
ideal guiding tool, really improve the clinical status of the patient?

Is local gene application, again for which this system seems an optimal platform, going to
be applied clinically?

Is the system able to detect true viabiligy?

Is there need for this expensive technique for in-cathlab detection of viability/ischemia —
when other techniques have already proven their value?

Some of these questions will be answered by engoing investigations. The DIRECT and
EURO-DIRECT trials are currently enrolling patients in the USA and Europe; these
trials (single blinded, randomized NOGA™ mapping without versus with DMR in
patients not suitable for any other type of revascularization) are aiming to answer the
question if the presumed benefit with DMR is simply a placebo effect, or does really
improve the patient’s clinical and functional status (figure 13).
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Figure 13

Local shortening m‘aj)s before DMR (a), after DMR (b) and at 6 month follow-up (c). The
pasteralateral wall motion has clearly improved, as witnessed by the increase in local shortening in the
mid- and basal zones of both the posterior and the lateral segments (see bull’s eye view, a’ through ¢).

Studies asscssing “true viability” in patients scheduled for bypass surgery will answer the
question if NOGA™ can predict recuperation of myocardial segments with wall motion
abnormalities after revascularization. A study assessing the possible additional benefit of
low-dose dobutamine during NOGA™ mapping is currently performed at the
Thoraxcenter. Future investigations will evaluate the possible value of adenosine in the
detection of ischemic segments, the diagnostic value of NOGA™ mapping as compared
to magnetic resonance imaging (MRI) in myocardial viability, the efficacy of growth
factors to induce myocardial angiogenesis and additional comparisons with radionuclide
perfusion imaging studies”*',

CONCLUSIONS

Left endoventricular 3D real-time electromechanical mapping is a new, intriguing
technique for in-cathlab assessment of mechanical and electrical functioning of the left
ventricle. Although initial studies have shown safety, feasibility and reproducibility of this
technique, and have provided similar results as compared to established techniques in the
quest for viability, data on the additional clinical value of the system are still scarce.
Ongoing trials on DMR and intramyocardial gene injection may definitely establish its
place among currently used techniques in interventional cardiology.
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ABSTRACT

Electromechanical properties of the normal human left ventricle: assessment with
nonfluoroscopic 3-D real-time mapping

Background: Nonfluoroscopic electromechanical mapping (NEM) has been introduced as
a novel technique for the evaluation of clectrical and mechanical functioning of the
myocardium. [n this system, local linear shortening (LLS) is the parameter used for
assessment of local mechanical properties; unipolar (UPV) and bipolar (BPV) voltages
represent the electrical properties of the left ventricle. Studies concerning the possible
detection of viable or ischemic regions using this system are currently being performed.
Also, the system is being used as guidance ool to direct new interventional modalitics as
direct myocardial revascularization (DMR) and injection therapy. As the normal left
ventricle should be used as 2 reference model, and a paucity of data on this issue exist, we
analyzed clectromechanical maps in normal left ventricles.

Methods: Patients were included in this study if they met ail three following criteria:
1) Negative history of myocardial infarction or hospitalization for acute coronary
syndrome; 2) Normal bascline ECG; 3) Absence of abnormal regional wall motion on
contrast left ventricle angiogram and 4) Absence of objective signs of ischemia on stress
testing. Nonfluoroscopic maps and left ventricle angiograms were analyzed by
independent observers. Ejection fraction (LVEF), end-diastolic (LVEDV), end-systolic
(LVESV) and stroke volumes (SV') were calculated, and compared to the same parameters
of patients in the database that did not meet the aforementioned criteria. LLS, UPV and
BPV were defined for the different ventricular segments.

Resuifs: Of the 110 patients in our database, 24 met the criteria for normal left ventricular
function. LVEF and SV were consistently higher, LVEDV and LVESV were lower than
in ventricles that did not match the criteria for normal function. LLS and UPV were high
throughout all segments, except for posterior and septal basal segments, that showed
consistently lower values. Finally, large variations in LLS, UPV and BPV for normal
myocardial segments were noted.

A strong correlation between angiography and NEM for the measurement of LVEF was
found (R=0.73). However, the Bland-Altman analysis performed ciearly showed the
clinical non-interchangeability between the two techniques.

Conclusion: NEM is a powerful tool for invasive electromechanical assessment of
myocardial function. Normal left ventricles show consistently lower values for both UPV
and LLS for the posterior and septal basal regions, probably caused by mitral and aortic
valve ring fibrous tissue. These facts should be taken inte account in future evaluations of
these regions, Also, underlying clinical conditions may account for the large variations
between different normal segments in LLS, UPV and BPV. Finally, LVEF value for the
same patients differ strongly when comparing NEM uand angiographic assessments,
despite their strong correlation.
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List of acronyms

NEM:
UPV:
BPV:
LLS:
LVA:
RAO:
LAO:
LVEDV:
LVESV:
LVEF:
SV

nonfluoroscopic electromechanical mapping
unipofar voltage

bipolar voltage

local linear shortening

left ventricle angiogram

right anterior oblique

left anterior oblique

left ventricle end diastolic volume
left ventricle end systolic volume
left ventricle ejection fraction
stroke valume
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INTRODUCTION

Nonflueroscopic mapping (NOGA™, Biosense-Webster, Waterloo, Belgium) 1s 4 new
technique for in-cathiab on-line assessment of electromechanical properties of the left
ventricle™. Research with this technique is now focusing on the furure use for the in-
cathlab dercction of myccardial viability”, and as a guidance tool to direct novel
therapeutic modalities as direct myocardial revascularization (DMR)® and direct
myocardial injection. ™ Although the systemn has shown its possibilitics in distinguishing
infarcted from normal myocardial tissue and from myocardium with reversible perfusion
defects*™, there is still little information on the electromechanical properties of the
normal human ventricle. Also, the currently available data on the normal canine and pig
ventricle may not be easily applied to the human situation.” We therefore assessed the
electrical, mechanical and volumetric properties in 24 patients with normal left ventricles.

METHODS

Patients

Patients were included in this study if they met all of the following criteria: 1) Negative
history of myocardial infarction or hospitalization for acute coronary syndrome; 2)
Normal baseline electrocardiogram, including the absence of left or right bundle branch
block; 3) Absence of myocardial ischemia on stress test and 4) Normal left ventricle
angiography as assessed by an independent investigator, All patients signed an informed

consent.

Left ventricular angiography

Left ventricle angiograms (LVA) in RAO 30° and LLAO 60° were performed using
standard techniques (11). LVA's were first analyzed visually. Only the angiograms with a
normal contraction pattern were included in the study. Angiograms were then analyzed
using the centerline method (CAAS II system, PIE Medical, Maastricht, The
Netherlands). The 5F diagnostic pig tail catheters were used for computerized calibration.
The left ventricle boundaries at end-diastole and end-systole were traced manually with a
digitizing device. The frame showing the largest ventricular volume was chosen as the
end-diastole, the frame with the smallest volume as the end-systole. Care was raken that
mezsurements were not performed during or immediately after an extrasystole. The
CAAS system algerithm automatically provides end-diastolic, end-systolic and stroke
volumes, and left ventricle ejection fractions. Patients were excluded from the study if any
myocardial segment showed reduced regional functioning (any value <-1.0 SD/chord).

Nonfluoroscopic electromechanical mapping:

The NEM system has been described previously, %' In short, a reference catheter was
taped securely to the patient’s back. The mapping catheter (NOGA-STAR™, Biosense-
Webster, 2 Johnson & Johnson company), also with a tip sensor, was introduced through
a fernoral sheath and placed through the aortic valve in the left ventricle. The location pad
fixed beneath the catheterization table generates a low magnetic field (5x10* to 5x107
Tesla) which allows that at all times, the tip of the catheter can be located with six degrees
of freedom (x, y, z, pitch, yaw and roll). The catheter was then dragged along the
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endocardial surface of the left ventricle in order to acquire electromechanical data. When
a stable signal was obtained a “point” was added to a three-dimensional map as shown on
the NEM unit. Electrophysiological data (UPV, BPV, and local activation time) and
mechanical data (LLS) were displayed three-dimensionally, while the images obtained
could be viewed from different angles as chosen by the operator. A bull’s eye view showing
average voltages and LLS for 12 segments (basal, mid and apical parts of anterior, lateral,
posterior and septal segments) was visualized on the NEM screen (figure 1).

Figure 1

Electromechanical assessment using nonfluoroscopic electromechanical mapping. Panel A shows
unipolar voltages (UPV) of the left ventricle in 30" RAO wiew, with the color bar in the upper right
corner. Color—coding goes from red (<6 mV) to blue-purple (>14 mV), with purple zones being
normal. The arrowheads delineate a zone of low wvoltages in the vicinity of the mitral valve area.
Punel A’ shows a bull's eye view of the same UPV map, with—clockwise from upper right A (anterior),
L (lateral), P (posterior) and S (septal) regions. Every region is subdivided into a basal (outer), mid
and apical (inner) segment. The two arrows show the basal septal and basal posterior segments that
clearly present lower voltages. Also, the large inter-segment variations can be appreciated. Panel B
shows the linear local shortening (LLS) map of the same ventricle. The arrowheads delineate the
ventricular segment with low LLS, located in the mitral valve area. Panel B’ shows the bulls eye
wiew of the LLS map, with the arrows directed at the basal septal and basal posterior segments with
lower values as compared to the other segments. Again, large inter-segment differences can be noted.
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The LLS asscssment is based on the assumption that in healthy myocardium any two
points move closer to each other during contraction. Measurement of distances between
neighboring points 1s therefore the basis for calculation of myocardial shortening. The
computer algorithm takes into account the density of points around a point p, and gives a
negligible weight to points too close (sampling noise) and points too far (of no influence
as they provide non-local information). The algorithm for LLS is calculated as follows -
for any two points on the map, i and j, LLS is calculated as the change in distance between
these two points from end-diastole to cnd-systole, normalized for the fength at end

diastole:
LLS;jj = (L{ED);j - L(ES);;)/ L(ED}j;

For any point p LLS 15 calculated as a function of the LLSpj, for all points j=1 to n on the
map, so that

where W is the weight of a certain point as a function of the distance Lij between two
points i and j, the average distance D around point p (I3 is defined as the average distance
of the ten closest points to p) and the volume V at end-diastole. The weight is then
function of the point density in a defined region, the volume of the heart and the distances
between points at end-diastole. We used the revised NOGA 4.0 software version
(Biosense-Webster, Johnson8dgfohnson, June 2000) with (1} a new weight function so that
very close neighboring points within the range of noise are not given any weight and do
not influence the LLS value of the investigated point, and that very distant points do not
influence LLS for a certain point; {2) changing the arithmetic mean by the geometric
mean which is better suited for location validation because it is virtually unaffected by the
density of points; (3} very careful determination of the apical point, either defined
automatically by the system or manually by the user. If such a point it is not meeting the
criteria of the various filters a “Location-only” (where its value is not used to determine
the LLS in this particular region) comment will appear on the Point List. The user can
then decide if another near point in the apical region should be defined as Apex. If the
original point is kept then the LLS will not be computed but will rather represent the
average of its neighbors. The changes in the new software have been validated (Biosense-
Webster, persenal communication).

Statistics

Statistical analysis was performed using SPSS, version 9.0 {(SPSS Inc., Chicago, lilinois,
USA). Data are expressed as mean + SD. Correlations were performed using Pearson’s
test. LVEDYV, LVESV, LVEF and SV were compared using an independent Student’s
t-test, LVEF values measured using NOGA and LV angiogram were compared with the
Bland-Altman test. Means of nominal values for LLS, UPV and BPV were compared
between aill segments by the Wilcoxon signed ranks test. A Friedman nonparametric test
was used where appropriate. A value of P<0.05 was considered statistically significant,
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REsuLTs

Between June 1997 and April 2000, 110 patients were studied. Of these, 24 met the
criteria for normal left ventricular function. Clinical characteristics of both groups are
shown in the table.

Normal LV function | Abnormal LV function

(n=24) (n=86)
Age (years £ SD) 61 +12 57+9
Male 21 (88%) 73 (85%)
Previous MI (n) 0 80 (93%)
Previous PCI {n) 0 68 (79%)
Previous CABG (n) 0 46 (53%)
Signs of ischemia on non- 0 54 (63%)
invasive lesting (n)
Congestive heart failure (n) 0 23 (27%)
Hypertension {n} 6 (25%) 46 (53%)
Diabetes (1) 1 (4%) 13 (15%)
Smoking history () 7 (29%) 44 (51%)
Hypercholesterolemia (n) 8§ (33%) 33 {62%)
Family history (n) 1 (4%) 21 (24%)

Table

Clinical paramelers of patients with normal and abnormal left ventriculor function. LV=left
weritricle, MI=myocardial infarction, PCI&Per‘cutaneam coronary ntervention, CABG=coronary

aréery bypass grafi.

The average procedure time for the acquisition was 49 = 18 minutes for nermal maps
versus 44 = 22 minutes for NEM maps of the diseased ventricles (p=0.4). Al 110 patients
remained in stable hemodynamic conditions during the respective procedures, as
confirmed by continuous in-cathlab heart rate and blood pressure monitoring data. One
patient suffered a stroke after diagnostic catheterization, before introduction of the
NOGA-catheter. Four patients had a pericardial effusion after the procedure, two of
which required pericardial drainage. One patieat died of a large intramyocardial effusion
with subsequent heart arrest that could not be corrected despite urgent surgical treatment.
No complications however occurred in the last 40 procedures, and no complications were
seen in the “normal” group. NOGA-derived LVEDV (90x33ml versus 107:42ml,
p=0.04), LVESV { 51+22ml versus 77+37ml, p=0.001), SV (38+13ml versus 30+12ml,
p=0.003) and LVEF (44+8% versus 29+10%, p<0.0005) differed significantly for the
normal versus the diseased ventricles. Average LLS for all segments of the normal
ventricles was 15.647.4%; average UPV was 15.1+5.6mV, average BPV was 4.5+2.9mV.
LLS however varied consistently throughout the left ventricle: LLS of apical segments
was higher than that in all other segments (18.026.5% versus 14.4£4.8%, p=0.001). LLS
of the posterior basal (9.0+6.8%} and the septal basal (6.0+5.7%) segment were also
consistently lower than all other segments {(p<0.0005 for all comparisons). Average UPV
for all segments was 15.1+5.6mV. UPV s were higher in all apical and mid-segments as
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compared to all baszl segments (17.2+5.4mV and 10.8+3.5mV respectively, p<0.0005).
Again, values were lowest in the posterior basal and septal basal segments {9.6:3.1mV and
8.4+3.2mV respectively, p<0.0005 for all comparisons).

Pearson correlation graph between UPV and BPV for the same segments is shown in

figure 2.
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Figure 2

Correlation graph of unipolar (UPV)
and bipolar voltages (BPY) for all
segments

Correlation was only moderate
(R=0.59}, albeit highly significant,
BPV’s were lower in the basal
septal region as compared to all
other regions (2.3x1.3mV versus
4.822.8mV, p<0.0005 for all
comparisons), but not consistently
for the posterior basal region.

Bipolar voltages differed importantly amongst segments, ranging from 6.323.8mV in the
apical septal segment to 3.5:2.5mV in the mid anterior segment.

LVEF measured by NOGA mapping corrclates with LVEF calculated using the LV
angiogram (R=0.73, p<0.0005) {(scc figure 3).

EF Angiography (%)
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Figure 3

Correlation of left wentricular ¢jection
Jraction  (EF) as  assessed by
angiography wversus nonfluoroscopic

mapprng.
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The Bland-Altman graph however demonstrates the difference of 225% in LVEF
between the two methods (see figure 4).
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Figure 4

Biand-Altman  comparison of left
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Large variations for LLS, UPV and BPV between normal segments were noted. LLS
ranged from 3.7% up to 30.4%, UPV from 3.0 up to 34.5, and BPV from 0.3 up to 16.5.
The study however was not powered to detect possible clinical parameters predictive for
differences in electromechanical parameters.

Discussion

The main finding of this study is that UPV and LLS are consistently high throughout the
normal left ventricle. Regions surrounding the aortic, but mostly the mitral valve area
(posterior and septal basal regions) however both show lower UPV as well as LLS, when
compared to all other regions. These findings are explained by the presence of dens fibrous
tissue in the valve region, that shows both a limited movement and a hmited amount of
functional myocardial cells, accounting for the lower voltages measured.

The correlation between UPY and BPV was significant, albeit very moderate. Also, BPV
did not consistently show lower values in the entire valve area, although significantly lower
BPV was seen in the basal septal area. Although it has been shown that BPV recordings
may be less influenced by contact stability, and far-field potentials, it is also known that
the orientation of the catheter tip towards the mapping area may infiuence the magnitude
of the BPV signal. The difficulties in mapping the area very close to valves and the
sometimes awkwardly curled catheter profiles in these areas may therefore account for the
lack of strong correlation of BPV with UPV in some of the basal myocardial segments.
Only one study has previously described nonfluoroscopic mapping in normal, healthy
myocardium in human volunteers®. In that study, mean values for all myocardial segments
were 19,7244 mV for UPV, 5.8+1.0mV for BPV and 14.322.7% for LLS. The findings in
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our study are consistent with these results: UPV=15.1+5.6mV, BPV=4.5+29mV,
LLS5=15.6+7.4%. Although Kornowski et al. mention the trend towards lower voltages in
the mitral annulus area, no measurements are set forward. Our study is therefore the first
to clearly delineate areas that show physiologically altered efectromechanical properties.
When defining electromechanical properties of posterior and septal areas, these findings
should be taken into account.

Although not the main purpose of our study, we compared LVEF as assessed by
electromechanical mapping using the new NOGA 4.0 softwarc and compared these data
with angiographically measured LVEF, We found a strong correlation, albeit with
important absolute differences, as shown by the Bland-Altman analysis, Previously we
have shown that in discased veatricles, the two methods were not interchangeable for EF
measurement “. [n that stady however, the use of a previous software version and the
limited mapping experience may in part have accounted for the large differences in EF
found. In the present study, although the differences are still important, EF measurements
come in the range of echocardiographic and magnetic resonance measurements, which in
previous studies have also shown differences in EF as compared to angiography that may
reach up to 20-30%%* ), The differences may be caused by the differences in volume
calculation of the two methods, the fact that the pig tail catheter is used for calibration in
the angiography method, which may induce significant absotute faults, the possibility that
the mapping catheter may not reach all relevant areas, and also the fact that the effects of
a sudden contrast injection into the left ventricle are not clear®#,

Limitations. The ventriculogram is a two-D reconstruction: of a three-D) structure, and may
therefore not constitute the optimal technique for wall motion abnormality detection.
Also, the computer-assisted centerline method is subject to interobserver variability, as
choosing of the respective digitized cine frames and manual tracing of the endocardial
border is vperator-dependent. However, also a negative history and the absence of ECG
abnormalities were necessitated to enter the study, so that it is probable that these were
indeed normal left ventricles. The limitations concerning LV angiography may however
influence the value of the EF measurements. Also, the importance of accurate apex
positioning is of cornerstone importance. Indeed, the whole segmental division performed
by the computer’s algorithm is based on the initial choice of the apex by the operator.
Although in all patients we carefully checked for defining the true apex, there is no
absolute certainty that in all cases this was effectively accomplished.

Last, although high vatues for LLS and UPY were found in these normal ventricles, there
still are important differences amongst patients (as there were in the study by Kornowski
et al.": differences for UPV reached from as low as 3mV to as high as 34mV, and for LLS
from as low as 0% to as high as 33%. Although we performed a regression analysis model,
no predicting clinical factor (such as gender, age, diabetes, use of beta-blockade, use of
anti-arrhythmic medication...) could be isofated. The current study was not powered to
find such differences. 1t remains to be seen if certain clinical characteristics may alter
baseline voltages and local shortening function.

In conclusion, our study showed consistently high LLS, UPV and BPV throughout most
of the left ventricle in patients with normal myocardial function. Only the basal septal and
the basal posterior segments in the mitral annulus area showed lower LLS and UPV, with
respect to the rest of the Ieft ventricular segments. These findings have to be taken into
account when assessing the myocardial function in this area. Secondly, NEM-derived
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LVEF difters significantly from angiographic measarements, and may therefore
necessitate comparison with other accepted techniques. Third, large differences in LLS,
UPV and BPV of normal myocardial segments exist between patients and between
normal segments in the same patient.
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STRUCTURED ABSTRACT

Background: Recently, a novel non-flucroscopic three-D} electromechanical mapping
technique was introduced in the clinical zrena. Although initial in vitro and in vivo studies
suggested the reliability of the system in volumetric and hemodynamic evaluation of the
left ventricle, no validation in humans has been performed.

Methods: A nonfluoroscopic electromechanical mapping (NOGA™, Biosense-Webster)
procedure was performed in 44 patients. All patients received a contrast left
ventriculogram during the same session. Volumetric ( end-diastelic (EDV) and end-
systolic volumes (ESV)) and hemodynamic ( LVEF and stroke volume (SV}) parameters
using both systems were compared.

Results: Two uncomplicated pericardial cffusions occurred with the first-generation
mapping catheters. Using the new-generation mapping catheters, no procedural
complications were noted. Significant correlations were found between mapping-derived
and ventriculography-based measurements for both ESV (r=0.67, p<0.001) and LVEF
(r=0.78, p<0.001). Absolute volumes, however, were only comparable for ESV (46.6 ml
*25.3 vs 48.8+37.0 resp, p=0.13), but differed greatly for LVEF (35%+13 vs 6519 resp,
p<0.001), EDV (69.1ml+28.6 vs 125.9£53.4 resp, p<0.001} and SV {22.429.9 vs
77.1+33.7 resp, p<0.001). Moreover, Bland-Altman analysis showed the clinical non-
interchangeability between these technigues for the measurement of hemodynamic
parameters.

Conclusion: Measurement of hemoedynamic parameters using nonfluorescopic mapping of
the feft ventricle is feasible and safe. The system provides data that strongly correlate, but
that are in clinical disagreement with angiographic data. Therefore, the interchangeability
of these techniques may be questioned.

SHORT TITLE:
Three-D mapping for evaluation of LV volumes and EF
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INTRODUCTION

The acquisition of hemodynamic data and the assessment of the left ventricular function
remain of cornerstone importance in clinical cardiclogy. These parameters may play a role
in the assessment of the severity of several cardiac disorders, may direct therapeutic
options, and can evaluate the efficacy of measures taken ¥, Changes in left ventricular
volumes during the various stages of the cardiac cycles and hence the left ventricular
ejection fraction, have been measured by a variety of techniques, such as two-dimensional
{two-D) echocardiography®™®, two-D echocardiography with automated border
detection'’”, three-D) echocardiography®™, radionuclide ventriculography™*®, left
ventricular contrast angiograghy™, computed tomography® and magnetic resonance
imaging (MR, Most of these techniques however may have limitations, Two-D
echocardiographic as well as angiographic techniques are based on geometric assumptions;
this can be particularly hazardous when confronted with distorted ventricular anatomy.
Three-D reconstruction of left ventricle dynamic volumes is time-consuming and can not
be performed on-line, and -as in al! echocardiographic techniques- depends on a good
precordial image quality. Isotope-scanning techniques are expensive, while exact volume
calculation is difficult. Furthermore computed tomography and MRI are not readily
available.

Recently, a novel technique using a non-fluoroscopic electromechanical mapping (NEM)
system has been proposed™”. This technique utilizes a miniature locatable sensor that is
incorporated in 2 7 or 8 I (first generation) flexible catheter. Through the induction of a
low magnetic field and with the ase of a reference catheter that is placed on the back of
the patient, the precise three-D location of the catheter-tip can be determined on-line. At
the same tme, electrodes located in the tip of the catheter measure typical
clectrophysiological data. The use of this technique in the assessment of volumetric
measurements and of hemodynamic parameters has recently been validated in vitro and in
the animal model®”. In the present study we compared left ventricle {LV) volumes and
cjection fraction (EF) measured by the NEM system to LV angiogram derived
measurements.

METHODS

Definitions

Point loop stabiiity (1.8): measures the maximum of distances between the locations of the
selected point in two consecutive heart cycles. Low absolute LS values indicate a good
point.

Cycle length (C1} stability: the difference between the length of the current cycle and the
average of the last 100 cycles recorded.

Local activation time (LAT) stability: measure of how stable the LAT is between cycles.
Retiable points show a LAT variation of <3ms.

Location stability: a measure of the variability 1n position of the catheter tip on the
endoventricular wali during two consecutive cardiac cycles.

Triangle fill threshold: this parameter, which can be altered by the operator, defines the
minimum triangle size for which the computer algorithm will close a space between
adjacent points, and thus will make an interpolation between actual data. For our data set
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we used a uniform value of 40 mm.

Tnner points filiering: computer algorithm that removes points thought to be located inside
the ventricular lumen (and not on the ventricular wall) or on a papillary muscle. The
algorithm calculates relative position of points as compared to ar least three neighboring
ones and is therefore able to remove these contending points.

System components and mapping technique

The system and its various components have been described previously “%. In shert, a
low magnetic field (107 to 10 Tesla) is generated around the patient. A catheter securely
taped to the patient’s back serves as a reference to compensate for subject or heart motion
during the procedure. A 7 or 8 French catheter containing a locatable sensor and recording
electrodes in its deflectable tip is inserted through an 8 F femoral sheath and is then
moved along the left ventricular endocardium. Acguired signals are then send through the
catheter shaft and processed by the NOGA processing unit (Biosense-Webster). The
system can determine the location ( with an accuracy of <1mm} 24 and orientation of the
catheter in six degrees of freedom (x, y, z, roll, pitch, and yaw). Electromechanical
information 1s obtained using a combination of data gathered by the electrodes and the
location sensor. Fhus unipolar and bipolar endocardial potentials and local linear
shortening data for every contact point are acquired, and can be displayed in bull’s eye
maps. Chamber geometry can then be accurately reconstructed using three-D endocavital
information.

The computer algorithm directly calculates three-DD volumes. Acquired points are
synchronized using the intracardiac electrocardiogram provided by the system. At any
specific point in the cardiac cycle, the system is able to caleulate volumes by connecting all
available points in a three-dimensicnal polyhedron. The computer algorhitm addresses the
largest volume as the enddiastolic volume (EDV), and the smallest as the endsystolic
volume (ESV). Ejection fraction is calculated as ( EDV - ESV)/ EDV; stroke volume
(SV) is calculated as EDV — ESV.

Post-processing of data was performed to climinate points suggestive for catheter tip
instabifity, as evidenced by catheter point loop stability, cycle length stability, local
activation time and location stability data. A triangle fill threshold of 40 mm was chosen
for our data set. This setting allows the system to fill triangles between acquired points
using an interpolation algorithm; distances betweer points larger than 40 mm were left
blank until points in between were captured.

After applying an inner point filtering by the computer algorithm, points were manually
deleted when they did not fit standard stability criteria { location stability <4mm, cycle
length stability < 10% and loop stability <4mm), if they were taken during ST-segment
clevation (suggestive for severe wall impression), if adjacent points were closer than 5 mm
(local linear shortening data proved to be unreliable if measured under these conditions}
and if the points were not related to the left ventricle {such as atrial location).

Contrast left ventricular angiogram

Prior to the electromechanical mapping, biplane left ventricular angiograms in a 30 right
anterior oblique and 60° left anterior oblique view using 7 F pig tail catheters were
performed. Calibration was performed using non contrast-filled catheters. Measurements
of ventricular volumes were calculated during sinus rhythm only . Measurements of
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ventricular volumes during or after an extrasystole were avoided. LV angiograms were
made with the patient in a stable position and during maximal inspiration. The
measurements were performed on the CAAS TI system (PIE medical, Maastricht, The
Netherlands) by an independent investigator, who was blinded for the left ventricular
mapping data. This system calculates left ventricular volumes using the area length
method of Dodge for single plane angiography, modified by Kennedy et al**. Ejection
fraction was then calculated through the above mentioned formula EF=(EDV-
ESV)/EDV.

Patients and mapping procedure

The study protocol was approved by the ethics committee of the hospital, and all patients
signed an informed consent prior to the procedure.

Coronary angiography was performed in all patients using standard 6F diagnostic and 7F
pig tail catheters. A 7 or 8F mapping catheter was then introduced through an 8 F femoral
sheath and placed in the left ventricle. The apex of the left ventricle and the aortic and
mitral valves were located using fluoroscopic guidance, to ensure the exact location of
these important anatomical landmarks, which could then be used as reference points.
Further mapping was done solely using the mapping system, unless repositioning of the
catheter in the left ventricle was necessary.

The volume-time curves were examined to make sure that smallest and largest volumes
along the cardiac cycle were chosen by the computer algorithm to calculate the
hemodynamic parameters (figure 1).

+

) e =TT
00 2400 2600 2

Figure 1
Example of volume-time curves displayed by the ??011‘:/21{0}‘0.&0}31‘[ electromechanical mapping
(NOGA™) system. The blue + marks in the left-side picture show the points of minimal and maximal
volumes, respectively. Electromechanical maps showing maximal and minimal volumes are shown to
the right.
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To ensure hemodynamic stable conditions during the mapping procedure, heart rate and
blood pressure were monitored continuously,

A representative map of the left ventricle in end-diastole and end-systole, and its
corresponding RAO and LAO ventriculographic views are shown in figure 2.

Figure 2

Example of ventriculographic (A-D) and corresponding unipolar woltage (UPV) maps using the
NOGA™ system (A™-D’). A=RAQ at end-diastole with A" as its corresponding view using the
mapping system in the same patient; B (B') =RAO end-systole; C (C') = LAO end-diastole; D (D)
=LAQ end-systole. The color code shown in A’ shows regions with UPV < 6 mV in red, and zones
with high UPV in blue-purple (>14 mV). Enddiastolic (EDV) and endsystolic (ESV) volumes,
stroke volume (SV) and left ventricular ejection fraction (LVEF) are shown for both techniques. The
most distal apical part is possibly not entirely mapped, explaining in part why end diastolic
measurements may be underestimated using the mapping technique.

Statistics

Data are reported as mean + SD. Means of values acquired with both techniques were
compared using an unpaired Student’s t-test. Correlation coefficients are reported as R2
and were calculated with a Pearson test. The techniques used for volumetric data
acquisition and ejection fraction calculation were compared using a Bland-Altman test®”.

A value of p<0.05 was considered significant.

REsuLTs

A mapping procedure was performed in 44 patients. Mean age of the patients (39 males,
89%) was 59.2 + 9.7 years. Twenty-nine patients (66%) had a previous myocardial
infarction with wall motion abnormalities on the LV angiogram. Twenty-four patients
(55%) had a history of coronary artery bypass surgery, 29 patients (66%) were previously
treated with a percutaneous coronary intervention. Maps were performed with an average
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procedure time of 45 * 15 minutes. On average, 89 + 42 ( range 77-165) points were taken.
After editing, 62 * 30 (range 51-113) points remained as the basis for our analysis. With
the 8F first generation catheter there were two incidents of pericardial effusion
necessitating pericardial drainage. With the new 7F catheter (n=18) there werc no
procedural complications. Average fluoroscopy time was 3.2 + 2.4 minutes. The catheter
was re-introduced into the left ventricle 4 + 2 times.

Mean values of anglographic and endoventricular mapping EDV, ESV, 5V and LVEF
data are shown in the table. Except for the ESV values, the absolute values as measured
by the two different methods were significantly different between individual patients. As
the ESV values were comparable for both methods, the higher enddiastolic volumes
measured by contrast ventriculography account for the higher values of LVEF measured
with this technique. The Pearson test (sce table)

Table, Comparison between LV angiography and NOGA™ mapping for the assessment of
hemodynamic parameters

NEM- Angiographie Comparison | Correiation |p-value of
paramefers parameters of the means| (Pearson) R* correlation
MaxVolume[69.1 [EDV Angio |125.9 |<0.00% .09 0.1
(ml£8D) [+28.6 |(ml4SBy +53.4

MinVolume | 46.6 | ESV Angio 48.8 [0.13 0.45 <0.001
(ml+SD} [+£253 |(ml+8D) +37.0

SV 224 SV Angio 771 <0.001 0.014 0.52
(ml+8SD) |+95 {ml+SD) +33.7

LVEF 35 LVEF Angio |65 <(.001 0.6l <0.001
(%£8D) {£13 [(WE8D) +19

The table shows the respective volumes of the lefi veniricle and the derived parameiers LVEF and SV
measured by the two methods; NEM =Nonfluoroscopic Electromechanical Mapping, SD=8tandard
Deviation, Max= maximum, Min =minimum, LVEF=Left Ventricular Fjection Fraction, EDV
=Enddiastolic Volume, ESV =Endsystolic Volume, Angio =Angiographic. Columus 5 fo 7 show the p-
walue for the comparison of the means, correlation R2 (Pearson) and the p—value for correlation,

respectively.

shows the correlation coefficients between measurement techniques. A significant
correlation between NOGA™ and angiography for ESV and EF is shown, where no such
correlation was found for EDV and SV. When we divided the patients in groups without
versus with regional wall motion abnormalities, correlations for EF, EDV, ESV and 5V
were 0.08 (not significant (NS)), 0.14 (NS), 0.50 (p=0.04), and 0.1 (NS) respectively for
the normal ventricles, versus 0.69 (p=0.005), -0.38 (NS}, 0.15 (NS8) and 0.54 {(p=0.03)
respectively for the ventricles with wall motion abnormalities,

The correlation between the two methods is shown in figure 3.
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Comparison EF Angio-NEM
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Figure 3

Scatterplot for the feft ventricular ejection fraction (LVEF) obtained with angiographic {Angio) and
nonflyoroscopic (NEM) measurements of LVEE

A line of equality is drawn in the picture. This line shows the optimal situation in which the values
of a parameter measured by two different methods would not only correlate perfectly, but in which the
measurement technigues wounld alio be interchangenble. The line of corvelation, the corvelation
equation and the value of correlation are alse showsn.

Although this method of comparison may not provide a correct interpretation of the
data®”, the figure however provides an idea of the general correlation between the
methods. The line of equality and the line of correlation approach each other in the area
of lower ejection fractions, suggesting a better correlation between the two methods for
patients with worse ejection fractions.

Bland-Altman Analysis
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Figure 4

Bland-Altman plot for angiographic and mapping technigue measurements of left ventricular
¢fection fraction (LVEE]. The analysis demonstrates the large mean difference in LVEF between the
fwo technigues, with values measured by left ventricular angiography being on average 31% higher.
EF = Ejection Fraction; Angio = Angiographicc NEM = Nonfluoroscopic Electromechamical
Mapping; §D = Standard Deviation
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Figure 4 shows a Bland-Altman analysis comparing angtographic measurements of LVEF
and nonfluoroscopic electromechanical mapping measurements.

Bland-Altman EDV Figure Sa, Bland-Altman comparisen
ol EDV measurements.
2 Mecan ditference = 43.8 + 53.8 ml
=) 300 .
[m}
s g 200 s
=3 ¥, ¥
£ % 100 %2 o %3 hd
N 0 ML S
& w000 50 © 100 150 200
Average EDV
Bland-Altman ESV Figure 5b. Bland-Altman comparison
of ESV measurements.
Mean difference = -14.2 £ 27.7 ml
3 100
r 50 ’ .
® E I ¢ ot ®
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' Figure 5c. Bland-Altman comparison
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Figure 5

The different Bland-Altman plots for End-Diastolic Volumes (EDV'), End-Systolic Volumes (ESV}
and Stroke Volume (SV) respectively. Only measurements of ESV are in relatively close agreement
with one another. Measurements of EDV and SV differ on average 33 ml and 44 ml vespectively, and
therefore do not seem to be interchangeable in the clinfeal seiting.

Figure 5 shows Bland-Altman analyses for ESV, EDV and SV measured by the two
techniques. These figures demonstrate the disagreement and absence of interchangeability
between all measured parameters, even for those measurements that showed the strongest
correlations. Indeed, the average difference mounts up to 44+54 ml, -14+28 ml, 33+45 ml
and 31x37% for EDV, ESV, 5V and LVEF respectively.

Also, a bivariate Pearson’s correlation test showed a significant correlation between the
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total amount of points acquired and of points edited, and the maximum diastofic volume
measured by NEM {correlation R2 .40, p<0.001 and 0.50, p<0.001 respectively).

Discussion

The current study showed that the absolute values of LVEF and ESV provided by the
mapping technique are correlated to the volumetric measurements using angiography.
However, the Bland-Altman analysis showed an important disagreement and thus a
clinical non-interchangeability between the two measuring techniques. As shown in the
table, end-systolic volumes had a good correlation, but end-diastolic volumes differed
greatly. Moreover, ventricles with regional wall motion abnormalities seemed to have
better correlations for both LVEL and SV than did normal vertricles. The explanation for
these findings is not straightforward. One possible explanation is that spaces between
chordae, or around the papillary muscles, are filled with contrast, but are not easily reached
with the mapping catheter. In the end-systolic phase these spaces are cleared of contrast
through the museular contractions, and the end-systolic volumes recorded were indeed in
better agreement for both techniques. Also, careful review of the angiograms acquired in
our patients suggested a considerable movement of the apex towards the base of the
ventricle; carlier studies using implanted markers however clearly showed the remarkable
stationary behavior of the apex™™. This may account for a difference of the volumetric
changes. Thirdly, there is no certainty that at the end of a mapping procedure, all
myocardial arcas are covered. As the three-D reconstruction is based on peints collected
by the mupping catheter, the LV volumes can be underestimated if not all regions of the
LV were covered by the catheter. It is furthermore clear that within these non-covered
regions anatomical variations may occur. We used the area-length method for the
angiographic measurements. Although minor differences between measuring techniques
may exist, Kussmaul et al. recently found that all methods correlate well and do not show
important differences in volumetric analysis. ™"

Nonfluoroscopic electromechanical mapping is a novel technique that enables the
investigator to acquire on-line information on electrical and mechanical endoventricular
functioning of myocardial tissue. Previously, investigators have found this technique to be
easy, safe, reliable and reproducible®. Kormowski et al. showed the reliability of the system
in differentiating normal from infarcted myocardial tissue™. Gepstein et al. found a strong
correlation of hemodynamic parameters in the animal model acquired with NEM and
stroke volume measured through the Fick method™. This study however was performed
on only 12 pigs with a normat left ventricular function, so that the drawing of definite
conclusions from this experience may be hazardous. Another ssue that may interfere with
our findings, is the inter- and intra~observer variability. Gepstein et al however showed =z
low intra- (8% for EDV, 12% for ESV, 5% for SV and 7% for EF) and inter-observer
variability (6% for EDV, 8% for ESV, 11% for SV and 7% for EF). Again, the study refers
to only 12 pigs™.

The number of points acquired and the number of points retained in the manually edited
maps in the present study correlated strongly with the EDV measured. This finding
confirms the first results of Gepstein ct al., where he stated that velume measurements can
be performed accurately after acquisition of 40 points in the animal model ®?, Possibly a
much higher amount of points is needed in the ischemic and distorted left ventricle. The
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low end diastolic volumes obtained by electromechanical mapping may indeed reflect
incomplete endocardial sampling.

Although the LV angiogram is considered a “gold standard”, the literature on the value of
measurements of ventricular volumes using anglography is somewhat contradictory.
Volumes calculated by the different angiographic volume caleulation methods regularly
exceed known volumes®™ This might be explained by the fact that all current methods
apply an ellipsoid reference, which might not be truly representative of the irregularly
shaped LV. Previous studies have shown lower absolute values by other techniques such as
radionuclide tomography (25% difference)®™, echocardiography (35%)*, or computed
tomography studies(40%)%, measuring LVEF as compared to ventriculography, while
others showed good correlations between the different methods ***. Starling et al. showed
that standard orthogonal projections (RAO 30° and LAO 60%) as used in our study,
provide accurate determinations of left ventricular volumes and hence ejection fractions™.
Rogers et al. found a highly accurate volume determination using hiplane
angiocardiography in the RAO/LAO method™. Beier et al. recently found that manual
contour detection for left ventricle angiographic volumetry results in an over-estimation
of the measured volumes. These authors stated that these measurements are case
dependent and should only be seen as an estimate of the actual values*™. A second
observation is that the anciflary structures inside the left ventricle are not taken into
account when caleulating the size of the left ventricle with angiography. Indeed, structures
as the papillary muscle are obscured by contrast on twe-dimensional films, and volumes
arc calculated as if these structures were not present. Furthermore, it has not been shown
what the precise effect is of a sudden injection of a volume of contrast material on the left
ventricular function. Possibly the hyperacute (i.c. within scconds) effect is negligible, as
previously shown.*** Erbel et al. however showed comprehensively that 10 minutes after
contrast injection the ischemic ventricle shows a pronounced alteration ( increase as well
as decrease, depending on amount and duration of injection and baseline hemodynamic
characteristics) of the systolic and diastolic function™. It is therefore possible that during
the mapping procedure {performed immediately after the contrast ventriculogram}) left
ventricular volumes and hemodynamic properties are influenced by a previous injection of
contrast.

It could be of relevance that non-fluoroscopic measurements are made during a time
period of circa 30-40 minutes. Although hemodynamic stability was present in all patients
during the procedure, it is possible that in this time frame, some minor changes in the LV
function occurred. Also, as this technique is not easy to master, and has only recently been
developed, increased operator experience may improve the agreement between the two
methods.

In conclusion, our study showed that LVEF measurement using nonfluoroscopic mapping
of the left ventricle is feasible and safe. The system however provides data that are in
strong correlation but clinical disapreement with LV angiographic data. Therefore, the
interchangeability of these techniques may be guestioned. Announced improvements of
the computer algorithm (with smoothening of the contours detected by the mapping
catheter) may rectify this shortcoming,
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Two-sentence summary for the table of contents

In 40 patients, we compared local linear shortening assessed with nonfiuoroscopic
clectromechanical mapping (NEM) as a function of regional wall motion with
echocardiographic data in a subsct of patients with scvere coronary artery disease and
subsequently decreased LV-function. Our study showed that NEM mapping can
accurately assess regional wall motion. In addition, this study showed a significant
decrease in unipolar voltages amongst segments with declining regional fuaction.
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Text

Recently, a novel nonfluoroscopic electromechanical (NEM) three-dimensional on-line
in-cathlab mapping device for assessment of left ventricle electrical and mechanical
function has been introduced®. The mapping system has proven its accuracy in the exact
delineation of infarcted myocardium when compared to radionuclide and pathology
studies™®. Recent reports have suggested its value in the detection of viability in
myocardium with reduced function.” The current study compared the mechanical
properties {local linear shortening, LLS) of diffusely diseased myocardium in patients with
severe coronary artery discase assessed with the NEM system, with echocardiography data
for comparable segments. In addition, unipolar voltages (UPV) for segments with
different contractility patterns were compared.

The NEM system has been deseribed previously.® ™ It is composed of a miniature passive
magnetic field sensor incorporated in a catheter, an external ultralow magnetic field
emitter (location pad), and a processing unit (NOGA™, Biosense-Webster, Cordis,
Johnson&Johnson). The deflectable-tip catheter contains both a location sensor just
proximal to its tip, and standard electrodes that allow recording of unipolar (UPV) and
bipolar (BPV') electrical signals.

The locator pad placed beneath the operating table consists of three radiators that
generate ultralow magnetic fields ( 5x10° to 5x10* Tesla} that contain the information
necessary to resolve the location and orientation of the sensor in 6 degrees of frecdom.”
As the catheter tip is dragged over the LV endocardial surface, the system continuously
analyzes its location in 3-dimensional space without the use of fluoroscopy. The set of
points thus collected comprises a data set of location peints that are members of the
endocardial surface. Chamber geometry is then reconstructed, in real time, using the set
of sampled location points. Electrical {through the incorporation of standard electrodes in
the catheter’s tip) and mechanical (through LLS measurement, see further) function of the
myocardium can thus be assessed.">* The LLS assessment is based on the assumption
that in healthy myocardium any two points move closer to each other during contraction.
Measurement of distances between neighboring points is therefore the basis for
calculation of myocardial shortening. The computer algorithm takes into account the
density of points around a point p, and gives a negligible weight to points too close
(sampling noise} and points too far (of no influence as they provide non-local
information).®” LLS is the average of the change in distance between any point p and its
ten closest surrounding points of interest from end-diastole to end-systole, normalized for
the length at end diastole.”

Flectrical data (UPV, BPV and local activation time) and mechanical data (LLS} can be
displayed in a three-dimensional way, and the images obtained can be viewed from any
angle chosen by the operator, A bull’s eye view showing average voltages, activation time
or LLS for 12 segments (basal, mid and apical parts of anterior, lateral, posterior and septal
segments) can be seen in an extra window on the NOGA™ screen (figure 1).
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Figure 1

Example of a nonfluoroscopic electromechanical map in a patient with a large apical aneurysm.

Figure A shows the unipolar voltage (UPV) map in RAO view. The color bar on the right shows the
color coding ranging from red (S 6.0 mV" ) to blue-purple (2 14.0 mV). Clearly, a large apical
aneurysmal sac with very low vollages — suggesting scar fissue — can be seen (white arrowheads).

Figure B shows the local linear shortening (LLS) map in the same RAQ wview. The color bar ranges
Jfrom red (LLS < 2.0%) to blue-purple ( = 11.0%). Again, the extent of the apical aneurysm becomes
clear. Figure C shows the bull's eye view of the unipolar voltage map as displayed by the system. Four
regions (clockwise from top: anterior (A), lateral (L), posterior (P) and septal (S)) are each divided in
3 segments (apical, mid and basal), dividing the whole map in twelve segments. The low UPVs of
all apical segments are shown (white arrow). Figure D shows the bull’s eye view of the LLS map,

again with very low LLS values for the entire apex, with the akinesia ex.e’mdr';'zg fowards the mid
septal (LLS = 0.8%) and mid anterior region (LLS = 1.8%).

Between March 1998 and November 1999, we performed nonfluoroscopic mapping on 40
patients (34 male, 85%). Of these patients, 38 (95%) previously underwent percutancous
or surgical revascularization, 31 (78%) had suffered 2 myocardial infarction. Prior to the
mapping procedure, an echocardiogram was performed in all patients. Two-dimensional
echocardiograms were obtained at rest with a commercially available system (Hewlett
Packard Sonos 5500; HP Company, Palo Alto, Cal,USA) with the patients lying in the
left lateral decubitus position. Standard views, including conventional parasternal short
and long axes, and apical 2- and 4-chamber views were used. Segmental wall motion was
visually evaluated and scored as normal, hypokinetic or akinetic. The echocardiographic
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data were obtained by 3 experienced cardiologists who were unaware of the mapping
results. Fo produce 4 comparable data set, the 16-segment division used for the
echocardiographic analysis was reduced to 12 segments as shown in figure 2.

Figure 2

Reduction of the 16~ segment division of the echocardiographic images to 12 segments fo produce a
data set comparable with the 12-segment division of the bulls eye LLS map shows in color. (A} shows
the 3 anierior segments in the echocardiographic apical twoe-chamber view with the corresponding
segments on the bull’s eye, (B) the 3 lateral segments, (C) the 3 posterior segments, and (D) the 3 septal
segments. From (D) one can appreciate the fact that for both the mid and basal septal segments on the
bulls eye, 2 echocardiographic segments were taken inte account. If these segiments were b2
disagreement, the worst evaluation was chosen,

Abbreviations for each echocardiographic view (from upper right (A), clockwise): AP2C= apical fwo-
chamber view, AP4C= apical four-chamber, APLAX= apical long axis, 8AX= shert axis, PLAX=

parasternal long axis.

The study was approved by the local ethics committee, and all patients signed an informed
consent.

Dara are presented as mean # SD. Means of nominal values (UPV and LLS) were
compared between segments with normal wall motion, mild or severe hypokinesia or
akinesia by one-way analysis of variance {ANOVA). Comparison between groups was
made by independent t-test with Benferroni correction. A value of p <0.05 was considered
statistically significant.

Of 480 segments, 46 (10%} could not be assessed because less than 3 points were taken
during the mapping procedure {n=13), or because of insufficient image quality for proper
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echocardiographic assessment {n=33). Of the remaining 434 segments, 136 were normal,
210 were hypokinctic, and 88 were akinetic. The average vatues of LLS and UPV, the
results of the ANOVA and of the unpaired t-tests are shown in the table.

Normal p-values | Hypokinesia |p-values | Akinesia Overall
ANOVA
N i3¢ 210 88 434
UPv 14.86 £ 542 |<0.0005% {923+ 3.62 <0.0005 1,695 +£383 <(.0005
(mV £ 5D}
LLS 1315 £ 589 | <0.0005*% ; 756+ 4.36  [<0.0005 F13.26+£7.16 <0.0005
(% £+ SD)

Hor the comparison with hypolinetic and akinetic segments | for the comparison with
akinetic segments. UPY= Unipolar Voltage, LLS= Linear Local Shortening, SD= Standard
Deviation, ANOVA= Analysic Of Varianee.

Table

Unipolar voltages and jocal finear shortening for normal, hypokinetic or akinetic segments, the vesults
of the different independent i—tests with Bonferroni correction, and the result of the overall ANOVA.

Our study showed highly significant differences in LLS as assessed through NEM
mapping for segments scored as normal, hypokinetic or akinetic on echocardiography.
Also, UPV proved te be significantly different amongst these segments.

Kornowsk: et al. recently demenstrated concordances in regionaf wall motion assessment
between NEM mapping and echocardiography ranging from 58% to 100%, depending on
the segment analyzed. The power of these findings however were hampered by the low
aumber of patients included in this substudy (n=12).%

The absolute values for normal and akinetic segments reported in our study are in close
agreement with previously published data® It must be stressed however that segments
that are akinetic on echocardiography do not necessarily all reflect scarred tissue, as
viability may be present in some of these segments.

Limitations: Assessment of regional wall motion through echocardiography is strongly
operator-dependent. Furthermore, although at Ieast three points per segment were taken,
this may not be enough to cover the complete segment. Also, the reduction of the
echocardiographic assessment from 16 to 12 segments is not validated.

In conclusion, our study showed that NEM mapping —through its LLS-function- can
accurately assess regional wall motion in a subset of patients with severe coronary artery
disease and subsequently decreased LV-function. In addition, this study shows a
significant decrease in UPV amongst segments with declining regional function .
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ABSTRACT

Buackground: Nonfluoroscopic clectromechanical mapping (NEM) has been proposed as a
new technique for the evaluation of clectrical and mechanical functioning of the
myocardium. In this system, linear local shortening (LLS) is the parameter used for
assessment of local mechanical properties. To validate this parameter, we compared LLS
with regional wall motion (RWM) data derived from contrast left ventriculograms
acquired in the same patients.

Methods and resulis: Twenty-six patients were included. Twenty patients (77%) patients
suffered a previous myocardial infarctior, 19 (73%) had undergone 1 or more
revascularisation procedures (CABG or PTCA). The majority of the patients sutfered
stable angina (22 patients, 85%) at the time of catheterization. Angiographic left
ventricular RWM was analyzed using the area-length method. The right anterior oblique
view was divided in 5 segments, the left anterior oblique view in 2. Through a comparison
of enddiastolic and endsystolic areas drawn from a computer- defined central point to the
respective wall delineation, RWM was calculated as change in area. In the first approach,
we comparced area changes to comparable NEM segments. In the second part of the study,
LLS values for normokinetic, hypokinetic, akinetic and dyskinetic segments were
correlated to the change in angiographic RWM. In the first approach, the overall
comparison of segments yielded a correlation coefficient of 0.67 (p<0.0005). In the second
part of the study, differences in LLS values between dyskinetic (LLS= -3.68% = 8.86),
akinetic (2.84% = 3.96), hypokinetic (9.35% = 4.27) and normokinetic (13.66% + 7.98)
segments were highly significant {overall ANOVA: p<0.00605}.

Conclusion: NEM 13 a powerful tool for invasive electromechanical assessment of
myocardial function.
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Key WORDs
Ventricles

Myocardial contraction
Imaging

Angiography

Nonfluoroscopic mapping

LIST OF ACRONYMS

NEM: nonfluoroscopic electromechanical mapping
UPV: unipolar voltages

LLS: linear local shortening:

LVA: left ventricle angiogram

RWM: regional wall motion

RAO: right anterior oblique

LAO: left anterior oblique

ANOVA:  analysis of variance

CCS: Canadian Cardiovascular Society

NYHA: New York Heart Association
CABG: Coronary Artery Bypass Graft
PTCA: Percutaneous Transluminal Coronary Angloplasty
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INTRODUCTION

Recently, a new nonfluoroscopic electromechanical mapping (NEM} system was
introduced into the clinical arena. Using a locatable sensor positioned in a magnetic field,
the endocardial border can be traced and local information on electrical (unipolar and
bipolar voltages) and mechanical (linear local shortening, ILS) propertics of the
myocardium can be assessed™. The local myocardial shortening function has been
validated with techniques as radionuclide perfusion imaging and echocardiography"=*,
but clinical data remain scarce. Because left ventricle angiography remains an important
tool in the assessment of regional wall motion.*”, we compared regional wall motion
{(RWM) contractility assessed by computerized left ventricular angiography (LVA) with
LLS data provided by the NEM system.

METHODS

Patients

Patients were included if wall motion abnormalities were present on the left ventricular
angiogram, whatever the reason for their referral for coropary angiography. Exclusion
criteria were presence of left ventricular thrombus, unstable angina, acrial fbrillation,
severc ventricular instability that did not allow for ensuring stable catheter positions,
aortic valve prosthesis and severe aortic valve stenosis. The study was approved by the
Erasmus University Hospital medical ethics committee, and all patients signed an

informed consent.

Left ventricular angiography

EVAs in RAO 30° and LAO 60° were performed using standard techniques®.
Anglograms were analyzed using the CAAS 11 system (PIE Medical, Maastricht, The
Netherlands). The catheters (5- 7 French) were used for computerized calibration. The
feft ventricle boundaries at end-diastole and end-systole were traced manually with a
digitizing device by an observer blinded for the mapping results. The frame showing the
largest ventricular volume was chosen as the end-diastole, the frame with the smallest
volume as the end-systole. By using a simultaneously recorded ECG signal measurements
related to an extra-systole were eliminated prior to the analysis. Then, the RWM was
analyzed through a comparison of enddiastolic and endsystolic areas drawn from a
computer- defined central point to the respective wall delineation. Regional wall motion
was expressed as change in area: (enddiastolic area - endsystolic arca)/enddiastolic area.
Seven segments were identified: 5 in the RAQO view (anterobasal, anterolateral, apical,
inferior, posterobasal) and 2 in the LAQ view (posterolateral, septal) (figures 1 and 2).
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Figure 1

Nonfluoroscopic and angiographic view of a normal left ventricle. A1 to 4 show a nonfluoroscapic
mapping- derived linear local shortening map in a 30 degrees RAO view (A1), a bulls eye view of
the same map (A2), a unipolar voltage map in RAQ wview (A3), and an electroanatomical map,
showing time to activation relative to a reference point. The same RAO view of the left ventricle
angiogram in end-diastole is shown in B. Numbers B1 to 5 show the anterobasal, anterolateral,
apical, inferior and posterobasal segments, respectively. C shows the left ventricular angiogram in
end-systole in the same RAO view.

Ywetszo  : 0,1973 mm / pael ED Volume : 63.6 misso wa  ES Volume : 39,2 mie s sy
dxel SDev . 0.0028 mm / pixel 1

Ejection Fraction :38.4%

Stroke Volume :24.4m 2
Waill Motion Analyses
1 Antero-basal 11.8%
2 Antero-lataral 7.60
AApcal :25.4%
4 inferior 1 385.1%
5 Postero-basal 24.5% 3
5 4
Figure 2

Angiographic assessment of wall motion using the arca-length method (CAAS IT system, PIE
Medical, Maastricht, The Netherlands). The top left picture shows the catheter calibration. Top
middle and top right are the RAO wviews of the left ventricle al end-diastole and end-systole,
respectively, with the manually outlined contows, and the calculated volumes shown below the
respective pictures. The bottom shows the caleulations of ejection fraction and stroke volume, and the
regional wall motion analysis for the different segments (with segments numbered from 1 to 5, with
the antero-basal segment (segment 1) beginning as first clockwise from the straight aortic valve
delineation), expressed as a percentage change in area.
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Nonfluoroscopic electromechanical mapping

The NEM system has been described previously."*** In short, a reference catheter, with
a location sensor in its tip, was taped securely to the patient’s back. The mapping catheter
(NOGA-STAR™, Biosense-Webster, Cordis, Johnson & Johnson), also with a tip sensor,
was introduced through an 8F femoral sheath and placed retrogradely through the aortic
valve in the left ventricle. The location of the mapping catheter was gated to end diastole
and recorded relative to the location of the fixed reference catheter at that time, thus
compensating for subject motion. The location pad was fixed beneath the operating table
generating an ultralow magnetic field (5x10* to 5x10° Tesla) which codes the mapping
space around the chest with both temporal and spatial distinguishing characteristics.
Thus, at all times, the tip of the catheter could be located with six degrees of freedom (x,
¥y , , pitch, yaw and roll). The catheter was dragged along the endocardial surface of the
left ventricle in order to acquire electromechanical data. When a stable signal was
obtained (see definition section) a “point” was added to a three-dimensional map as shown
on the NEM unit. Electrophysiological data (UPV, bipolar local voltages, and local
activation time) and mechanical data (LLS) were displayed three-dimensionally, while the
images obtained were viewed from different angles as chosen by the operator. A bull’s eye
view showing average voltages, activation time or LLS for 12 segments (basal, mid and
apical parts of anterior, lateral, posterior and septal segments) was visualized in an extra
window on the NEM screen (figure 3).

Figure 3

Nonfluoroscapic and angiographic image of the left ventricle with bull’s eye view of LLS data in
another patient (than fig 1). G-D show 3000 RAO wviews at ED and ES respectively. G-I’ show the
600 LAO views at ED and IS respectively. The arrows delineate the posterobasal (C-D) and
posterolateral (C'-D') segments showing akinesia. Figures A-A’ show the 3000 RAO (fig A) and 60e=
LAO (fig A)) NEM- images with the bull’s eye map (of course the same for both prajections) (B-B’)
of the same patient, showing the linear local shortening (LLS) data. Again color coding is from low
LLS (<2%, red) to high (>11%, blue-purple). The same akinesia can be easily appreciated as the red
zone in A-A’ ( see small arrows), and through the very low and even negative LLS values in the
postercbasal (-0.1%, see arrowhead in B-B’), mid posterior (2.5%) and lateral (2.8%, see large
arrow) segments seen in the bull’s eye map.
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The LLS assessment is based on the assumption that in healthy myocardium any two
points move closer to each other during contraction. Measurement of distances between
neighboring points is therefore the basis for caleulation of myocardial shortening, The
computer algorithm takes into account the density of points around 2 point p, and gives a
negligible weight to points too close (sampling noise} and points too far (of no influence
as they provide non-local information). The algorithm for LLS is calculated as follows™:
for any two points on the map,1and j, LLS is calculated as the change in distance between
these two points from end-diastole to end-systole, normalized for the length at end

diastole:
LLS;j = (L(ED)';J‘ - L(ES)j)/ LED);

For any point p LLS is calculared as a function of the LLSpj, for all points j=1 to n on the
map, so that

LLSp= (§j=1..n Wypj (I(ED)pj)x LLSp; } / §j=1..n Wy,

where W is the weight of a certain point as a function of the distance Lij between two
points i and j, the average distance I} around point p (D is defined in the computer
algorithm as the average distance of the ten closest points to p) and the volume V at end-
diastole. The weight is therefore function of the point density in a defined region, the
volume of the heart and the distances between points at end-diastole.

Definitions

Point loop stabifity (PLS): measures the maximum of distances between the locations of the
selected point in two consecutive heart cycles. Low PLS indicate a reproducible catheter
movement trajectory.

Cycle length (CL) stabifity: the difference between the length of the current cycle and the
average of the last 100 cycles recorded by the system. Number has to be as small as
possible,

Location stabilizy. a measure of the varjability in position of the catheter tip on the
endocardial wall during two consecutive cardiac cycles.

Comparison of angiographic and NEM data

Although the NEM system allows for viewing the three-D images in any angle chosen by
the operator, we analyzed the mapping data in the 30° RAQ and 60° LAO views, in order
to create comparable data sets. The respective angiographic segments related to the bull’s
eye map results were as follows:

Angio Bull's eye mapping
Anterobasal segment Al

Anterolateral A2, 11,12

Apical A3,L3,P3,S83
Inferior P2
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Posterobasal P1
Septal 51,52
Posterolaterat P2, P3, 12,13

For every segment, the average local linear shortening was calculated. These results were
compared to the regional wall motion changes in the same anglographic scgments.
Averages were not caleulated if fewer than 5 points were obtained in any one segment.

In the second part of the study, we defined LLS values for normokinetic, hypokinetic,
akinetic and dyskinctic segments respectively. A segment was defined as normokinetic
when the area change was > 40%, hypokinetic between 20 and 40%, akinetic between
0 and 20% and dyskinetic when <0%.6, 11 The change in angiographic RWM was
compared to the corresponding LLS of the predefined segments on the NEM bull’s eye

man,

Statistics

Statistical analysis was performed using SPSS, version 9.0 {$PSS Inc., Chicago, Tllinois,
USA}. Data are expressed as mean = SD. Correlations were performed using Pearson’s
test, Means of nominal values for LS were compared between myocardial segments with
normaokinetic, hypokinetic or akinetic wall motion by ANOVA. Intergroup comparison
was made using Student’s t-test with Bonferroni correction. A value of P<0.05 was
considered statistically significant.

REsutts

Between March 1998 and November 1999, 26 patients were studied. In this study, male
gender was predominant (23/26, 88%). Mean age was 61 £ 8 years. Twenty patients (77%)
patients suffered a previous myocardial infarction. Nineteen (73%) had undergone 1 or
more revascularisation procedures (CABG or PTCA). Five patients {19%) were in
NYHA heart failure class I1, 7 (27%) in NYIHA class I, the remainder having no signs of
heart failure. Reasons for referral for cardiac catheterization were stable angina {CCS class
1in 11 patients (42%), CCS class 2 in 6 patients (23%), class 3 In 5 patients (20%)) or
coronary assessment following myocardial infarction (4 patients, 15%). Of 30 patients
initially screened, 4 were excluded (1 for atrial fibrillation, 1 for stable angina that became
unstable during admission, 1 for aortic valve prosthesis, and 1 for unwillingness to sign an
informed consent). Risk factors were hypercholesterolemia (18§ patients, 69%),
hypertension (13 patients, 50%), smoking history (16 patients, 62%b}, diabetes (5 patients,
19%) and family history (9 patients, 35%).

The average procedure time for the acquisition of NEM maps was 41 + 27 minutes. All
patients remained in stable hemodynamic conditions during the respective procedures, as
confirmed by continuous in-cathlab heart rate and blood pressure monitoring data, There
were no procedural complications. In the first part of the study, 162 (out of 182, 89%)
angiographic segments were analyzed. Twenty segments could not be compared due to
insufficient (less than 3) number of points taken during the NEM procedure. The overall
comparison of anglographic and NEM segments yielded a Pearson correlation coefficient
of 0.67 (p<0.0005) {figure 4).
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Figure 4

Correlation between angiographic wall motion analysis per segment and the corresponding local
Hnear shortentng (LLS) data.

RWWM area change (%)

-20 -10 G 10 20 30 40
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The Pearson correlation differed among segments, as shown in table 1.

Table 1. Local Finear shortening (LLS), average wall motion change on m;'giag;"apby, Pearson
correlation and p—values of the different segments. SD= standard deviation.

Angiographic Average LLS of Average Waff mation  Pearson p-value
Segment corresponding segment  change (%+5D) Correlation r

(955D}
Anterobasal 6.9+7.4 3114202 0.55 0.04

(segment 1)

Anterolateral 9.7+7.1 27.4+23.1 0.63 <),001

(segment 2)

Apical 7.9+7.2 30.4+19.8 0.61 0.01

(segment 3}

Inferior 7.548.3 34.0£18.7 0,54 0.062
{segment 4)
Posterobasal 8.719.2 33.1+14.7 0.68 <(0.001

(segment 5}

Posterolateral 9.7+6.5 28.4:+£15.6 0.74 <0.0005
{segment 6}

Septai 8.2+7.7 29.2+17.4 0.72 <().0005
(segment 7}

All segments 8.7+5.5 30,1134 .67 0.008

From this tabie it is clear that correlation was best for septal and posterolateral segments
(r=0.72 and 0.74 respectively), and worst for anterobasal and inferior segments (r=0.55
and 0.54 respectively). However, all correlations reached statistical significance.

In the second part of the study, we compared RWM ( assessed as normokinetic,
hypokinetic, akinetic or dyskinetic ) with the LLS value obtained for the same segments.
Of the 162 segments, 18 were dyskinetic (L1S= -3.68% = 8.86), 44 were akinetic
(LL5=2.84% =+ 3.96), 60 were hypokinetic (LLS= 9.35% = 4.27) and 40 were
normokinetic (E1.8= 13.66% + 7.98) (p<0.0005 by ANOVA, table 2).
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Table 2. Mean local lincar shovtening (LLS) walues for dyskinetic (-1), akinetic (0), bypokinetic (1)
and normokinetic (2) segments. Number of segments (N), standard deviation, standard
ervor, 95% coufidence interval and p-value for the overadl analysis of variance are ako

showrn.
Segmental | N Meanll§ Sid. Sid. 95% Confidence Inferval ANOVA
motion (%) Devialion Error
Lower Bound  Upper Bound

-1 18 -369 8.86 229 -8.59 1.23
0 44 2.84 3.96 0.65 1.52 418
1 60 9.35 4.27 0.60 8.13 10.56 P<0.0005
2 40 13.66 7.88 1.33 10.96 16.36

Total 162 7.3% 8.10 0.69 595 8.58

Table 3. Unpaired Student’s t-test with Bonfervoni correction for the comparison of local finear
shortering (LLS) walues between dyskinetic (-1), akinetic (0), hypokinetic (1) and
normokinetic (2} segments. Mean differences, standard error, and statistical significance are

shown.

Comparison of dys-, a-, hypo-, and normokinelic segments

Segrnental wall molion Mean difference Std Error p-value
-1 (dyskinetic) 0 -6.52 1.83 0.003
1 -13.03 1.76 <0.0005
2 -17.34 1.84 <0.0005
0 (akinetic)] -1 6.52 1.83 0.003
1 -6.50 1.30 <0.0005
2 -10.82 1.40 <0.0005
1 {hypokinetic)] -1 13.03 1.76 <0.0005
0 6.50 1.30 <0.0005
2 -4.31 1.31 0.007
2 {normokinetic)l -1 17.34 1.84 <0.0005
0 10.82 1.40 <0.0005
1 4.31 1.31 0.007

Table 3 shows the results of the different unpaired t-tests with Boaferroni correction
between LLS values for the different groups.
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Figure 5 shows a box plot for comparison of LL5 values for the different angiographic
RWM analyses.

Discussion

Although the independent prognostic value on long-term outcome of indexes of regional
fenction is still in debate,"® it remains important that reliable observer-independent
information on regionzl myocardial function can be obtained. Nonfluoroscopic
electromechanical mapping has been proposed for en-line in-cathlab detection of
myocardial viability.® However, the LLS function of the NEM system had not yet been
validated as compared to standard angiographic techniques.™* ™ As NEM has been
proposed for in-cathlab assessment of left ventricular function, we compared NEM data
with RWM as assessed by computerized LVA. Our study showed that left ventricular
regional wall motion measurements using NEM provide information comparable with
computerized LVA assessment. In addition we showed highly significant (overall
ANQVA: p<0.0005) differences in LLS values for dyskinetic (LLS= -3.68% = 8.86),
akinetic (2.84% = 3.96), hypokinetic (9.35% = 4.27) and normokinetic {13.66% + 7.98)
segments. The value of electromechanical mapping has been studied in the animal and in
the human model. Kornowski et al. showed impaired local shortening in the anterior wall
in dogs after ligation of the left anterior descending artery® In the same study, the
mapping data clearly delineated infarcted areas in patients, and a concordance of 78%
berween echocardiography and local shortening data was shown. The greatest discordance
was seen in the posterior wall. Gepstein et al. showed a high correfation between mapping
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data and pathology-confirmed infarcted areas in the canine coronary occlusion medel.”
Recently, a strong correlation between radionuclide perfusion and local shortening values
was demonstrated ®, where normal and infarcted segments showed average LLS of 12.5%
x 2.8 and 3.4% = 3.4 respectively. Our findings of LLS for normokinetic and akinetic
segments (13.66% = 7.98 and 2.84% + 3.96 respectively) are in close agreement with these
resuits.

The reason for some segments having better correlations (lateral and septal regions) than
others is not clear. A possible explanation could be that effects such as differences in
twisting motion and radial motion that have been described recently may not be
demonstrated accurately by two-D left ventricular angiography of diseased left
ventricles."* However, the number of points taken per segment may also have influenced
these findings, as it indeed has been shown that a minimum number of points is
mandatory to accurately assess segmental characteristics®. For this reason, areas with less
than 5 points were omitted from our analysis.

Limitations. First, subjective interpretation of angiographic left ventricular regional wall
motion is routinely performed with knowledge of the location and extent of coronary
artery discase. Studies have shown that subjective interpretation of local wall motion may
be biased through this knowledge."? In our study, the observer who caleulated
angiographic local wall motion was blinded for CAD severity, Second, the ventriculogram
13 a two-1D reconstruction of a three-D structure, and may therefore not constitute the
optimal technique for wall motion abnormality detection. Also, the computer-assisted
area method 1s subject to interobserver variability, as choosing of the respective digitized
cine frames and manual tracing of the endocardial border is operator-dependent. Recently,
Natarajan and coworkers have found a time-related dcpendence of wall motion
abnormalities, suggesting that ischemic ventricular segments may seem hypokinetic on
angiography, but in fact appear to have normal absolute shortening due to a contraction
delay. " In the left ventricular angiograms this temporal consideration was not taken into
account for the assessment of regional function. Also, in this study, patients with atrial
fibrillation and excessive ventricular ectopia were excluded. Indeed, these situations do not
allow for adequate cycle length stability and loep stability, and may therefore confound
regional electromechanical properties. It is therefore impossible to make definite
statements on the use of electromechanical mapping in these clinical settings.

In conclusion, our study showed that LLS data are significantly correlated with
angiographic wall motion for comparable segments. In addition, LLS is a reliable
parameter for the evaluation of regional wall motion. Thus, NEM is a suitable technique

for invasive assessment of regional left ventricular function.
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INTRODUCTION

The quality of coronary collateral formation may decide on the amount of residual
functional myocardium after coronary occlusion.™ It has been shown that the presence of
an efficient microvascular collateral network can maintain viability in the myocardial
region previously perfused by the occluded coronary artery.” Coronary angiography
however only assesses the anatomical quality of these collaterals.”

NEM is a novel technique for in-cathlab on-line assessment of the functional mechanical
and electrical properties of the myocardium."™™ The electromechanical properties thus
assessed may predict the presence of viability in previously injured segments, and may
therefore reflect the functionality of the collateral formation.®

We therefore assessed the correlation between the presence and the extent of coronary
coliaterals in patients with one native total coronary occlusion with the electromechanical
properties of the target myocardium of the occluded coronary artery.

METHODS

Patients
All consecutive patients that underwent NEM in our centers were entered in a database.

Patients were clected for the present study if they met the following criteria:

No more than one oceluded native coronary artery, but at feast one.

Coronary angiography and biplane left ventriculogram during the index procedure
No previous bypass surgery

Successful NEM mapping

Informed consent signed

Coronary angiography and coliateral grading

Angiography was performed before NEM using the right femoral approach according to
standard techniques. Left and right 6F diagnostic catheters were used to engage the
coronary ostia, and ail images were recorded on a digital recording system. Coronary
collateral grading was performed by an investigator blinded for the mapping results,
Collateral grading was scored according to the Rentrop classification {0= no opacification ;
1= filling of the side branches of the occluded artery without visualization of the epicardial
segment ; 2= partial filling of the epicardial segment but not up to the original occlusion ;
3= complete retrograde filling of the occluded coronary artery up to the original
occlusion).

Left ventricie angiography

Left ventricle (LV) angiography was performed with 5, 6 or 7F pigtail catheters, according
to the preference of the operator. Angiograms were recorded in a 30° right anterior oblique
and 60" left anterior oblique view. LV angiograms were made with the patient in a stable
position and during maximal inspiration. The angiograms were analyzed on the CAASII
system (PIE medical, Maastricht, The Netherlands) by an independent investigaror, who
was hlinded for the left ventricular mapping data. Calibration was performed using non
contrast-filled catheters. The extent of the myoccardial region originally perfused by the
occluded artery was defined on a visual basis. The myocardium involved was then analyzed
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using the centerline method, dividing the involved areas into normal, hypokinetic or
(11,12)

akinetic.
Nonfluoroscopic electromechanical mapping (NEM)

The system and its various components have been described previously. In short, a low
magnetic field (10® to 10 Tesla) is generated around the patient. A catheter securely
taped to the patient’s back is used as a reference to compensate for subject motion during
the procedure. A 7 French catheter (NOGA-STAR™, Biosense-Webster, a
Johnson&Johnson company) containing a locatable sensor and recording electrodes in its
deflecrable tip is inserted through an 8 F femoral sheath and is then dragged along the
endocardium of the left ventricle. Acquired signals are then send through the catheter
shaft and processed by the NOGA processing unit {Biosense-Webster). The system can
determine the location {with accuracy of <lmm) and orientation of the catheter in six
degrees of freedom (x, y, 2, roll, pitch, and yaw). Electromechanical information is
obtained using a combination of dara gathered by the electrodes and the location sensor.
Thus unipolar (UPV) and bipolar (BPV} endocardial potentials and local linear
shortening (LLS) data for every contact point arc acquired, and can be displayed in bull’s
eye maps. Chamber geometry can then be accurately reconstructed using three-D
endocavital information.

Post-processing of data was performed to eliminate points suggestive for catheter tip
instability, as evidenced by catheter point loop stability, cycle length stability, local
activation time and location stability data (see definition section). A triangle fill threshold
of 40 mm was chosen for our data set. This setting allows the system to fill triangles
between acquired peints using an interpolation algorithm; distances between points larger
than 40 mm were left blank until points in between were captured.

After applying an inner point filtering by the computer algorithm, points were manually
defeted when they did not fit standard stability criteria ( location stability <4mm, cycle
length stability < 10% and loop stability <4mm), if they were taken during ST-segment
elevation (suggestive for severe wall impression) and if the points were not related to the
left ventricle (such as atrial location}.

Comparison of angiographic LV regions, coronary artery supply and NEM regions

To ascertain that comparisons of the same areas on anglography and on NEM were
obtained, the location of the mapping catheter was verified with angiography in a subset
of five patients. For every point sampled with NEM, the location of the mapping catheter
at the same time was recorded with biplane angiography (30ee RAO and 60ee LAO).
After the procedure, locations of these points on the NEM buil’s eye map were compared
to the location of the mapping catheter on the recorded angiographic session according to
the 7-segment division of the biplane LV angiogram. Correlations between the area
supplied by the coronary artery under study and the myocardial region of interest was
performed as described previously by Sheehan and coworkers™ ™

LAD: anterobasal (scgment 1), anterolateral {segment 2), apical {segment 3) and septal
{segment 6)RCA: diaphragmatic (segment 4) and posterobasal (segment 5)

CX: diaphragmatic (segment 4), posterobasal (scgment 5) and posterolateral segment
{segment 7) After defining which angiographic segment correlated to which
nonfluoroscopic segment, we were able to define the relationship between each coronary
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artery and the NEM segments perfused by it. We then assessed the average LLS, UPV
and BPV of segments originally perfused by the eccluded coronary artery and compared
them to the respective parameters of segments that were perfused by a patent coronary
artery. Also, we compared the different parameters between segments with good collateral
flow (defined as having collateral flow grade 2 or 3) to those with poor collateral flow
(defined as having collateral flow grade 0 or 1).

Statistics:

All data are reported as mean value + SD. Parametric comparisons were performed using
the unpaired Students t-test, nonparametric comparisons with the Wilcoxon signed ranks
test. Proportional data were analyzed by the chi-square test, with the Yates correction if
one of the frequencies in the 2X2 contingency table was <5. Collateral index was
compared using the Wilcoxon signed ranks test. A value of p<0.05 was considered

significant.

Resutts

One hundred twenty-two consecutive patients underwent NEM between June 1997 and
May 2000. Of these, 67 had previous bypass surgery, 11 only had monoplane left ventricle
angiography, 1 patient had 2 complerely occluded coronary arteries and 5 patients had an
incomplete data sct. Finally, 38 (31%) patients were studied. Clinical parameters are
shown in table 1.

Poar collaleral quality Good collateral quality -

(collateral grading =0 or 1} _|{coliateral grading =2 or 3) | value
N 13 ) 24
Age (years £ SD) 59+10 6112 NS
Male n (%) 9 (69%) 22 (92%) NS
Previous PCH L1 {85%) 18 (75%) NS
Q-wave myocardial 9 (69%) 15 {63%) NS
infarction
Hypercholesterolemia | 10 (77%) 18 (75%) NS
Hypertension 8 (62%) 17 {71%) NS
Smoking history 10 (77%) 16 (67%) NS
Diabetes 11 (8%) 2 (5%) NS
Tuble 1

Chinical characteristics. SD= standard deviation; PCl= percutaneons coronary intervention.

The first part of the study involved the defining of the NEM segments that correlated
with the respective coronary arteries. In 5 patients, 320 points were assessed through
biplane angiography and consequently every catheter position was correlated with the
point on the NOGA map that was taken at exactly the same time. The results are shown

in table 2.



Chapier & = Klectromechanical properties of myocardivan supplied by coranary collateral circlarion

Angiographic segment | NEM scgmends
Antcrobasal Al
Anierofateral L1,L2.P2
Apical A3,L3,P3,83
Diaphragimaltic P{,P2.P3,83
Posterobasal P1,P2,S51
Seplal 51,582,583
PPosterolateral L1,1.2.P2

Table 2

Correlation befween anglographic segments and segments defined by the nonfluoroscopic
electromechamnical mapping (NEM) system. The Ieft column shows the respective 7-segment
subdivision on angioyraphy, the right colummn shows the respective segments derived from NEM, with
A=anterior, L=lateral, P=postcrior, S=septal.

Following the coronary arrery distribution correlated to biplane angiography as previously
described by Shechan et al., we constructed a similar model for the NEM bull’s eye map,
as shown in table 3.

Coronary artery | NEM segments involved
LAD AlLA2 A3 L1,L2,1.3,S3°3
RCA Al,P1,P2,53,P3

CX L1,1.2,P1.P2,P3,83

Tuble 3

Correlation between covonary artery and NEM-segments.

The comparison for all patents of LLS, UPV and BPV between injured segments and
segments remote from the injured myocardium is shown in table 4.

Injured segments Remote segments p-value
LLS (% % SD) 8.0 13.7 <0.00035
UPV (mV + 8D) 10.5 14.9 <0.0005
BPY (mV + 5D 2.8 4.9 <0.0005

Tabie 4

Average values for finear local shortening (LLS), unipolar (UPV) and bipolar voltages (BPV} for
segments located in the imitial target myocardial vegion of the occluded corenary artery (injured
segments) as compared to the average values of the same parameters for segments in the non-affected
areas {remote segments).
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The results of the analysis of variance performed to detect differences between segments
with good collateral perfusion and segments with poor collateral perfusion is shown in

table 5.

Poor collaterals Good collaterals p-value
LLS injured segments | 3,8+4.7 10.3+£3.5 <0.0005
LLS remote segments | 11.942.6 14.7+4.5 0.07
UPV injured segments | 6.0+2.5 13.0+:3.4 <0.0005 o
UPV remote segments | 13.144.0 15.84£3.7 0.07
BPV injured segments | 1.6+1.9 3.5+1.7 <0.0005
BPV remote segments | 3.8+1.9 5.4+£2.2 0.06

Table 5

Comparison of linear local shortening (LLS), unipolar (UPV) and bipolar voltages (BPV) for
regions both injured (injured segments) and non-affected (remote segments) in ventricles without
wersus those with good collateral formation.

Examples are shown in figures 1 and 2.

Figure 1

Patient with previous inferoposterior myocardial
infarction. A and B show the right anterior oblique
(RAO) view of the left ventricle angiogram in end-
diastole and end-systole respeetively. One can
appreciate the inferior infarction (arrowheads in A
and B). C shows the occluded right coronary artery
(arrow) in RAO, D shows the left anterior oblique
view of the left coronary artery (tree. Collaterals
(Rentrop class 3) can be clearly appreciated (arrows).
E shows the RAQ wiew of the nonfluoroscapic
unipolar voltage map. The arrow indicates the big‘b
voltages in the inferior region, suggesting viable
tissue. Color grading shows voltages from very high
(>14 mV) in purple, to very low (<6mV) in red. I'
depicts the linear local shortening map, with the
arrowheads showing decreased regional functioning
as suggesied by the red color. Color coding ramnges from
high (>11%) in purple, to very low (<2%) in red.
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Figure 2

Patient with previous inferoposterior myocardial
infarction due to an occluded right coronary artery.
(a) shows the occluded RCA in the left anterior
obligue (L.AQ) view, (b) shows the left coronary tree
in LAO view. No collaterals are seen. (c) and (d)
show unipolar voltage and linear local shortening
maps in RAO wiew; the arrows delineate the
inferaposterior region of low wvoltages and decreased
linear local shortening.

DiscussioN

The most important finding from our study is that electromechanical properties of
myocardial segments of which the perfusing native coronary artery has occluded and that
are supplied by coronary collaterals of good quality, are better preserved than segments
that do not have good coronary artery supply. From table 5 it becomes clear that in
previously injured scgments that are provided by a good collateral supply, higher LLS,
UPV and BPV are found. On the other hand, remote segments of ventricles with poor
collateral supply do not show statistically significant differences in LLS, UPV as well as
BPV.

It has been previously shown that good collateral supply may be a sign of myocardial
viability.”’ This finding can be supported by the current data set.

Limitations: The model created through LV angiographic determination of coronary
artery perfusion is not validated. Also, our model is based upon 5 patients in which the
correlation between angiographic location and NEM location was made. Further study
may be necessary on this issue.

CoNcLuUsioN

Nonfluoroscopic mapping data of previously injured myocardial segments are significantly
correlated with the quality of collateral coronary artery supply to the target region of
occluded coronary arteries. This further underscores the potential of nonfluoroscopic
mapping in assessing myocardial viability.
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STRUCTURED ABSTRACT

Objectives, We sought to discriminate between normal, non viable and ischemic
myocardium by comparing left ventricle (LV) electromechanical maps with redistribution
pertusion thallium studies.

RBackground. The Biosense Noga is a catheter-based system for electromechanical mapping
which uses magnetic technology to localize a sensor tip catheter reconstructs the 3D
geometry of LV 1n real time.

Methods. In 29 patients with coronary artery disease, linear local shortening (LLS) and
local intracardiac signals (unipolar voltage=UV) were compared with thallium
redistribution images analyzed by singic photon emission tomography, and myccardial
regions were classified as normal (11 uptake »>75% of maximal), viable impaired (*T1
uptake >50%) and non viable (™1 uptake< 50%).

Resutts. A total of 280 LV segments had adequate scintigraphic and electromechanical data
for comparison. Overall UV and LLS values were significantly lower (UV: 6.1£2.6 versus
10.8+5.3 mV; p<0.001. LLS: 2.96.4 versus 6.5+5.8%; p<0.015) in regions with *"T1
uptake<50% versus regions with impaired T uptake (50-75%), and higher in regions
with nermal ““T1 uptake (>75%). (UV:13.826.1 mV, and LLS: 8.9+7.6%; p<0.001 and
p=0.0032 respectively versus viable impaired). Based on these data the UV threshold to
distinguish non-viable myocardium was 6.5 mV, with a sensitivity of 68.2 (95% CT: 45.1
—86.1) and a specificity of 84.9 {95% CI: 79.9 — 89.9).

Conclusions. Electromechanical maps distinguish normal, non viable and ischemic
myocardium as assessed by thallium perfusion imaging studies.

KEY WORDS
Mapping, ischemia, ventricles, myocardium, viability,

CONDENSED ABSTRACT
The Biosense Noga is a catheter-based system for electro-mechanical mapping of the left

ventricle {LV).

In 29 patients finear local shortening (LLS) and unipolar voltage (UV) potentials
measured by this new left ventricular mapping system were compared to redistribution
thallium activity, Overall a significant difference in LLS and UV was found between
normal, viable impaired and non-viable myocardium as assessed by thallium perfusion

imaging stadies.

ABBREVIATIONS AND ACRONYMS

BP: Bipolar Voltage

DMR: Direct myocardial revascularization
EMC: Electromechanical coupling

FI: Fragmentation Index

LLS: Linear local shortening

LV: Left ventricle
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INTRODUCTION

Diagnostic testing to evaluate the presence and the extent of viable, but dysfuncticnal
myocardium has become an impostant component of the clinical assessment of patients
with chronic coronary artery disease and left ventricular dysfunction. Several noninvasive
methods are carrently used to identify physioiogical markers of myocardial viability in
regions with contractile dysfunction, including PET imaging to assess myocardial
metabolic activity,”"T1 imaging to assess myocardial perfusion and membrane activity and
dobutamine echocardiography to assess myocardial contractile reserve. Recently, 2 new
non-fluoroscopic, catheter-based, mapping system (NOGA — Bioscnse) designed to
acquire, analyze and display electro-anatomical maps of the human heart, has been
developed and validated both in animal and human studics. Previous studies confirmed
that such an LV mapping procedurc in patients with myocardial ischemia allows to
distinguish between infarcted, ischemic and normal myocardium according to the
perfusion status in radionuclide SPECT imaging.

The purpose of this study was to compare LV electromechanical mapping data with #"T1
perfusion imaging studies in the aim of discriminating between normal, non viable and
ischemic myocardium. In addition we sought to evaluate if electro-mechanical coupling as
assessed by NOGA may enable differentiation of hypocontractile viable myocardium.

METHODS

Patients

The study population is formed by 29 patients which underwent IV electromechanical
assessment and "Il perfusion imaging studies to detect myocardial viability as part of
evaluation of chronic ischemic heart disease. Fourteen patient had a previous myocardial
infarction. All the patients bave significant coronary artery discase documented by
coronary angiography. Informed consent was obtained from all paticnts before any
diagnostic procedure,

Electromechanical mapping system. The nonfluoroscopic electromechanical mapping system
(Noga, Biosense) has been described clsewhere. Briefly it comprised an external ultralow
magnetic field emitter located under the operating table {triangular location pad), a 7F
deflectable—tip electrophisiological catheter which incorporates a minlature passive
magnetic location sensor (NOGA-STAR, Cordis-Webster), and a warkstation for
information processing and 3-dimensional LV reconstruction and display (Siicon

Graphics),

Liectromechanical mapping procedure. The fixed reference catheter was positioned under
fluoroscopy externally on the back of the patients corresponding to the heart region. The
accurate position (within 5 em of location pad center) was verified with the reference
catheter location check on the NOGA system. It is used to detect small changes in
intracardiac position due to respiration or movement of the patient. After cannulating the
fernoral artery with an 8T sheath, the mapping catheter was advanced under fluoroscopy
guidance to the descending aorta, its tip deflected to form a J shape, and introduced across
the aortic valve. Onee inside the LV cavity the catheter tip deflection was released and the
first three points {apex, aortic cutflow and mitral inflow) were acquired under fluoroscopic
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guidance to generate the initial 3-1) image of the LV. The “mapper” operator acquired
subsequent points exploring different regions of the endocardium by dragging the catheter
tip. The position of the catheter appears on the screen in real-time as an icon
superimposed on the cardiac map being constructed. As the catheter moves on the
endocardium, local electrograms and the catheter locations are reported simultaneously to
the system which construct a 3-ID geometrical representation of the cardiac LV chamber,
using 2 triangular algorithm. Points were acquired as much homogeneously as possibly
thorough the LV cavity, when the endocardial contact of the catheter tip was stable as
evidenced by location stabifity, cycle length stability, local activation time stability, loop
stability and good synchronization of the intracardiac electrograms of two consecutives
heart cycles. The operator analyzed signals, and if’ the point based on the previous
parameters is accepted as valid, it is brought into the 3-D map which is updated with every
accepted point in real-time. A “triangle fill threshold” of 40 mm was chosen in order to
provide a minimal level of points density at each mapped site. Validation of both
intracardiac location accuracy and intracardiac signal recording have been previously
established.

The post - processing of the data points was done automatically using the moderate points
filter provided by the system, which deletes points based on the inner points filter {cone
angle < 257 relative depth > 10%) and the points stability filrer (location displacement >
6 mm; trajectory instability > 6 mim; median cycle length + 15%). Some more points were
edited manually (visuaily inner points, points closer than 5 mm and points with prominent
ST-segment elevation on the intracardiac electrogramy}, to assure a correct interpretation
of the maps. Only segments with more than 3 sampled points were considered for the
analysis.

Electromechanical map data definition

Unipolar voltage map: represents an electrical map displaying a map of maximem peak-to-
peak voltage of the intracardiac signal measured by mapping catheter tip.

Bipolar voltage map: represents an electrical map displaying a map of maximum peak-to-
peak voltage of the intracardiac signal measured by the difference measured between two
unipolar channel placed at the mapping catheter tip and ring respectively.

Linear Local Shortening map: represents a mechanical map and displays the local shortening
caleulated on the linear distance from each point to its neighboring points.

Fragmeniation Index map: represents a map which displays an estimaton of the QRS
complex fragmentation.

Electromechawical coupling: An estimate of EMC was provided based on LLS and UV
values. A threshold of 6.5% for LLS for contractile myocardium derived from a
comparison with left ventricular wall-motion at angiography and a threshold for UV of
6.5 mV for viable myocardium derived from the comparisons with “"T1 perfusion studies
were used, Electromechanical coupling index was defined as LLS x UV,
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Myocardial perfusion * Thallium imaging

All patients were injected with **T1 (1.5 MBq/Kg).

Myocardial perfusion imaging was performed with a rotating 2-head gamma camera
(SOPHY - DST) cquipped with a low energy — High Resolution collimator and
interfaced to a computer (SOPHA ~ Vision). Images were acquired with patient in prone
position on a spectal dedicated scinti-bed. 32 projections (matrix 64*64; 40 scconds per
projection} were acquired from 45° right anterior oblique view to 45° left posterior oblique
view. Temographic reconstruction was performed by standard filtered back projection with
a hamming-Hann filter to generate transaxial tomograms, Reconstructed 6.4 mm slices
were summed and reoriented in standard short axis, horizontal long-axis and vertical long-
axis for visual analysis. For quantitative analysis, 2 consceutive short axis thick slices were
considered from base to apex and sectorial profiles were generated using the John
Hopkins/Frankfurt protocol. Apex was analyzed on long-axis slices and profiles were
generated using the same protocol.

A ten segments model was used for this study: the short axds tomograms were divided into
four segments representing the anterior, antero-septal, infero-posterior and lateral wall.
The apex was divided into two regions: antero-septal and infero-lateral.

"To asses myocardial viability in segments with fixed perfusion or partially reversible defect,
the redistribution perfusion images were analyzed after nitrate administration and *T1
reinjection; myocardial regions were classified as normal (viable and not impaired) when
*"T{ uptake > 75% of maximal, viable impaired with **T1 uptake of 50% to 75% and non
viable when *T1 uptake was < 50%. In addition the regions with very low *IT uptake
(< 50%) were subdivided in segments non viable with T activity < 20% and regions with
a #'T1 fixation between 20 and 50%.

Statistical analysis

In the Tables and in the body of the text, continuous variables are expressed as mean +
standard deviation, Categorical variables are expressed as absolute or relative frequencies.
Means of nominal values of LLS and UV were compared between myocardial segments
non-viable, viable impaired and normal as asscssed by rest/redistribution **I'1 perfusion
imaging by the non-parametric test of Kruskal-Wallis. Intergroup comparisons was made
by Wilcoxon (Mann-Whitney test) with Bonferroni correction. A p value < 0.05 has been
considered statistically significant. Statistical analysis was performed using Stata 6.0 for
Windows (StataCorp, College Station, TX).

RESULTS
Clinical patients’ characteristics are shown in Table 1.
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Table 1. Patient chinical and angiographic eharacteristics

Age (yrs) 63 (52-68)
Female gender 3 (158 %)
Ejection fraction (%) 55.8£14.7
Multivessel disease 26 (89.6 %)
Previous MI I6
Previous PTCA 15
Previous CABG 10

MI : myocardial infarction.
PTCA : percutancous transtuminal coronary angioplasty.
CABG : coronary ariery bypass graft.

The study population comprises 29 patients (3 females, mean age 61 = 9.5 years) with
documented coronary artery disease. No procedural complications were observed during
or after the mapping procedure. The mean acquisition time was 53.2 + 12.4 min, and 111
+ 23 data points {74 + 16 after automatic post-processing and 56 + 13 after manual

editing) were obtained per patient.

Comparisons of electromechanical maps with redistribution thallium perfusion
imaging

A total of 280 segments had adequate scintigraphic and NOGA electromechanical data
for comparison. The distributien of mean + 5D LLS, UV, BB, FI values according to

thallium activity is reported in Table 2.

Table 2. Distribution of mean + 8D local linear shortening, unipolar voltage, bipolar voltage and
fragmentation tndex values according fo redisiribution  T] activity.

Normal Viable impaired Nos-viable P value*

N=192 N=68 N=20
LLS (%) 89+7.6 65158 29+64  0.0021
UV (mV} 138161 10.8 £5.3 6.1+26 <0.00601
BP (mV) 388124 3.034£2.15 1.7+ 136 00001
FI 141 £0.5 1.64 £ 0.5 LE3+0.7 0.1054

*Lincar model with Huber-While robust standard error,

LLS : focad hinear shortening. UV - unipolar woltage. BP : bipolar voltage. 1. fragmentation index.
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Unipolar Voltage Map

Overall UV correlated significantly with ““T1 activity and particufarly the
electromechanical maps could distinguish segments with normal (>75%) and impaired
(50-75%) ™' T1 uptake (UV: 13.8 + 6.1 versus 10.8 + 5.3; p < 0.001), and viable impaired
regions and non-viable (UV: 10.8 + 5.3 versas 6.1 + 2.6; p< 0.001). In addition among the
segments classified as non-viable with a *"thallium uptake < 50% a trend toward lower UV
values was observed in the segments with a fixation < 20% compared to segments with
“thallium uptake between 20% and 50% (UV : 4.64 + 1.29 versus 6.91 + 2.88;
p = 0.084).

Based on these data the lower limit for UV to discriminate normal myocardium was 10.3
mV, with a sensitivity of 67.9 (95% CI: 60.8 — 74.4) and a specificity of 62.1 (95% CL 51.0
- 72.3). The UV threshold to distinguish non-viable myocardium was 6.5 mV, with a
sensitivity of 68.2 (95% CI: 45.1 - 86.1) and a specificity of §4.9 (95% CT: 79.9 - 89.9).
Linear Local Shortening Map

Owerall LLS correlated significantly with *T1 activity and particularly the maps could
distinguish segments with normal (>75%) and impaired (50-75%) *'T1 uptake (LLS: 8.9
+ 7.6 versus 6.5 ¢ 5.8; p=0.0032), and viable impaired regions and non-viable (LL5: 6.5 =
5.8 versus 2.9 £ 6.4; pe 0.015).

Bipolar Voltages map

Overall BP correlated significantly with **I' activity {p=0.0001) and particularly the could
distinguish segments with normal {>75%) and impaired (50-75%) **T1 uptake (BP: 3.88
+ 2.36 versus 3.03 £ 2.15; p < 0.01), and between viable impaired regions and non-viable
{BP: 3.03 = 2.15 versus 1.70 + 1.36; p< 0.0001).

Fragmentation index
Overall the fragmentation index was not significantly correlated to redistribution **T1

activity (Table 3: p = 0.10), but the small number of data and the scattered distribution,
results in insufficient statistical power to find a correlation between FI values and SPECT
data.

Electromechanical maps values according to myocardial regions

Overall a significant difference was observed between the UV, LLS, and BP values in the
basilar in comparisons to the mid-ventricular regions {UV: 9.65 + 4.85 mV versus 14.49
+ 5.82 mV; p < 0.0001. LLS: 5.97 = 7.15% versus 9.17 * 6.03%; p < 0.0002. BP: 3.07 =
2.31 mV versus 3.88 2 2.79; p = 0.039). Nevertheless the ability of these parameters to
distinguish between infarcted, ischemic and normal myocardium according to the
perfusion status in radionuclide SPECT imaging is not different among the basilar and
the mid-ventricular segments (Interaction mid-ventricle versus basilar for LLS, UV and
BP p = NS). The average LLS values, UV and BP potentials were higher in regions with
normal **thallium uptake and lower in regions with ®thallium activity < 50%. The
segments with “thallium uptake between 50% and 75% showed intermediate values
(Figure 1).
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Figure 1

Local linear shortening, Unipolar voltages and Bipolar voltages according fo thallium activify i
basal and mid—ventricular vegions

LLS & Non-Viahle
# Viable Impaired

ZHNoyimal

Basilar Aid- Basilur Mid- Basilar Mist
ventricular vemiricaine venteicudnr

LLS- local Iinear sborfening, Uy- zmipo/m‘ fvo/tagf, BP- bipa/ar 'Ua/[age,

Qwerall a significant difference was observed between the UV, LLS and PE walues in the basal as
compared to the mid-ventricular regions (UV:P<0. 0001, LLS : p<0.0002, BP : p<0. 039).

The ability of these parameters to distinguish between infareted, ischemic and normal myocardiam
according to Thallinm perfusion studies is preserved (inferaction mid-ventricle versus basal for LLS,
UV, BP = NS

Electromechanical coupling assessment

Overall the distribution of the electromechanical coupling index values correlates with
redistribution thallium activity (p <0.0001). Significantly lower values of EMC index were
found in non viable segments compared with viable impaired (25.18 + 60.5 versus 86.8 ¢
95.6; p = 0.003) and normal regions (25.18 + 60.5 versus 138.4 = 137.7 p < 0.0001}. LLS
and UV were combined to provide an estimate of electromechanical coupling (EMC)
which significantly correlates with redistribution thallium uptake as shown in Table 3.
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Table 3

Distribution of estimate of EMC according to vedistribution of *'T1 activity.

EMC Normal Viable impaired Non-viable P value
N=192 N=08 N=20
LLS<6.5%, UV<osmV 14 14 11
ELS <6.5%, UV=65mV 45 21 3
LES > 6.53%, UV > 65mV 124 31 3
LLS > 6.5%, UV <65 mV 9 2 3 < 0.001

LLS : local finear shortening. UV : unipolar voltage, EMQC : electromechanical coupling,

Automatic and manual editing

The Lins concordance correlation coefficient for agreement between the automated
edited maps and the manual edited maps was 0.72 {p<0.001) for the LLS and 0.95
(p<0.001) for UV respectively. Overall both LLS and UV maps automatically and
manually edited could discriminate between normal, viable impaired and non-viable
myocardium as assessed by perfusion studies (LLS automated edited: 10.7 + 7.1 versus 9.4
* 6.8 versus 7.3 £ 6.8; p= 0.044. UV automated edited: 13.8 + 6.1 versus 10.7 = 5.3 versus
7.8 + 4.1; p = 0.0001}.

Intra-patients reproducibility

The intra-patient reproducibility of the NOGA map’s data has been evaluated in five
patients in whom the NOGA study was performed in two times (as a clinical assessment
and as part of a DMR protocol) few weeks apart without any revascularization procedure
between. The LINs concordance correlation cocfficient rhe of 0.61 (p<0.001} was
observed for the UV data, The refatively small number of segments results in insufficient
statistical power to raise any definitive conclusion for the intra-patient reproducibility of
NOGA myocardial assessment.

DiscussioN

The Biosense efectromechanical mapping system has been proved in animal studies and
in preliminary clinical experience to distinguish infarcted from healthy myocardium by a
reduction in both electrical voltage and mechanical activity. In these preliminary studies
local endocardial shortening was significantly impaired in MI zones compared with
controls and significant electrical impairment was observed in the infarct zones.
Kornowski, observed that segments with reversible perfusion defects at the 99m
Tc-sestamibi after adenosine stress scintigraphy, have a moderate reduction (15%) in
endocardial potentials and mechanical function, while segments with fixed perfusion
defects showed a profound electromechanical impairement. In our study comparing
redistribution thallium images with Noga parameters, we could discriminate between
ischemic but viable and non viable myocardium. Interestingly among the segments with a
thallium uptake < 50% of maximal, unipolar voltages show a trend toward higher values
in the regions with a thallium uptake between 20% and 50% compared to regions with
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thallium activity < 20% (p=0.08). This observation raiscs the question of whether a regions
of patchy ischemia within fibrotic areas still retain some electrical activity and possibly
myocardial viability which should be accurately detect with endocardial mapping,
Mechanical dysfuction could indicate irreversible myocardial necrosis as well as restorable
ischemic or hibernating myocardium, and Kornowski suggested that the existance of
electromechanical uncoupling (impaired mechanical activity with preserved electrical
activity) migth signify retained myocardial viabifity. This issuc has been addressed by Koch
who evaluates myocardial viability in hypocontractile and underperfused myocardium,
comparing the endocardial electrical signals with F-18 FDG uptake at PET and Tc-99m
sestamibi at SPECT studies respectively. In this study electrical unipolar signals using
6 mV as threshold amplitude correctly identifies scar areas from arcas with preserved
viability and may predict improvement in wall motion abnormalities six months after
successful revascularization.

Coencordantly with the series of van Dahl we found an overall threshold for the UV of
6.5 mV defining viable tissue, while a threshold of 10.3 mV characterizes the normal
viable tissue. This is consistent with the average unipolar voltages observed by Van
Langenhove in segments with or without improvement at low dose dobutamine stress
echocardiography (10.2 £ 5.7 mV and 6.9 + 3.1 mV respectively).

In our series significant lower values of LIS and of UV were observed in the basal
myocardial regions versus the mid ventricle. At the regional level, there appears to be
remarkahbly spatial heterogeneity of myocardial deformation. Midwall segment shortening
is higher at the apex than at the base of the LV, and circumferential shortening is higher
in the anterior than in the posterior left ventricular wafl. The presence of the valve
apparatus (electrically inactive} should possibly explain the fower average voltages values
recorded basilar regions. Nevertheless despite different absolute values, within the
midventricular and the basilar regions the UV accurately detect viable from non viable
myocardium, with possibly a somewhat more overlapping in the mitral anulius area as
already observed by Kornowski. These observations raises the issue of possibly different
threshold according to LV regions for a better definition of the myocardial viability status.
In our study an estimate of the clectromechanical coupling and the electromechanical
index appear to significantly correlate with redistribution thallinm perfusion, but with a
not negligeable overlapping between non-viable, viable impaired and normal myocardium.
This is possibly due to the limit of using a standard segmentation of endocardial surface
and average values of data points.

Owerall higher fragmentation index values compared to those reported by Keck, were
observed in our series {1.41 + 0.5 versus 1.15 + 0.18 and 1.83 + 0.7 versus 1.28 + 0.23 in
normal and non viable segment respectively), but the difference between normal, viable
imapired and scar areas was not statistically significative probably due to an excessive
scattering of the signal in our maps. More sophisticated signal analysis and algorithms
could better define the fragmentation phenomena in the aim of a precise detection of
viable myocardium.

The correct interpretation and clinical significance of the obtained data are totally
dependent by the quality of the acquired points. The system provides an automatic editing
of the undesired points. From our data the automated postprocessing appears to be as
accurate as the manual editing for the UV maps and slightly less precise for the LLS
interpretation based on the version 2. of the sofware, possibly due to the weight of the
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unedited inner points and the clustered points on mathematical function which calculated
the LLS. The clinical relevance of these observation implies a reliability of the
interpretation of the voltages data cven in presence of “bad” points, for the detection of
normal, ischemic and non vizble myocardium.

Moreover it appears that the electrical information is reproducible over the time in the
same patients not treated by any revascularization procedure. This implies a reliability of
the UV maps interpretation and permits to vtilize the NOGA myocardial assesment to
define changes in viability status after different revascularization procedures,

Study Limitations

As all comparative studies, there is the potential for anatomic misalignment, because the
orientation of the heart is inherently different between the techniques. Particularly with
NOGA the reconstruction of the chamber is sequential and irregular and the 3-D
geometry of the chamber depends on the number of point sampled. Hence the temporal
resolution of the method is limited and failure to coliect data points homogeneously from
the entire ventricle results in underestimation of the true IV chamber.

The mechanical function derived from the by use of local endocardial shortening for each
endocardial site is the average from all the neighboring points and this may result in
reduction of the reduced LIS area.

Unipolar veltage measurements may potentially be affected by far-field potentials which
could decrease the amplitude of the unipolar electrograms at infarcted region.

Bipolar electrograms with the actual mapping catheter have certain limitations becausc of
changes in the clectrode orientation relative to the activation wave front. These fimits
should be overwhelmed with the splitted tip mapping catheter.

A mathematical algorithm provides a reliable estimation of the QRS complex
fragmentation, but the real intracardiac signals are contaminated with noise and other
small disturbances which could affect the level of fragmentation and may result in
reduction of the ability to detect viable tissue within a scar,

Clinical implication

Electromechanical mapping could provide new intriguing insight in the comprehension
of myocardial ischemia and of myocardial viability. The possibility of discriminate viable
myocardium should have an importance in the revascularization decision-making directly
in the cath-lab, The ability of navigating into the left vertricle permits the guidance of
catheters for direct myocardial revascularization both by laser energy and gene transfer.
The on-line assessment of myocardial viability should be advantageous both for targeting
the treatment zone and avoiding the laser energy delivery within then scar.,

CONCLUSIONS

Electromechanical maps distinguish normal, non viable and ischemic myocardium as
assessed thallium perfusion imaging studies.

The electromechanical assessment could enable the discrimination of hypocontractile, but
still viable myccardium. The myocardial viability status as assessed by the unipolar voltage
appears to be reproducible over the time,
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ABSTRACT

Background

Nonfluoroscopic electromechanical mapping (NEM) has recently emerged as a novel in-
cathlab method to assess electromechanical functioning of the myocardium and to detect
myocardial viability. Up to now, no comparison with dobutamine stress echocardiography
has been reported. We therefore compared the results of NEM to those of DSE for the
detection of myocardial viability in a subset of patients with severe coronary artery disease.

Methods and Results

Myocardial viability was assessed through both DSE and NEM in 30 patients, a majority
of whom suffered a previous myocardial infarction (83%). A segment-to-scgment
comparison was made in 324/360 segments (90%). Logistic regression and receiver
operator characteristics (ROC) curve analysis revealed highly significant predictive values
for both lincar local shortening (LLS) and unipolar voltages (UPV) : area under the curve
was 68% and 74% respectively (p<0.0005 for both). ROC curve analysis revealed LLS=
7.2% and UPV=8.2 mV as optimal cut-off values to define viability. The combination of
both parameters proved to be the strongest predictor for viability (RR=6.5 , CT 3.0-13.9,
p<0.0005).

Conclusion

NEM can predict recovery in previously injured myocardium when compared to DSE.
Both LLS and UPV have added valuc in the assessment of viability. Strongly significant
cut-off values for both LLS (7.2%) and UPV (8.2 mV) were found.

Condensed abstract

Nonfluorescopic electromechanical mapping (NEM) has recently emerged as a novel
technique for in-cathlab assessment of myocardiaf viability. We compared the findings of
NEM in 30 patients with the results of dobutamine stress echocardiography. We found
highly significant cut-off values for both linear local shortening and unipolar voltages for
the detection of visble myocardium. Moreover, the combination of both parameters has
the highest value in predicting recovery of previously injured myocardium.

List of Key Words
Coronary disease
Myocardium
Hibernation

Ventricles

Stress Echocardiography
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INTRODUCTION

Assessment of viability in paticnts that previously suffered myocardial injury remains a
chalienge in clinical cardiology, as revascularization of viable myocardial segments may
improve prognosis.®* DSE is a widely accepted method to define the presence of
myocardial viability,"” and has been found superior to information obtained solely from
coronary anatomy at cardiac catheterization.™ DSE however is not easy to apply inside the
cathlab, and is usually performed with a certain time delay from the index diagnostic
catheterization.

Norfluoroscopic mapping has recently emerged as a novel in-cathiab method to assess
electromechanical functioning of the myocardium. Fhis system allows measurement of
local electrical (unipolar voltage, UPV) and mechanical (local linear shortening, 1.1.5)
properties of the left ventricle.® These properties have been implied in the assessment of
potentially recoverable myocardium post-infarction.”® Kornowski et al. recently described
the value of nonflucroscopic electromechanical mapping (NEM) in the detection of
reversible perfusion defects as compared to radionuclide perfusion imaging.™ Up to now,
no comparison with DSE has been reported.

We therefore, for the first time, compared the results of NEM to those of DSE for the
detection of myocardial viability in a subset of patients with severe coronary artery discase
and defined cut-off values for electrical (UPV) and mechanical (LLS) parameters for
viable myocardial tissue.

METHODS

Study population

We studied 30 patients with severe chronic coronary artery disease. Mean age was 61 = 8
years, Twenty-seven (90%) were male. Twenty-five patients (83%) previously suffered a
myocardial infarction, 16 (53%; had a Q-wave on the ECG. Twenty-seven patients (90%)
underwent one or multiple revascularization procedures. All patients had stable anginal
complaints (7 patients in CCS class 1, 11 in CCS class 2, 6 in CCS class 3, and 6 in CCS
class 4). The study was approved by the respective medical ethical committees, and all
subjects gave informed consent.

Nonfluoroscopic electromechanical mapping

"The components of the system and the rechnique have been described extensively.*™ In
short, the NEM system (NOGA™, Biosense-Webster, Cordis, Johnson & Johnson) is
able to acquire electromechanical data from the endoluminal surface of the left ventricle
through the use of a 7 French catheter with a locatable tip placed in the left ventricle. A
low magnetic field surrounding the patient cnables the system to threedimensionally
focate the catheter tip at all times. The tip of the catheter also contains electrodes to
acquire local electrophysioiegical voltage data. Thus uni- (UPV) and bipolar voltages and
linear iocal shortening (LLS) data of the left ventricle endoluminal surface can be
assessed.""” Presuming that in healthy myocardium any two points move closer to each
other during contraction, the LLS assessment as measurement of distances between
neighboring points is therefore the basis for caleulation of myocardial shortening. The
computer algorithm takes info account the density of points around a point p, and gives a
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negligible weight to points too close {(sampling noise) and points too far {of no influence
as they provide non-local information). The algorithm for LLS is caleulated as follows ®*:
for any two points on the map, i and j, LLS is calculated as the change in distance between
these two points from end-diastole to end-systole, normalized for the length at end

diastole:
LLSj; = (L(ED})j - L(ES);;)/ L{ED);;

For any point p LLS is calculated as a function of the LLS5pj, for all points j=1 to n on the
map, 80 that

LLSp= (Sj=1..n Wpj (L{ED)pj)x LLSpj ) / $j=1..0 Wpj,

where W is the weight of a cerrain point as a function of the disrance Lij between two
points 1 and j, the average distance D around point p (B is defined in the computer
algorithm as the average distance of the ten closest points to p) and the velume V ar end-
diastole. The weight is therefore function of the point density in a defined region, the
volume of the heart and the distances between points at end-diastole.”™

To ensure maximum validity of the data obtained, we applied an intense filtering
mechanism. First, an inner points filtering was applied. This computer algorithm removes
points that are located deep within the reconstructed left ventricle. Therefore, the cone
angle (the angle of the cone formed around & line connecting the investigated point and
the center, defining the closest vicinity of a neighboring point) was set at 20%, whereas the
relative depth percentage was set at 20%, mecaning elimination of points located 20%
deeper than neighboring points. Maximum locatien displacement of the catheter tip was
sct at 4 mm, trajectory instability was maximum 4 mm, and median cycle length was set
at 10%, thus deleting all points which cycle length differed more than 109 from the preset
values. After this thorough editing, local trajectories were examined for points with
questionable behavior {(which could imply loss of contact with the ventricular wall),
endocardial ST segment elevation was evaluated for marked elevations (caused by intense
impression by the mapping catheter), and ECG tracings were evaluated to ensure that
data were not obtained during or immediately after an extrasystole.

We considered a map successful when more than 40 points throughout the ventricle were
acquired, and when no procedural complications occurred. Segments were evaluated only
if at least three points per segment were acquired.

Dobutamine stress echocardiography

Dobutamine stress cchocardiography {IDSE) using a standard protocol was performed
prior to the mapping procedure.™ For wall motion analysis, we used a 16-segment
subdivision as described previousfy™. These 16 different segments were analyzed by an
operator blinded for the mapping results. Scgments were evaluated using the 5-point
scoring system according to the American Society for Echocardiography (I=normal,
2=hypokinetic, 3=akinetic, 4=dyskinetic, and S=aneurysmal} at rest, during low dose
(10 mg/kg/min) and high dose dobutamine (up to 40 mg/kg/min, and additional atropine

until maximum heart rates were obtained).
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Segments were than qualified as worsened, unchanged or Improved, depending on their
change in score on the 5 point ranking. These results were than compared to the average
local lincar shortening (LLS, mam) and the unipolar veltages (UP, mV) of the same
segments obtained during the NOGA™ procedure.

As standard echocardiography techniques divide the left ventricle into 16 segments, we
had to irmply a reduction to 12 segments to produce a comparable data set with the 12
segments provided by the NEM bull’s eye view. The validity of this comparison has been
shown previously."¥ The basal, mid and apical anterior segment were taken from the apical
two-chamber view; the basal, mid and apical fateral segment from the apical four-chamber
view, and the basal, mid and apical posterior segment from the apical long-axis view

{figure 1).

Figure 1

Gomparison of NOGA™ segments and echocardiographic segments. The central square illustrates the
bulls eye view of the left ventricle map as provided by the NOGA™ system. Glockwise from upper
right A (anterior), L {lateral), P (posterior) and § (septal) diwisions are shown. From the center to
the auter pari they are divided infe apical, mid and basal segments. The arrows show the comparable
segments on echocavdiography. AP2C = apical 2-chamber view; AP4C= apical 4-chamber view;
APLAX= apical long axis view; 8AX= parasternal short axis view; PLAX= parasternal long axis
vIEw
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The apical septal segment was taken from the apical four-chamber view, whereas the mid
septal segment was derived from the mid posterior and mid anterior septal segments on
the parasternal short axis view, and the basal septal segment from the basal posterior
(apical four-chamber view) and basal anterior septal segments (parasternal long axis view)
{Agure 1). When there was disagreement on the scoring of onc of these combined DSE

segments, the worst score was chosen.

Statisties: Correlation was measured using Pearson’s test. Means of values werc compared
using the unpaired Student’s t-test. Multivariate logistic regression (forward stepwise)
analysis was used to determine independent predictors of viability, Receiver operator
characteristic (ROC) analyses were applied to determine the optimal cut-off values for
LLS and UPV to predict viability, so that any value above that point would be considered
as positive {ie predictive for viability), and any value below as ncgative. Sensitivity,
specificity, and positive and negative predictive values were calculated at each threshold.
We defined the best threshold of a significant predictive variable to de the cut-off point
where sensitwity equals specificity, defining the point with the highest diagnostic accuracy.
Using this threshold, the population was divided in two times two categories. The
frequency of viability in all categories was determined, and differences were evaluated by
chi-square analysis. Relative risks were caleulated. A p-value <0.05 was considered

significant.

RESULTS
All mapping procedures and dobutamine stress echacardiograms were successtul. No
complications were seen. An example is shown in figure 2.
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Figure 2

NOGA™ map and dobutamine stress echocardiogram sequence of the same patient. The upper panel
demonstrates the NOGA™ map from a superior view ( apex of the left ventricle is shown at the top
of the picture, basis at the bottom) io facilitate comparisons with the dobutamine stress echo images. A
shows the unipolar voltage (UPV, mV) maps in the same view, and its respective bull’s eye view(A’).
B shows the linear local shortening (LLS, %) map, with its respective bull’s eye view. Color codes are
shown to the right of the maps (UPV from red (<6mV) to purple (>14mV), and LLS from red (<2%)
to purple (>11%)). The arrows in A and B show a region with high UPV and low LLS, suggesting
myocardial viability in the affected basal, mid, and apicolateral segments and in the mid anterior
segment. The absolute wvalues can be appreciated in the bulls eye maps. Dobutamine stress
echocardiographic apical 4 chamber images are shown at the bottom of the figure. (a) shows akinesia
of the basal, mid and apical lateral segments af rest, (b) and (c) reveal viability with low and high
dose dobutamine respectively , (d) shows the image during recovery.

107



108

Chapter § = NOGA™ mapping for detection of myocerdial viabitine

In 30 patients, 324 { of 360, 90%} segments were compared. Twenty-four segments {796)
could not be compared due to insufficient amount of points acquired during NEM, 12
segments (3%} could not be analyzed due to insufficient echocardiographic image quality.
Of these 324 segments, DSE showed that 100 (319} were “truly” normal { normal at rest
and normal during dobutamine infusion), 75 segments (23%) showed no viability, and 149
{46%) segments were viable. UPV for normal versus all other segments was 14.9 mV £ 5.7
versus 9.0 mV = 4.3, respectively. LLS was 12.8% = 6.1 versus 6.9% * 6.6, respectively
(p<0.005 for both comparisons).

Of the 100 normal segments, 15 showed ischemiz and 85 did not. UPV did not differ
significantly amengst the two groups ( 14.2 mV + 5.7 versus 14.9 mV + 8.1, respectively,
p=0.70). The difference in LLS for the ischemic segments (8.7% + 8.2) versus the non-
ischemic segments (12.8% + 6.1) was borderline significant (p=0.047). Hypokinetic
segments (n=79) showed ischemia in 21 segments (27%) and no ischemia in 58 segments
(73%). UPV was higher in the ischemic segments (11.5 mV 2 5.3) than in the non-
ischemic segments ( 8.7 mV + 3.1} (p=0.004). LLS however, did not differ significantly
between both groups ( 8.2% = 6.5 vs. 8.5% + 5.1, respectively, p=0.87).

The correlation between UPV and LLS for all segments is shown in figure 3.
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Frgure 3

Correlation between unipolar voltages (UPV, mV) and linear local shortening (LLS,%) for the same
SELIMCNLS,

Although only moderate (r=0.49), the correlation proved highly significant (p<0.0003).
For the further analysis on wiability, only the segments that were not normal were used.
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Table 1

Logistic regression and receiver operalor characteristics (ROC) curve analysis of LLS and UPY for
detecling viable myocardium.

Variable Cut-off ROCarea P ({multivariable) Scns, % Spec,% PPV, % NPV, %

(95% CT)
LLS -% 7.2 68 (61-75) <0.0005 64 08 80 48
UPV-mV 8.2 74 (67-80) <0.0005 70 77 85 6l

Sens= sensitivity, spec= specificity, PPV= positive prediciive value, NPV= negative predictive value,
LLS= local linear shortening, ROC= receiver operator characteristics, CI= confidence interval.

Table 1 shows the results of the logistic regression and the ROC analyses.

120 -

106 R R

80 Ea Sensitivity ===

/]l Specificily ==eee

60

40

20 n

25

Figure 4

Reeetwer gperator characteristics (ROC) curve for UPY. The graph demonstrates the optimal cut-off

value for UPV as the optimal sensitivity and specificity for defecting myocardial viabilisp,

Figure 4 shows the ROC curve for UPV. LLS has a moderate prognostic value in the
prediction of viability (ROC area 68%, p<0.0005); the optimal cut-off value for LES was
7.2%. UPV had a stronger prognostic value in predicting viability { ROC area 749%,
p<0.0005); the optimal cut-off value for UPV was 8.2 mV. The multivariate logistic
regression analysis showed that both LLS and UPV were highly significant independent
parameters to predict viability.

According to these cut-off valucs, we then stratified segments into four subsets according
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to low {<7.2%) versus high (>7.2%) LLS and low (<8.2mV) versus high (>8.2mV} UPV.
The scgments that were most likely to be viable had LLS>7.29% and UPV>8.2mV (group 1).
Conversely, the segments that were least likely to be viable had LLS5<7.2% and
UPV<82mV (group 4). The segments with either L1.5>7.2% or UPV>8.2mV had
mtermediate likelihood of viability {(group 2 and 3, sce figure 5).

Frgure 5

eategories according to the opifimnf I
cui-off values of UPV= 8.2 m¥ and
LILS= 7.2%. Group 1 represents

. 20«
segments that have both optimal o o
UPV as well as L.LS. Group 4
represents segments that have both
decreased UPY and LLS. Groups 2
and 3 represent groups with high
LLS and low UPV, and vice versa.
The clased sguares represent non- a

Division of segments into four

UPY (mv)

vighle segments; the open squares

represent viable segments. ° o

LLS (%)

The result of this division into 4 subgroups according to the presence of viahility is also
shown 1n figure 6.
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Frigure 6
FPercentage of viable segments in each group {as defined in figure 5)

In this figure, the segments viable on DSE are depicted as open circles, whereas solid
points represent those that were not viable. The right upper quadrant contains most of the
segments that were viable on DSE, whereas segments that did not show viability are
abundant in the left lower quadrant.
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The optimal cut-off criteria of the combined categorical variables were subsequently used
to establish the relative “risk” {RR} of the presence of viability (sce table 2).

Segments in group 1 (LLS 2 7.2% and UPV 2 8.2 mV) had a 6.5 times higher probability
of being viable than segments in group 4 (LLS < 7.2% and UPV < 8.2 mV).

Discussion

The most important finding of this study is the high predictive value of nonfluczoscopic
mapping as a tool for in-cathlab assessment of viability. We have — for the first time-
identified strong threshold values of LLS (7.2%) and UPV (8.2 mV) that characterize a
subgroup of hibernating myocardial scgments that are likely to be viable. Although the
risk analysis showed that both LLS (RR 2.4} and UPV (RR 4.5) were independently
predictive of viability, a combination of both paramcters showed an even stronger
predictive value (RR 6.5).

This is the first study that demonstrates the possibilities of electromechanical mapping as
compared to dobutamine stress echocardiography to predict recovery of injured
myocardial segments, The correlation of NEM with radionuclide testing in the detection
of reversible perfusion defects is well established.®” Recent studies however have
suggested a preference for dobutamine stress echocardiography for viability assessment
when compared to radionuclide techniques.””*" Indeed, Arnese et al. comprehensively
demonstrated that a specificity of 48% with poststress reinjection *"T1 single-photen
emission computed tomography (SPECT) before surgery induced 4 significant amount of
unnecessary grafting procedures to segments that were decmed viable, but proved not ro
be when reassessed after bypass surgery."® A comparison with DSE may therefore be of
added value to the ongoing search for cut-off values in the electromechanical assessment
of myocardial viability.

The results of our study are somewhat discordant with previously published reports.
Kornowski et al. comprehensively demonstrated that in their population of 18 patients
with symptomatic chronic angina, reversible perfusion defects showed LLS and UPV
values of 10.3% + 3.7 and 12.0 mV = 2.8, respectively.” This discordance may be induced
by the difference in study population, the small amount of patients in both studies or the
differences in sensitivity and specificity between DSE and radienuclide scanning * %
Although the electromechanical mapping technique is not readily available in every
cathlab and is not easy to master, some advantages can be put forward. 1) The
interobserver disagreement in stress echocardiography and radionuclide scintigraphic
techniques may reach up to 2006, the NEM technique is not based on interpretation, but
puts forward clear values of electromechanical properties and may therefore have better
reproducibility and may provide a more straightforward interpretation. Others have
suggested that radionuclide techniques may over- as well as underestimate the amount of

)

possibly recoverable myocardial tissue

In this study, we found significant differences in electromechanical parameters in ischemic
versus non-ischemic segments that showed a normal baseline contraction pattern on
echocardiography. The fact that LLS showed a borderline significant lower value in
segments that proved to be ischemic during dobutamine infusion, could reflect the
minimal changes in regional contraction of the jeopardized myocardium that cannot be
scen using echocardiography but become apparent with NEM. In segments that show
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hypokinesia on basefine echocardiography, UPV was higher in segments that were
ischemic during PYSE. This may reflect the viability that is still present in these segments.

Limitations

The smail number of patients limits us in drawing final conclusions about true cut-off
values for viable and non-viable segments. Also, it may be of importance that in the group
with both low LLS as and low UPV, DSE suggested still 40% of the segments to be viable.
This issue is addressed in the forthcoming DINO study, which will evaluate the
assessment of NEM for predicting recovery of injured myocardial segments as compared
to true recovery after bypass surgery. Last, 40 points may not be enough te adequately map
all myocardial regions.

Conclusion

NEM can predict recovery in injured myccardium when compared to DSE. Both LLS
and UPV have added value in the assessment of viability. Strongly significant cut-off
values for both UPV (8.2 mV'} and LLS (7.2%) are set forward.
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Summary

Direct myocardial revascularization (DMR) has been propesed to treat patients with
severe coronary artery disease who are not amenable for classical revascularization
techniques such as percutaneous coronary intervention (PCI) or bypass surgery (CABG).
Although recent reports suggest its benefit in alleviating the patients’ complaints in the
long term, there is still a paucity of data on the immed:ate impact on regional and global
myocardial functioning following this treatment. In this overview we discuss our own
experience and provide a summary of other data currently available.
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Text

Introduction

Direct myocardial revascularization (DMR} has been proposed to treat patients with
severe coronary artery discase who are ineligible for classical revascularization technigues
due to inappropriate coronary anatomy or due to highly increased risk for re-operation.
The principle of IDMR is based on the direct treatment of the myocardial muscle by
creating channels within the myocardium by mechanic or by thermic injury. Since the very
first experimental application, the technology has been continuously improved. Modern
systems for clinical application create channels by use of laser energy. Currently, two
methods are available: the surgical transmyocardial approach®™, and the percutancous
catheter-based technique™. Although recent data suggest the benefit of both techniques
in alleviating the patients’ complaings ™ ™ information on the immediate impact on
myocardial functioning is still lacking. Indeed, most stadies provide data on the effect on
left ventricular (LV) function 3 """ or 6 months after the index procedure.” ™ The acute
effects on LV function however remain unclear. Perioperative morbidity and mortalicy
after surgical transmyocardial revascularization range up to 50 and 20% respectively,
including a high incidence of congestive heart failure™”. Alse, there is no conformity on
the inclusion of severely discased left ventricles: where in some studies patients were
included with LV ejection fraction (LVEF) as low as 20% ¥ or 25%% ", athers used 30%4"
as cut-off to include patients. In most trials, average LVEF on inclusion was quite high,
ranging between 50 and 609%™ "', sugpesting the inclusion of patients with relatively
good LV function in these trials. For the above-mentioned reasons we felt it important to
unravel some of the mechanisms that lead to these early failures. This overview will
therefore mainly focus on acute effects of DMR on the LV function. In addition, we
provide the Thoraxcenter data on the acute cffects on the left ventricular function before
and immediately after percutaneous DMR in 15 patients treated in our institution.

Thoraxcenter experience

Patients with medically refractory angina and coronary artery disease that could not be
treated with percutancous or surgical revascularization were assigned to undergo
percutancous DMR. They all sutfered severe and diffuse coronary artery disease or did not
have a target vessel or conduit suitable for bypass grafting. All had reversible ischemia as
demonstrated by dobutamine stress testing or radionuclide perfusion imaging. The only
exclusion criterion was a left ventricular ejection fraction lower than 30%. The study was
approved by the Erasmus University Hospiral medical ethics committee, and all patients
signed an informed consent.

Yollowing a diagnostic angiogram, 2 DMR procedure was performed. According to the
preference of the investigator, one of two available systems was used. The Cardiogenesis
system (CardioGenesis, CA, USA) uses biplane fluoroscopy for navigation. The system is
made up by an Axcis aligning 9 F catheter and a Holmium (HO): yttrium-aluminum-
garnet (YAG) single fiber 3307 laser catheter incorporating a tip lens for controlled laser
energy delivery.®” The catheter has nitinol pedals near its tip to prevent deep penetration
into the myocardium. The energy delivered is 2 Joules {J) per pulse for 4 pulses. The
Biosense system (Biosense-Webster, Cordis, a Johnson & Johnsen Company) uses z
recently developed nonfluoroscopic 3-dimensienal clectromechanical mapping technique
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that has been described previously."™" In short, the system is composed of a miniature
passive magnetic field sensor incorporated in a catheter, an external magnetic field emitter
(location pad), and a processing unit. The deflectable-tip catheter containg both a location
sensor proximal to its tip, and standard electrodes that allow recording of unipolar (UPV)
and bipelar (BPV) clectrical signals. The locator pad placed beneath the operating table
consists of three radimtors that generate magnetic fields (5x10° to 5x10° Tesla) that
contain the information necessary to resolve the location and orientation of the sensor in
6 degrees of freedom. As the catheter tip is dragged over the LV endocardial surface, the
system continuously analyzes its location in 3-dimensional space without the use of
fluoroscopy. Chamber geometry is then reconstructed, in real time, using the set of
sampled location points. The system thus allows for 3-dimensional guiding of the laser
catheter to the region of interest. The laser system is a Ho:YAG single-fibre 3007 laser
catheter that delivers encrgy at 2 J per pulse. ™

LVA’s in RAO 30° and LAO 60° were performed using standard techniques™, before and
immediately after the DMR procedure. We assessed regional myocardial function using
the area-length method and the Slager method® and compared treated and non-treated
segments.

Between October 1998 and September 1999, 15 patients were included. Seven patients
were treated with the Cardiogenesis system, and 8 with the Biosense system. Eighty-seven
percent (13/15) of patients were male. Average age was 60 + 9 years. Twelve patients
(80%) were in stable angina class CCS 3 or 4 while 3 patients were unstable. On average,
20 + 3 channels were created, in an average procedure time of 96 minutes = 31. All
procedures were successful, and no complications occurred. The relative decrease in LVEF
was 18% + 10 after DMR, the relative decrease in regional wall motion was 9% = 18 for
the non-treated and 26% + 17 for the treated regions. Further results are shown in the

table.

Table
Number | LVEF LVEF RMW treated | RMW ireated areal RMW non-treated | RM W non-treated
of belore (%) | afier (%) arca before before area before arca after
Channels DMR (%) DMR (%) DMR (%) DMR (%)
{n £8D)

Average 20 65 53 19.80 14.60 16.90 15.60
+5 +11 =10 + 6.40 +5.40 +6.60 + 6.10

Wilcoxon P=0.001 P=0.001 P=0.031

signed

ranks test

The table shows the average number of channels created per patient, the overall left ventricular

Sfunction (LVEF) and the regional (RWM) myocardial function of treated and non-treated areas.
SD: standard devigtion; LYEF: Jeft ventricular giection fraction; RWM; regional wall motion;
DMR: direct myocardial revascularization.
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Effects of Catheter-Based Direct Laser Myocardial Revascularization on Regional
and Global LV Function: The U.S Experience

Transthoracic echocardiography was performed within 24 hours before left ventricular
{LV) mapping guided DMR, within 24 hours after the procedure and again at one month
m 77 patients enrolled into the Biosense TM DMR phase 1 safery and feasibility study
conducted in the U.S. There was no change in average measured LV ejection fraction after
DMR or during follow up (48£12% post procedure, 46£11% at one month vs. 48+11% at
baseline, P=NS for both comparisons).”? Regional wall motion was assessed by
transcsophageal echocardiography (TEE) in a sub-study that included 10 patients
undergoing catheter-based DMR using a Ho:YAG laser before and immediately after the
procedure.® Mild deterioration in wall motion score occurred in only 3/160 (1.9%)
segments carefully assessed by TEE and did not induce clinical heart failure. Overall, there
was no change in wall motion score index after laser myocardial revascularization

(0.7420.98 before versus 0.76+0.98 after DMR, p=0.3).%%

Discussion

Our experience suggests that myocardizl function immediately following DMR is
impaired, causing a decrease in LVEF. These data are consistent with findings of animal
studies thar clearly show an acutely reduced global LV function after DMR.®“*” Gassler
ct al. showed that transmyocardial laser revascularization causes acute irreversible damage
of tissue surrounding the laser channcls, creating neerosis up to 2 mm from the laser
application site®, Even beyond this zone, irreversible damage may occur.® The damage
thus incurred may in part explain for the decrease in local myocardial function.

Data on the immediate impact of surgical and percutaneous DMR are scarce. Recently,
Hughes et al. reported the incidence and spectrum of perioperative morbidity and
mortality in 34 patients treated with surgical DMR.%” In their study, baseline LVEF was
50 + 9% (assessed with radionuclide techniques). Perioperative morbidity was 47%,
perioperative mortality 6%. No immediate post-intervention assessment of LVEF was
performed, but the authors carefully examined all adverse events in the postoperative
period. Fwo patients died as a result of perioperative myocardial infarction. It is however
of interest that 29% of the patient population suffered an episode of congestive heart
failure (CHF) in the immediate postoperative period. Preoperative presence of unstable
angina was the only predictor for perioperative death, while lack of experience and the
absence of furosemide infusion were the sole predictors of morbidity. The authors suggest
that the use of IV furosemide in the immediate postoperative period might reduce the
incidence of myocardial edema caused by laser injury of the myocardium, thus reducing
the incidence of diastolic failure and CHE.®" The same group very recently reported on
the acute effects of surgical DMR using holmium: YAG and carbon dioxide laser in the
swine. They comprehensively demonstrated the increase in myccardial water content and
thus impaired diastolic relaxation possibilities of lased myocardial regions, suggesting a
possible mechanism of increased incidence of perioperative morbidity following DMR.®*
Aaberge ct al. recently reported an incidence of CHF of 35% after surgical DMR. At 3
and 12 months however, no significant change in LVEF was reported. Lutter et al.
reported on 7 patients with LVEF <35% treated with surgical DMR. Swan Ganz catheter
examinations showed deterioration of LV-function after laser revascularisation
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intraoperatively and improvement after 2 h and further after 6 h. (31} In this study, final
outcome was favorable possibly due to the use of intrasortic balloon pumping, as
suggested by the authors.®?

Although our preliminary findings suggest no acute beneficial effect on LV function,
myocardial laser revascularization has shown to improve anginal status in a subgroup of
patients that were not amenable for classical revascularization procedures.® ' 16 42
Recently, three randomized trials showed improvement in clinical status in DIVIR-treated
patients six to twelve months after the index procedure®™ ™. Whether this treatment also
mmproves myocardial perfusion, or global LV function, however remains to be proven,
Current literature shows conflicting reports; while some zuthors suggest increase in LV
function®”, others have found no change™ or even decrease™ * in the long run. These
discrepancies may be explained by differences in duration of follow-up, in LV assessment
methods,"” differences in LV function assessment or differences in baseline LVEF, Nagele
et al. recently showed that patients with lower LVEF at baseline had worse long-term
outcome after laser revascularization™. Qur results may — for the first time — elucidate the
basis for these findings. The decrease of LV funcrion immediately following DMR may
well be the pathophysiological basis for the high incidence of CHF in the periprocedural
era. Indeed, if an acute decrease in left ventricular performance immediately following
DMR is to be expected, one can apprediate the reluctance one has to generate in treating
patients with low baseline LVEF. On the other hand, recent data on percutaneous
catheter-based DMR suggest no detrimental immediate effect on the left ventricle *"*

Conclusion

Although DMR can causes acute decrease of the LV function, most studies suggest that
there is no detrimental effect in the long term. Also, recent data from other centers suggest
that percutaneous DIMR may not be so detrimental in the acute phase as the findings in
our patient group suggest. It however remains troublesome that up to 45% of patients may
experience an adverse event in the immediate post-intervention era. Therefore, one must
be careful when performing myocardial laser revascularization in patients with a low
{<30%) baseline LVEF. Prolonged observation in a coronary or intensive care unit, the use
of intraaortic balloon pumping and the use of high dose IV furesemide may be warranted.
Whether percurancous DMR will prove to be safer than surgical DMR, remains to be
shown,
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A 60-year-old man was referred to our intervention laboratory for direct myocardial
revascularization (DMR). He had received maximal medical therapy and had undergone
coronary bypass surgery 10 years earlier, and his peripheral coronary anatomy was now
found to be unsuited for surgical revascularization. In addition, the lesions on coronary
angiography proved to be unfit for percutaneous revascularization. Consequently, a DMR
procedure was performed. We used the NOGA nonfluoroscopic electromechanical
mapping system (Biosense-Webster) as a guidance tool to deliver laser energy at the exact
target locations. The system has been described previously.™”

In the Figure, A shows the local linear shortening (LLS) map in the left anterior oblique
view and its corresponding bull’s eye view (A9) at baseline. The map is color-coded (see
color bar in B), ranging from red (LLS, 2%) to purple (LLS. 11%), with red zones thought
to delineate akinetic zones and purple normokinetic zones.” The bull's eye view shows
basal (outer circle), mid, and apical (inner circle) regions of (clockwise from top) the
anterior (small A), lateral (L), posterior (P), and septal (S) segments. In the picture, the
low LLS values in the basal and mid portions of the posterior and lateral segments can be
seen (21.4%, 22.5%, 2.2%, and 4.1%, respectively). Because the unipolar voltage map
suggested viability, these regions were thought to be eligible for DMR. B and B9 show the
LLS map after the DMR procedures, with the brown tags showing the precise locations
of the laser energy applications. Similar LLS values in this region support the belief that
regional wall motion improvement can be expected only after a certain time delay and not
immediately after DMR. The control map taken at 6 months is shown in C and C9. The
improvement of regional wall motion can easily be appreciated in C. Indeed, the
posterolateral zone, formerly colored red, is now green-blue, suggesting increased LLS
and thus improved wall motion. The bull’s eye shows increases in LLS of 2.9%, 7.1%,
4.3%, and 7.2% for basal and mid portions of the posterior and lateral segments,
respectively (average increase, 4.8+3.3%). This case suggests, for the first time, a local
shortening increase as a function of left ventricular wall motion improvement 6 months

after a DMR procedure.
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ABSTRACT

Background. Percuraneous transendomyocardial injection with an injection catheter is a
new drug delivery method for e.g. therapeutic angiogencsis. Little 1s known about the
efficacy of this drug delivery technique. We studied efficieacy and retention of
transendomyocardial injections with 2 NOGA guided injection catheter system by using
scintigraphy with radio-labeled model drugs.

Methods. Ten non-ischemic landrace pigs were used. In cach animal 2-3
transendomyocardial injections were performed using a 3-D mapping based catheter
system called NOGA. As a model for proteins like angiogenic growth factors or particles
like microspheres or adenovirus we used 99mTe labeled albumin and 99mTc labeled
colloid albumin, respectively. Efficiency of the injections and retention of the
transendomyocardial deposited substance was evaluated by a gamma camera during and
after injection of 0.1 or 0.2 ml.

Resujes, All 29 injections showed scintigraphic proof of intramyocardial deposition. The
average injection efficiency of all 29 injection was 26 + 23%. The average injection
efficiency of 0.1 and 0.2 ml injections were 33 = 30% (n=8} and 24 + 20% (n=21),
respectively (p=0.33). Intramyocardial retention curve of albumin showed a rapid wash-
out within the first 2 hours of the injection, whereas the retention of colloid albumin
showed no decrease,

In conclusion, transendomyocardial delivery of proteins and particles with an injection
catheter show favourable efficiency rates, however the retention time of intramyocardial
deposited small proteins like aibumin is short. This may indicare the need for sustained
release systems of angiogenic growth factors for intramyocardal injection in therapeutic

angiogenesis.
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INTRODUCTION

Chronic myocardial ischemia caused by coronary artery stenosis or occlusion has been
shown to increase growth of the coronary collateral circulation. Vascular growth factors,
like some isoforms of Vascular Endothelial Growth Factor (VEGF), Fibroblast Growth
Factor (FGF) or Platelet-derived Growth Factor (PDGF) are important modulators in
the complex process of collateral artery formation.”® Animal studies have proven the
feasibility of enhancing collateral function by delivery of these angiogenic factors
(cytokines) to the myocardium.®. Currently, therapy by applying vascular growth factors
or genetic material that encodes for these anglogenic factors {therapeutic anglogenesis) is
under clinical evaluation. Besides the method of delivery i.e.: growth factors, naked DNA
(plasmids) or viral transfection of genctic material, also duratien and route of
administration of the angiogen:c factors are important variables for the efficiency, efficacy
and safety of the therapy.®

Intramyocardial delivery of angiogenic drugs by transendomyocardial injection with an
injection catheter is a novel administration route. Little is known about the efficiency of
this percutaneous transendomyocardial injection technique as well as the retention time of
the injected substance in the myocardium. Thercfore, we investigated the efficiency and
the retention time of percutaneous intramyocardial injected radio-labeled proteins with a
new injection catheter system.

METHODS

Animals. Ten landrace pigs (weight 36-62 kg) were pre-medicated with Ketamine (25
mg/kg i.m.), anesthetized with pentobarbital (10 mg/kg per hour i.v.) and ventilated with
a nitraus oxide/ oxygen mixture (2:1). Catheterization was performed through a 8 F
sheath in the right femoral artery. During the procedure arterial blood pressure and ECG
were monitored. All experiments were performed in accordance with the “Guiding
Principles in the Care and Use of Laboratory Animals, as approved by the American
Physiological Society and with prior approval of the Animal Care Committee of the
Erasmus University Rotterdam.

Material. Analog to the local drug delivery studies in the coronary artery by our group
we investigated the efficiency and retention time of intramyocardial injected drugs with
scintigraphy. As a model for vascular growth factors we used human scrum albumin
(HSA) coupled to Technetium (99m'T'c}, using the TechneScanR HSA kit (Mallinckrodt
Medical BY, Petten, The Netherlands). Albumin is like the vascular growth factors a
protein with a comparable molecuiar size (Albumin 69 kilodalton (kDa), VEGF165 49
kD, FGF-2 between 18-24 kDa and PDGF between 28-34 kDua). Furthermore, as a
model for much larger molecules (macroaggregates of growth factors) or particles
{microspheres or adenovirus) we used human albumin microcolloidal particles (ALBU-
RESR, Amersham Sorin S.r.l. Saluggia, Ttaly) coupled to Technetium (99mTe). The size
of the microcolloidal particles range between of 0.1 - 3.0 micrometer, whereas the size of
an adenovirus is .13 micrometer and microspheres can range between 1.0-10 micrometer.
Labeling procedure. 99mTe-HSA and 99mT¢-colloid albumin were prepared by adding
2 ml 0.9% NaCl with 99mTe of 92.5 MBg/m! (Mallinckrodt Medical, Petten, The
Netherlznds) to the TechneScanR HSA-kic or the ALBU-RESR kit, respectively. After
the substance was homogenized, labeling efficiency of 99mTe-HSA or 99mTe-colloid

(7,8
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albumin complex was measured using the Instant Thin Layer Chromatography (ITLC)
method (Gelman Sciences, Ann Arbor, Michigan, USA). Activity was measured by a
Veenstra CRC-100 dosiscalibrator (Veenstra Instruments BV, Leeuwarden, The
Netherlands). The average labeling efficiency of all labeling procedures was 98.3 + 2.3%.
Injection procedure. After a left ventricle angiogram, a NOGA map of the left ventricle was
obtained with an electromechanical mapping system (Biosense-Webster, Waterloo,
Belgium). As described previously™'”, the electromechanical mapping system uses (1) a
triangular location pad with 3 coils generating ultralow magnetic field energy, (2) a
stationary reference catheter with a miniature magnetic field sensor located on the back of
the animal, (3) a navigation sensor mapping catheter (7F) with a deflectable tip and
electrodes providing endocardial signals and (4) a workstation (Silicon Graphics,
California, USA) for information processing and 3-dimensional LV reconstruction. After
the NOGA map, the 7 F mapping catheter was changed for an 8 F injection catheter
(Biosense-Webster, Waterloo, Belgium). The injection catheter consisted of a
combination of an electro-mechanical mapping catheter and needle injection catheter

(figure 1).

Figure 14 3 B

This figure represents the Biosense injection catheter (A) and catheter tip (B). The catheter hasa 7 F
shaft with a distal active deflectable tip of 8 I The tip consists of an e!ecn'omagnc!it sensor, a ring
and tip electrode and the housing of a 0.014 x 0.009 inch extendable nitinol needle. At the proximal
end aof the catheter the nitinol shaft is connected with a luer lock fitting for a syringe.

Through a nitinol tubing, that was connected with an extendable and retractable needle
at the distal end of the catheter, drugs could be administered. The injection catheters used
had a fixed needle length of 4.5 mm.

The NOGA map served as a guide for positioning the injection catheter perpendicular
against the endomyocardium at different locations in the left ventricle (figure 2).
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Figure 2

Example af NOGA™ catheter position perpendicular to the basal anterior of the left ventricle wall
(white arrowhead). The figure shows the right superior oblique (A) and the left anterior obligue (B)
view of the left ventricle in a unipolar voltage map. The color coding to the right shows the voltage
range: b/zm-pm'})/.:' indicates normal myocardium ( high -vo]mge, > 14 mV'); red indicates infarcted
tissue (low woltage, <6 mV).

The endomyocardial voltage signal indicated endomyocardial contact and location

stability and loop stability of the NOGA system 11 indicated a stable position of the

cathetertip against the endomyocardium during the cardiac cycles. In order to ensure that

all individual injections were done at a single site, a four step injection protocol was used.

1. After a stable catheter position against the target zone was obtained a NOGA point
was taken and tagged.

2. After extension of the needle a second NOGA point was taken and tagged.

3. After injection, a third NOGA point was taken and tagged.

4. Finally, after retraction of the ncedle location of the cathetertip was identified by a
tagged NOGA point.

During all injection procedures, the endomyocardial position of the cathetertip remained

unchanged. Figure 3 illustrates the injection sites and tagged NOGA points during the

injection procedure.
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Figure 3

Figures A and B represent the NOGA local activation map of the left ventricle of one of the pigs in
Jrontal and right oblique view, respectively. The three areas with the colored dots indicate the three
injection sites. Each injection site has four colored dots according to the used injection procedure. No
shift in endomyocardial position of the injection cathetertip was noted during the injection procedure.

All injection catheters were pre-loaded with the 99mTe-HSA or 99mTe-colloid albumin
with a 1 ml syringe with a luer lock fitting attached to the injection port of the injection
catheter. After the pre-loading procedure, the distal end of the catheter was cleaned in
order to prevent contamination of 99mTc outside the injection compartment. After
positioning of the catheter at the injection site, 0.1 or 0.2 ml 99mTe-HSA or 99mTe-
colloid albumin was manually injected in 20 seconds. After each injection procedure the
catheter was retracted and the needle injection system cleaned and checked. Thereafter,
the catheter was advanced and positioned in the left ventricle again for another injection
at a different site.

Scanning pracedure. Before injection the radioactive activity of the syringe with the injected
substance was measured on the gamma camera (t=0) in order to recalculate the activity in
time during the experiments. During and 2-4 hours after the injection counts per region
were acquired by the mobile gamma camera (Cardiac, Siemens, Erlangen, Germany) close
above the chest in an anterior-posterior projection. Scintigraphic data was stored on a
PDP 11/34 computer system (Digital). During the injections, dynamic scans of 60 frames
per 2 seconds were obtained in order to visualize direct systemic loss of the injected
substance. After the injection at regular intervals 1 minute scans were acquired. At the end
of the experiment a scan after thoracotomy was performed in order to calculate the
attenuation by the anterior chest wall (sce appendix). The average attenuation correction
factor was 1.36 + 0.18.

After the animals were sacrificed, the hearts were excised and inspected macroscopically.
The injection regions were easily identified as “hot spots” on the gamma camera.
Definition. Efficiency of the injection was defined as the percentage of the amount injected
that showed an intramyocardial deposition at 1 minute after the injection. The efficiency
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was calculated by measuring the counts of the “hot spot” on the gamma camera during the
first minute after the injection and dividing this by the expected counts of the total
injected substance (0.1 or 0.2 m!) for that time period. Retention was defined as the
percentage of the intramyocardial deposition in time. The retention was calculated as the
counts of the “hot spot” on the gamma camera in time and compared to the counts of the
“hot spot” at one minute after the injection. Efficicncy and retention of all injections were
corrected for the decay of the 99mTc in time and the attenuation of the anterior chest wall
(sce appendix).

Statistics. All values are presented as mean * standard deviation. Comparison of efficiency
between the 0.2 and 0.1 m! injections was done with a double-sided student-t test. A p
value less than 0.05 was considered statistically significant.

Resuirs

A total of 29 injections were done in 10 animals. All 29 injections showed scintigraphic
proof of intramyocardial deposition. The average injection efficiency of all 29 injection
was 26 * 23%. The average injection etficiency of 0.1 and 0.2 ml injections were 33 + 30%
{n=8) and 24 * 20% (n=21), respectively (p=0.33)(figure 4).
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Figure 4

This figure represents the percentage efficiency of the 0.2 and 0.1 m/! injections. The 0.2 and 0.1 ml
wnjections had an average injection efficiency of 24 £ 20% and 33 + 30%, respectively,

The injection efficiencies between albumin and colloid albumin injections were 23 + 19%
and 30 + 30% (p=0.46).

Intramyocardial retention of albumir showed a rapid wash-out within the first 2 hours of
the injection, whereas the retention of albumin-colloid showed no decrease after a small

initial drop-off (figure 5).
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Fagure 5
This figure represents the retention time of the intramyocardial deposited 99m Te-albumin (v) and

99m Te-colloid albumin (1), After 2 hours 23 + 9% and 82 + 10% of the initial deposited amount of
99m Te-albumin and 99m T-colloid albumin, respectively, was stilf present at the injection site.

During 8 injection procedures, a backflow of injected substance could be identified on the
dynamic acquisition scan (figure 6}.

Figure 6

This figure represents 16 frames of 2 seconds each during the dynantic scan acquisition af the fine of
orte of the injections. At frame number 9 a “hor spot” emerged, indicating an intramyocardial
deposition (small arrow). From frame 9 to frame 14 bockflow of the injected subsiance during the
infection procedure is noted into the left ventricle cavity (arvow beads). Simultaneously, background
acrimity tnereased during and after Hhis injection,

In all these 8 cases the injection efficiency rates were Iess than 30% and were mainly
observed in the 0.2 ml injections (n=7}.
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No sustained ventricular thythm disturbances or other hemodynamic changes occurred
during or after the injections. Furthermore, myocardial perforation was not noted either

scintigraphically or macroscopically.

Discussion

This study reports on the efficacy of a novel intramyocardial drug delivery method, using
a non-flucroscopic guided transendomyocardial injection catheter system. Analog to a
previcusly described scintigraphic method” ¥, cur stiedy shows that the average cfficiency
of an transendomyocardial injection with this catheter system is 26 + 23%. Furthermore,
we show that intramyocardial retention after transendomyocardial injection of small
proteins like albumin is short compared to the stable retention rates of small particles like

colloid-albumin.

The obtained efficiency rates in this study seem to be better compared to the low
myocardial recovery rates of 0.5 and 3-5% that were obtained after intravenous or
intracoronary administration of 1251 labeled basic FGF as shown by Lazarous et al.!'
using an autoradiography method.

In our study, we noted a wide range in efficiency of the injections. Although our injection
protocol showed that during the injection procedure the cathetertip did not change its
endomyoccardial position, still a {arge variation in injection efficiency existed between
2 and 93%. This was probably caused by insufficient penetration of the needle into the
myocardium or by rapid loss of injected substance out of the injection site. As shown in
figure 6, in 28% of the injections we observed a backfiow of the injected substance during
the injection. This backflow was probably along the needle shaft inte the left ventricle
cavity, as only low injection efficiency rates and increase of background activity were noted
together with this observation. This phenomenon is likely to occur whenever the pressure
at the deposition region is high for instance after a high volume dose injection and perhaps
at regions with non-compliant tissue characteristics like a scar. Furthermore, rapid loss
from the injection site may also be augmented by the myocardial contractions.

Another observation in our study was the difference in retention between albumin as
model for small proteins like growth factors and colloid-albumin as model for small
particles, like adenovirus or microspheres. The consistent intramyocardial retention of
colloid albumin, in contrast to the rapid wash out of albumin, is probably explained by the
pliysical properties of the colloidal particles. Prue to their sizes, the colloidal particles are
likely to be lodged between the myocardial musele cells, whereas small proteins ke
albumin are likely to dissolve quickly mnto the extracellulair fluid compartment. Another
possible explanation for the difterence in the retention time is the gradual loss of substance
through the neck of the injection channel, which is {ikely to be faster with small proteins.
We noted some helpful properties of the NOGA system during the injection experiments.
1. The 3-B NOGA map functioned as a cast of the left ventricle and gave an indication

whether the cathetertip was in endomyocardial contact.
2. Firm endomyocardial contact was confirmed by the endomyocardial ECG signal from
the cathetertip electrode.
3. Perpendicular positioning of the cathetertip against the endomyocardium was assessed

by looking at the NOGA map from different angles.
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4. The system allowed accurate spatial positioning and tagging of the injection sites with
no or little use of fluoroscopy. Apart from the above mentioned procedural advantages,
the electro-mechanical assessment of the left ventricle by the NOGA system has also
the potential to direct the injection therapy towards on-line identified viable myocardial
regions™”,

All the injections showed scintigraphic proof of intramyocardial deposition without any

adversary event. This is consistent with the observations of Kornowslki"” and also of Vale

et al"? that this percutaneous transendomyoccardial injection technique is a safe and a

reliable drug delivery method.

Limitations: First, a major llimitation of the study is the use of 2 model drug for evaluation

of the intramyoccardial retention. The model drugs used in our study disregard the cell

receptor binding capacity of angiogenic growth factors. Therefore, it 1s likely that the use
of receptor binding cytokines will show a longer retention time. Second, the needle length
of the injection catheters in our study was fixed at 4.5 mm. We noted a gradual decrease

(0.5-1.0 mm) in needle length after one or more injections. Although, little is known

about the influence of the needle length for intramyocardial drug delivery, we believe that

a needle length of less than 4.5 mm results in less efficient injections. Therefore, new

injection catheters were used for cach animal and when the needle length was less than

3.5 mm. Probably, the small variation in needle length can also explain in part the

variation in efficiency of the different injections, Third, scanning with the gamma camera

was done in one plane (anterior-posterior), therefor scintigraphic evidence of backflow of
the injected substance during the injection could have been missed when the catheter tip
was coaxial towards the scanning plane.

In conclusion, transendomyocardial delivery of proteins and particles with an injection

catheter show favourable efficiency rates, however the retention time of intramyocardial

deposited small proteins like albumin is short. This may indicate the need for sustained
release systems of angiogenic growth factors for intramyocardal injection in therapeutic
anglogenesis.
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Appendix

Activity at time (x) was calculated according to the following formula:
A(X) - A(O) o093 b 120090

Alx) = Activity at time x minutes after calibration

A(0) = Activity at time of calibration

t(x) = time in minutes after calibration

£(1/2)"Tc = half life time of *™Technetium (360 minutes)

Attenuation of the anterior chest wall was calculated according to the following formula:

A(x) corrected = Alx) . [A(xy) open chest / Axq) closed chest]
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INTRODUCTION

Nonfluoroscopic clectromechanical mapping {(NOGA™, Biosense-Webster, a Johnson &
Johnson Company) is a recently developed technique that enables the acquisition of on-
line information on electrical and mechanical endoventricular functioning of myocardial
tissuel. The rationale of this new technique is of two kinds. First, no currently available
in-cathlab method can distinguish viable from non-viable myocarditum. Accepted
techniques as radionuclide scintigraphy and dobutamine stress echocardiography may not
be readily available, and can only be performed out of the cathlab. Second, applications
such as myocardial laser revascularization or intramyocardial gene-injection may prove
cumbersome when performed using echocardiography or fucroscopy with only two-
dimensional projections available on-linel. A major pitfall in these is indeed the inability
to accurately associate the two-dimensional positioning with a specific endocardial site. It
has been shown previously that localization of the recording sites with fluoroscopy is
1naccurate, cambersome, and associated with high x-ray exposure for both the patient and
the physician”’. Although clinical application of on-line 3} echocardiography and
magnetic resonance imaging are underway, until recently no technique for real-time three-
dimensional guiding of intervention tools and assessment of myocardial electromechanical
functioning was available. Indeed, nonfluoroscopic electromechanical mapping has
become the first navigation technique to accurately determine the trajectory of a tool
inside the human heart, to guide the interventional device to a specific site, and to
meticulously couple functional and anatemical properties®.

In this overview, we shall describe the NOGA™ system components, the left ventricular
mapping technique, the current experimental and clinical data available, the ongoing trials
and the possible future applications of this technique.

The system

The system exists of a mapping catheter, a magnetic field emitter, a data acquisition unit
and a workstation. The deflectable-tip catheter (NOGA-STAR™, Biosense-Wehster, A
Johnson & Johnson company) contains both a location sensor just proximal to its tip, and
standard electrodes that allow recording of unipolar {unipelar voltages, UPV) and bipolar
(BPV) electrical signals.

The locator pad placed beneath the operating table consists of three radiators that
generate low magnetic field energy (5x10° to 5x10* Tesla}). This way, the system is
provided with the information necessary to resolve the location and orientation of the
catheter-sensor in 6 degrees of freedom (figure 1).
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Figure 1

Close-up of the catheter tip (left). The exact
location in three different degrees of freedom
pitch, roll and yaw) can be appreciated
throughout the procedure; at the start of the
procedure, a “calibration” has to be performed
in order to know the color coding of the
different orientations of the catheter. In the
Srgure (right), for instance, the green color
could be the upper side of the catheter.

The amplitude, phase and frequency of the emitted magnetic signals recorded by the
location sensor allow the computer algorithm to solve a number of complicated algebraic
equations yielding the location (x, y and z) and orientation (roll, pitch and yaw) of the
sensor. The NOGA™ processing unit consists of a computer that updates the acquired
information in real-time, and a Silicon Graphics work station that displays the 3D left
ventricular endocardial reconstruction (figure 2).

Figure 2

The system’s components. (A) shows the different components of the work station, with the Silicon
graphics computer and the monitor displaying a NOGA™ map. (B) shows the system incorporated in
a moveable cart, with on the right a cart with the cable connecting board visible underneath the

meonitor.

The operator chooses whatever view he wishes to work with during point acquisition, can
add a second view in a separate window, and can change views whenever he wishes to do
50, during the mapping procedure. Besides electrical activation maps, minimum voltage
maps (showing uni- or bipolar voltages), local shortening maps, and bull’s eyes views, a
variety of other features are provided by the system. A full length description however
would lead us to far.
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Definitions and acronyms

Doint loop stabrifity. measures the maximum of distances between the locations of the
selected point in two consecutive heart cycles, Low point loop stability indicate a
reproducible catheter movement trajectory.

Cycle length (CL) stabifity: the difference between the length of the current cycle and the
average of the last 100 cycles recorded.

Local activation time (LAT) stability: measure of how stable the LAT is between cycles,
Reliable points show a LAT variation of <3ms,

Location stability: 2 measure of the variability in position of the catheter tip on the
endoventricular wall during two consecutive cardiac cycles.

Triangle fill threshold: by setting a “triangle fill threshold” value, the operator chooses the
minimum triangle size for which the program will close a face on the reconstructed
chamber. This feature allows the operator to determine the degree to which the system
will interpolate berween actual data points and will ensure that a minimal level of point
density will be met at each mapped region. Usually an interpolation threshold of 30 mm
between adjacent points is taken™.

Inmer points filfering: comnputer algorithm that removes points thought to be located inside
the ventricular lumen (and not on the ventricalar wall) or on a papillary muscle. The
algorithm calculates relative position of points as compared to at least three neighboring
ones and is therefore able to remove these contending points,

Local finear shorfening (LLS): The local linear shortening assessment is based on the
assumption that in healthy myocardium any two points move closer to each other during
contraction. Measurement of distances between neighboring points is therefore the basis
for calculation of myocardial shortening. The computer algorithm takes into account the
density of points around a point p, and gives a negligible weight to points too close
(sampling noise) and points toe far (of no influence as they provide non-local
information). The algorithm for regional linear shortening is calculated as follows: for any
two points on the map, 1 and j, LS is calculated as the change in distance between these
two points from end-diastole to end-systole, nermalized for the length at end diastole:

LLSjj = (L(ED}; - L(ES)ij)/ L(ED)jj

For any point p LLS is calculated as a fanction of the LLSpj, for all points j=1 to n on the

map, so that
LLSp= (Sj=1..n Wpj (L(ED)pj)x LLSpj ) / Sj=1..n Wp;,

where W is the weight of a certain point as a function of the distance Lij between two
points i and j, the average distance D around point p (D is defined in the computer
algorithm as the average distance of the ten closest points to p) (figure 4) and the volume
V at end-diastole. The weight is therefore function of the point density in a defined
region, the volume of the heart and the distances between points at end-diastole.
Unipolar Voltages (UPV): The maximum peak-to-pezk voltage (expressed in mV) of the
intracardiac signal measured at the tip of the mapping catheter. This unipolar recording
may identify subtle changes in the local myocardial volrages.

Bipolar Voltages (BPV): Maximum peak-to-peak voltage of the cardiac signal measured
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at the catheter tip and the catheter ring (located more proximally). Although it has been
hypothesized that BPV, as it is less likely to be influenced by contact stability and “far-
field” potentials, may be more accurate than UPV, only UPV is currently being used in the
electromechanical assessment of the left ventricle. Possibly, future studies can clucidate the
importance of BPV measurements.

The 3D mapping procedure

The mapping catheter is introduced through a 7F or 8F femoral sheath. Prior to the actual
mapping procedure, heparin is given intravenously (5 to 10,000 TU); additional heparin is
given to maintain an activated clotting time (ACT) above 200s. A reference catheter is
applied to the back of the patient. A mapping catheter is then inserted into the left
ventricle. The location of the tip of the mapping catheter while inside the heart is gated
to end diastole and is recorded relative to the fixed reference catheter, thus compensating
for subject motion™.

As the catheter tip is dragged over the LV endocardial surface, the system continuously
analyzes its location in 3-dimensional space without the use of fluoroscopy. The set of
points thus collected comprises an irregularly sampled data set of location points that are
members of the endocardial surface. Chamber geometry is then reconstructed, in real

time, using the set of sampled location points (figure 3).
Figure 3

Dragging of the catheter (Cath)
throughout the wventricle with
acquisition of electromechanical
information.  The — mapping
information is superimposed on
anatomical information in this
Sigure. Ao denotes the ascending
aorta, AoV is the aortic valve, LV
is the left ventricle, PapM is a
papillary muscle, and Ap is the
apex of the left ventricle.

The endocardial surface is presented as a set of polygons (triangles) whose vertices are the
sampled points. The local activation time (LAT) at each site is determined as the time
difference between a selected fiducial point on the body-surface ECG and the steepest
negative intrinsic deflection in the unipolar intracardiac electrogram (filtered at 0.5 to
400 Hz) recorded from the tip of the mapping catheter. The activation map is color coded
and superimposed on the 3D chamber geometry. The center of mass of the reconstructed
chamber is automatically calculated from the set of the surface points, The volume of the
chamber can be calculated from the sum of the volumes of all tetrahedrons constructed
when connecting the center of mass to all triangles forming the reconstructed surface®.
Thus, left ventricular end-diastolic (LVEDV) and end-systolic (LVESV) volumes, stroke
volume (LVEDV-LVESV) and ejection fraction (LVEF, SV/LVEDV) can be calculated
and displayed (figure 4).
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Figure 4

Example of a normal map. (A) demonstrates the maximum wvoltage map (UPV) in the right anterior
oblique (RAQ) position. The color bar on the right shows the color coding ranging from red (< 6.0 mV)
to blue-purple (2 14.0 mV). (B) shows the local linear shortening (LLS) map in the same RAO view.
The color bar ranges from red (LLS < 2.0%) to blue-purple (= 11.0%). (C) shows the bull's eye view
of the unipolar voltage map as displayed by the system. The numbers displayed are the absolute UPV
values, with the percentages of the maximum values in brackets. Four regions (clockwise from top:
anterior (A), lateral (1), posterior (P) and septal (S)) are each subdivided in 3 segments (apical, mid
and basal), dividing the whole map in twelve segments. (D) shows the bull’s eye view of the LLS
map. (E) and (F) show the bipolar map and its bull's eye view, respectively. (G) shows the volume-
time curve, with the blue markers denoting minimum and maximum volumes. (H) shows the loop
stability histograms; the average value of 1.27 mm indicates a reproducible catheter movement
trajectory.

The stability of the catheter-to-wall contact is evaluated at every site in real time, and

points can be manually deleted from the map if 1 of the following criteria is met:

(1) a premature beat or a beat after a premature beat;

(2) location stability, defined as a difference of >4 mm in end-diastolic location of the
catheter at 2 sequential heartbeats;

(3) loop stability, defined as an average distance of >4 mm between the location of the
catheter at 2 consecutive beats at corresponding time intervals in the cardiac cycle
(figure 4);

(4) cycle length that deviated >10% from the median cycle length;

(5) different morphologies of the local ECG at 2 consecutive beats, or severe ST-elevation
of the intracardiac electrogram depicting excessive myocardial impression by the
mapping catheter;

(6) local activation time differences of >3 ms between 2 consecutive beats;

(7) different QRS morphologies of the body surface ECG;

(8) inner point location;

(9) adjacent points closer than 5 mm;
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(10) points not refated to the left ventricle {such as atrial location)™.
The moderate filtering algorithm incorporated in the system covers most of these issues.
A normal map 1s shown in figure 4.

Experimental and clinical studies

The initial validation studies of the mapping system were reported by Gepstein et al.?
These authors first tested the in vitro accuracy of the locatable-catheter capabilities, By
using a test jig with several holes at precise known distances from each other, they showed
that repeated mcasurcments of the location of one specific site differed 0.16 mm
maximally, and that distances between specific points were cqually highly reproducible
{mean error 0.42 mm). Also, the intracardiac electrical signal from the locatable catheter
was found to correlate highly with the signal acquired using a standard nonlocatable
clectrophysiological catheter placed in the immediate vicinity of the mapping catheter
(cross-correlation = $.96 * 0.01). In the same study, they tested the reproducibility of
measurements performed on the beating pig’s heart. Again, standard deviation (SD) for
measurements at the same site were low (0.74 + 0.13 mm)}, and the overall mean error of
distances measured inside the body (through the use of a long sheath with markers every
10 mm) proved to be low (0.73 + 0.03 mm}*. Furthermore, Gepstein and colleagues found
a consistent activation pattern of the left ventricle in pigs. During ventricular pacing, the
earliest site of activation was at the site of pacing. During sinus thythm, the carliest site
of activation was on the superior part of the septum. Invariably, the latest site of activation
in both rhythms was on the left lateral wall close to the mitral valve annulus. The total
activation time of the left ventricle varied between 40 and 80 ms during sinus rhythm and
between 57 and 87 ms during paced rhythm®.

In a second series of validation studies by the same group, volumetric measurements of rest
jigs and pig ventricles were analyzed*. Phantom objects with known volumes showed that
the measured volumes were very close to the actual volumes, with an average deviation of
about 2.7%. Measurements of LV casts (with a more difficult anatomy) showed an average
deviation of 9.6%. , with a correlation r=0.94 with the actual volumes. Measurements of
volumes in a dynamic test jig showed high accuracy with known volumes, deviating only
1.4,0.7, 6.0 and 5.2% for maximal volume, minimal volume, SV and EF respectively™. In
12 pigs tested in this study, the intra- and interobserver variabifity proved to be very low.
Also, SV measurements acquired with the mapping system proved to be highly correlated
with thermodilution cardiac output measurements (see also figure 7, chapter 1)

As further validation of the system as a tool for the assessment of local left ventricular
function, Gepstein et al. acquired the left ventricular electromechanical regional properties
in 11 dogs with chronic infarction (4 weeks after ligation of the proximal L.AD) and
6 controls and compared them: to the pathology results. Average endocardial local
shortening (LS, measured at end systole and normalized to end diastole) and intracardiac
bipolar electrogram amplitude were quantified at 13 LV regions. Endocardial LS was
significantly lower at the infarcted area (1.2+/-0.9%, P<0.01) compared with the
noninfarcted regions (7.2+/-1.1% to 13. 5+/-1.5%) and with the same area in controls
(15.5+/-1.2%, P<0.01). Average bipolar amplitude was also significantly lower at the
infarcted zone (2.3+/-0.2 mV, P<0.01) compared with the same region in controls
(10.3+/-1.3 mV) and with the noninfarcted regions (4. 0+/-0.7 to 10.2+/-1.5 mV, P<0.01)
in the infarcted group. Also, the electrical maps could accurately delineate both the
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location and extent of the infarct, as demonstrated by the high correlation with pathology
(Pearson’s correlation coefficient=0.90) and by the precise identification of the infarct
border. The authors concluded that chronic myocardial infarcted tissue could be aceurately
characterized and quantified by abnormal regional mechanical and electrical functions®.
The first human studies with the NOGA™ system were reported by Kornowski et al.” Tn
24 patients (12 patients with prior myocardial infarction (MI) and 12 control patients) LV
endocardial mapping was performed to assess clectromechanical function in infarcted
versus healthy myocardial tissue. In patients with prior MI, the average voltage was 7.2+/
-2.7 mV (UPV)/1.4+/-0.7 mV (BPV) in MI regions, 17.8+/-4.6 mV (UPV)/4.5+/-1.1
mV (BPV) in healthy zones remote from MI, and 19.7+/-4.4 mV (UPV)/5.8+/-1.0 mV
(BPV) in control patients without prior M1 (P<0.001 for MI values versus remote zones
or control patients). They clearly showed that both UPV and local endocardial shortening
were significantly impaired in MI zones compared with controls. Also, concordance with
echocardiographic wall motion analysis was good”. An example is given in figure 5.

Figure 5

Example of an electromechanical assessiment
map in a patient with a mid anterior
descending artery occlusion and a subsequent
apicoposteroseptal infarction. (A4) shows the
unipolar voltage (UPV) map and (B) the
linear local shortening (LLS) map in the
right anterior obligue view. (C) and (D)
show the respective bulls eye wiews. The
small arrows in (A) and (B) delineate the
infarction zone, which can be clearly
appreciated  from  the red arcas. The
arrowheads in (1) show the negative LLS
values, suggestive for dyskinesia in the
nj}iml, Jepf{r/ and [)a.“a‘c’r'iar regions. The
larger arrow in (A) suggesis a region of
moderate UPV (corresponding with a zone of
low LLS), suggestive for wiability
(“electromechanical mismateh”).

Kornowski et al. later reported on a comparison between NOGA™ mapping and
radionuclide perfusion imaging. They showed that UPV (14.0+/-2.0 mV) and LLS
values (12.5+/-2.8%) were highest when measured in myocardial segments (n=56) with
normal perfusion and lowest (7.5+/-3.4 mV and 3.4+/-3.4%) when measured in
myocardial segments with fixed perfusion defects (n=20) (P0.0001) on single photon
emission computed tomography imaging studies using *"T1 at rest and 99mT c-sestamibi
after adenosine stress. A significant difference in UPV and 1.IS values was found between
groups (P<0.001 for each comparison by ANOVA). Myocardial segments with reversible
perfusion defects (n=66) had intermediate UPV (12.0+/-2.8 mV, P=0.048 versus normal
and P=0.005 versus fixed segments) and LLS values (10.3+/-3.7%, P=0.067 versus normal
and P=0.001 versus fixed segments). From these results it was concluded that NOGA™
mapping might allow the detection of myocardial viability.
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Van Langenhove et al. compared enddiastolic (EDV) and endsystolic volumes (ESV),
stroke volume (SV) and ejection fraction in 44 patients with both LV angiogram and
NOGA™ mapping. Although a strong correlation (r=0.78, p<0.001) for EF measurement
between the two techniques was found, the Bland-Altman analysis (figure 11)
demonstrates the disagreement and the absence of interchangeability between both
methods. Indeed, on average, a difference of about 30% in LVEF was found”. We also
compared local linear shortening assessed with nonfluoroscopic electromechanical
mapping (NEM) as a function of regional wall motion with echocardiographic data in a
subset of 40 patients with severe coronary artery disease and subsequently decreased left
ventricular function. Our study showed that NEM mapping can accurately assess regional
wall motion. In addition, this study showed a significant decrease in unipolar voltages
amongst segments with declining regional function.”

The same authors described significant correlations between regional wall motion
assessment using LV angiography as compared to LLS data acquired in the same
segments(p<0.001)", see figure 6.

p—

Figure 6

Left ventricular angiogram in RAO (A-B) and LAO (C-D) views in respectively end-diastole (A~
C) and end-systole (B-D). Corresponding linear local shortening (LLS) map in the same views (A’
D). The arrows in (A-B) are suggestive of apical akinesta, the arrowbeads in (C-D) show akinesia
in the septal region. The arrows in (A™-B’) show the red zone in the apical region; low LLS values
are also suggested in the seplal region ( red zone in septal avea in (A'-B’) and red-yellow-green zone
i (C’-D), arrowheads).

Finally, dobutamine stress echo was compared to LLS and UPV data for comparable
segments in patients with a previous myocardial infarction. ROC curves showed
significant cut-off values for myocardial viability of UPV=9.0 mV (sens 56%, spec 81%,
p<0.0001) and LLS=6.8% (sens 56%, spec 92%, p<0.0001)""'" (see also figure 5).

Fuchs et al. assessed in-vivo electromechanical changes following gradual coronary artery
occlusion in a pig ameroid constrictor model using NOGA™, UPV and LLS were
measured in the ischemic lateral and non-ischemic anterior zones in animals at rest (n = 9)
and 5 weeks after the implantation of ameroid constrictors around the left circumflex
artery. Echocardiography was used to assess regional contractility (% myocardial
thickening), and an echo-contrast perfusion study was performed using acoustic
densitometry methods. The ischemic lateral zone showed reduced myocardial perfusion at
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rest (peak intensity; 3.4 +/- 1.7 versus 20.7 +/- 14.8, P = 0.003), impaired mechanical
function (percentage wall thickening 22 +/- 19% versus 40 +/- 11%, P = 0.03; local
endocardial shortening 2.9 +/- 5.5% versus 11.7 +/- 2.1%, P = 0.002), and preserved
electrical activity (unipolar voltage 12.4 +/- 4.7 versus 14.4 +/- 1.9 mV, P = 0.25; bipolar
voltage 4.1 +/- 1.1 versus 3.8 +/- 1.5 mV, P = 0.62}, compared with the anterior region.
The authors concluded that gradual corenary artery occlusion resulting in regienal
reduced perfusion and function at rest {i.e. hibernating myocardium) is characterized by
preserved electrical activity. Electromechanical left ventricular mapping may be of
diagnostic value for identifying the hibernating myocardium®. Botker et al. compared the
findings of FDG-positron emission tomography (PET) with data derived from NOGA™
mapping and found that segments with reversible perfusion defects had UPV/LLS of
7.3+ 3.1 mV and 4.0 = 2.4% respectively. Normal segments showed UPV 11.5 £ 3.7 mV,
LLS 7.7 + 3.3%. Infarcted areas with irreversible perfusion defects showed UPV 4.8 = 2.2
mV, LLS 2.9 = 2.8%.%%

Kornowski et al. recently presented preliminary results on the first NOGA™-guided
direct myocardial revascularization (DMR) study.!™ They showed that DMR using this
technique was safe and feasible, that in 77 patients no deaths occurred, and that early
efficacy endpoints showed an improvement in anginal status, and a prolonged exercise
capacity 6 months after the index procedure. Laham et al. reported on improvement in
regional wall motion score and collateralization in a subgroup of 15 patients also treated
with laser-DMR."? Some caution however may be appropriate. As previous studies had
shown a substantial amount of patients suffering an episode of heart failure following
transmyocardial laser revascularization!™'” we sought to determine the acute effects on the
left ventricular function. We found that in 15 patients, where we performed a left
ventricular angiogram before and immediately after the DMR procedure, that the relative
decrease in LVEF was 18% + 10 after DMR, and that the relative decrease in regional wall
motion was 9% + 18 for the non-treated and 26% + 17 for the treated regions. From this
study, we concluded that the physician should be cautious when performing myocardial
iaser revascularization in patients with a low (<309%) baseline LVEE."®®

Recently, Vale et al. showed feasibility and safety of percutancous, catheter-based,
nonfluoroscopic mapping guided myocardial gene transfer™. In six pigs in which the
mnjection catheter was used to deliver plasmid using cytomegalovirus promoter/enhancer,
encoding nuclear-specific LacZ gene (pCMV-nlsLacZ) (50 microg/ml) to a single LV
myocardial region, peak beta-galactosidase activity after five days was documented in the
target area of myocardial injection in each pig. As all pigs survived until sacrifice, and no
complications were observed with either the mapping or the injection procedures, the
authors concluded that percutaneous myocardial gene transfer can be successfully achieved
in normal and ischemic myocardium without significant morbidity or mortality™. It is
furthermore important to underline the importance of the 3D mapping technique for
gene application procedures, as exact delineation of the area to be treated seems
mandatory. To test the feasibility of myocardial angiogenic gene expression, through
endocardial transfection of adenovirus vascular endothelial growth factor-121 using the
NOGA™ system as a guidance, Kornowski et al. transfected transgenes into designated
myocardial sites of the pig model. They demonstrated that this less invasive catheter-based
system offers a similar gene delivery efficiency and, thus, may have clear advantages
compared with the surgically-based transepicardial injection approach.”” In a recent study,
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our group demonstrated in a pig model that the average cfficiency of an endomyocardial
catheter injection using the NOGA™ system as a guidance is 26 + 23%. Also, we showed
that intramyocardial retention after endomyocardial injection of small proteins like
albumin is short compared to the stable retention rates of small particles like colloid-
albumin.”? An injection catheter is shown in figure 7.

Figure 7

This figure represents the Biosense injection catheter (A) and catheter tip (B). The catheter basa 7 F
shafl with a distal active fiﬁﬂ@f{‘@ﬁ/g ﬁp of 8 FE The Ir'p consists of an electromagnetic sensor, a ving
and tip electrode and the housing of a 0.014 x 0.009 inch extendable nitinol needle (B). At the
proximal end of the catheler the nitinol shaft is connected with a luer lock fitting for a syringe, that
may contain infectable substances.

Ongoing and clinical investigations

Some burning questions related to the clinical usability of the NOGA™ mapping system
in clinical practice still need to be addressed. Up to now, no clear evidence has shown that
the local shortening function really is a reflection of the local wall motien. We do not
know if assessment of bipolar voltages could further improve the performance of the
system. Also, we do not know if the system is able to detect true viability. It also needs
further investigation whether there need for this expensive technique for in-cathlab
detection of viability/ischemia — when other techniques have already proven their value. It
also needs further investigation whether direct myocardial revascularization, for which this
system seems to be an ideal guiding tool, really improves the clinical status of the patient.
It is also unclear if local gene application, again for which this system seems an optimal
platform, is going to be applied clinically.

Some of these questions will be answered by ongoing investigations. The DIRECT and
EURO-DIRECT trials are currently enrolling patients in the USA and Europe
respectively; these trials (single blinded, randomized NOGA™ mapping without versus
with DMR in patients not suitable for classical revascularization) are aiming to answer the
question if the presumed benefit with DMR is simply a placebo effect, or does really
improve the patient’s clinical and functional status. The DIRECT trial has included 300
patients and the first results will be available by the end of september 2000. The EURO-
DIRECT is aiming at 200 patients. Studies assessing “true viability” in patients scheduled
for bypass surgery will answer the question if NOGA™ can predict recuperation of
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myocardial segments with wall motion zbnormalifies after revascularization. The DINO
study is currently enrolling patients; goal of this trial is to assess the possibilitics of the
NOGA™ system to accurately determine viability in hibernating myocardial segments, as
compared to stress echocardiography, radionuclide perfusion scinrigraphy and
angiography performed before and 6 months after coronary bypass surgery. A study
assessing the possible additional benefit of low-dose dobutamine during NOGA™
mapping is currently performed at the Thoraxcenter. Future investigations will evaluate
the possible value of adenosine in the detection of ischemic segments, the diagnostic value
of NOGA™ mapping as compared to magnetic resonance imaging (MRI) in myocardial
viability, the efficacy of growth factors to induce myocardial angiogenesis and additional
comparisons with radionuchide perfusion imaging studies™ ' **. Also, the possibility of
the pericardial approach to acquirc clectromechanical mapping information and the
intrapericardial delivery of anglogenic factors may offer a theoretical advantage of
prolonged exposure of either coronary or myocardial tissue to the administered drug as
result of a reservoir function of the pericardium, and is currently under investigation *?

Investigations to shorten the mapping time, to acquire multiple point information
through a multi-sensor catheter, and to incorporate fluoroscopic information into the

NOGA™ system, are underway.

Conclusions

Left endoventricular 3D real-time electromechanical mapping is a new, intriguing
technique for in-cathlab assessment of mechanical and electrical functioning of the left
ventricle. Although initial studies have shown safety, feasibility and reproducibility of this
technique, and have provided similar results as compared to established techniques in the
quest for viability, dats on the additional clinical value of the system are still scarce.
Ongoing trials on the prediction of viability, the benefit of DMR and intramyocardial
gene injection, may definitely cstablish its place among currently used techniques in
mterventional cardiology.
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Summary and Conclusions

Nonfluoroscopic electromechanical real-time on-line 3-dimensional mapping using the
NOGA™ device broadens our insights into left ventricular functioning.

The thesis exists of three parts. In the first part of this thesis (chapters 1-5) we compare
the NOGA™ technique to established methods for evaluating left ventricular function
and wall motion. In Chapter 1 we explain the technique and its physical basis. In chapter
2 we evaluate NOGA™ maps in patients without previous myocardial infarction and with
normal ventricles on contrast angiogram. In this study, we show that although unipolar
and bipalar voltages and finear local shortening tend to be consistently high throughout
the left ventricle in subjects with normal left ventricular functioning on angiography, basal
septal and posterior arcas of the left ventricle do have lower vatues, probably due to the
presence of the mitral annalus. Alse, large  variations in absolute values of unipolar
voltages and linear local shortening can be appreciated amongst patients and amongst
segments in the same patients. In chapter 3 we compare volumetric measurements and left
ventricular ejection fraction assessment as provided by the NOGA™ system to the
standard in-cathlab technique to produce these measurements, i.e. contrast
ventriculography. We show that — although the data provided by the NOGA™ system are
strongly correlated to those given by computerized ventriculography- the absolute values
of both volumetric measurements and ejection fraction calculation are clinically not
interchangeable. Differences up to 30-40% in left ventricular cjection fraction are shown.
Although the new software version {(NOGA™ 4.0) reduces these differences (chapter 2),
they still mount up to + 2096. In chapter 4 we compare the linear local shortening function
as assessed with NOGA™ 35 a function of regional wall motion with echocardiographic
dafa in a subset of patients with severe coronary artery disease and subsequently decreased
left ventricular function. We show that NOGA™ accurately assesses regional wall motion
and that myocardial segments with declining regional function also show decrease in
unipolar voltages. In chapter 5 we compare linear local shortening data to dedicated area
anzlyses using computerized left ventricalar angiography. The per-segment analysis shows
that linear local shortening data are significantly correlated with area data derived from
the ventriculogram. Moreover, it becomes clear that linear ocal shortening is a reliable
parameter for the evaluation of regional left ventricular wall motion.

In the second part of the thesis (chapters 6-8), we evaluate the ability of the NOGA™
system to detect viable myocardium. In chapter 6 we analyze clectromechanical properties
of tarpet myocardial regions of occluded coronary arteries. We show that the
electromechanical properties of previously injured myocardial segments are significantly
correlated with the quality of collateral coronary artery supply to the target region of
occluded coronary arteries. This further underscores the potential of nonfluoroscopic
mapping in assessing myccardial viability. In chapter 7 we demonstrate that — as compared
to radionuclide scanning techniques- NOGA™ is able to differentiate myocardial scar
tissue from regions that are still viable. A value of unipolar voltage of 6.5 mV is set forward
as the optimal cut-off to suggest viability in a defined region. In chapter 8 we compare
dafa on myocardial viability assessment derived from dobutamine stress echocardiography
with NOGA™ mapping data of the same patient cohort. We conclude that NOGA™ can
predict recovery in injured myocardium when compared to dobutamine stress
echocardiegraphy: In this study we demonstrate that both linear local shortening as well
as unipolar voltages have added value in the assessment of viability, Receiver operator
characteristics analyses revealed 8.2 mV for unipolar voltage and 7.2% for linear local
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shortening as the optimal cut-off values to distinguish non-viable from potentially
recoverable myocardium. :

In the third part of the thesis (chapters 9-12), we evaluate novel techniques that usc
nonflucroscopic 3-dimensional electromechanical mapping as a vehicle rto deliver
respective therapies. In chapter 9 we provide an overview of currenty available
information on the evolution of left ventricular function after direct myocardial
revascularization. We show that —although in the acute phase following therapy, a decrease
in LV function can be seen - in the long-term, recovery is to be expected. We also provide
data from our center showing that direct myocardial revascularization may cause acute
deterioration of the left ventricular function and that hence one has to refrain from
performing myocardial laser revascularization in patients with a low baseline left
ventricular cjection fraction. In chapter 10 we provide the first follow-up NOGA™
images 6 months after direct myocardial revascularization. Improvement in regional
functioning of the treated areas is clearly shown. In chapter 11 we describe the efficiency
of percutancous intramyocardial injections of albumin and albumin microcolloidal
particles in animals as possible future carriers of drugs for direct myocardial injection
therapy. We show that the technique of intramyocardial injection is feasible, that the
efficiency is around 25%, and that small proteins as albumin have a shorter retention time
than small particles such as the microcolloids we used. In chapter 12 we reflect on the
possible future diagrostic and therapeutic applications of the NOGA™ system.

In conclusion, the NOGA™ gsystem is a safe and feasible technique that, when mn
experienced hands, provides reliable data on the electromechanical functioning of the
myocardium. The system is able to detect viability and may therefore be of added value in
the assessment of revascularization strategies. Also, the technique is a strong velucle to
deliver specific intramyocardial therapeutic measures, through its ability to accurately
define regions of interest in 3-dimensional space.

Some questions however remain unanswered: What is the cause of discordance in
volametric measurements when compared to other techniques? Is finear local shortening-
a parameter that describes tangential movement of myocardial points during contraction-
really comparable to the well-accepted myocardial thickening or perpendicular wall
motion? Is the accuracy of viability detection high enough to warrant the adaptation of
this system as the golden standard? Is there need for an expensive, not easy-to-master,
technique for in-cathlab detection of viability and/or ischemia, when other validared,
accepted, less expensive, easily applicable techniques already have proven their value? Does
direet myocardial revascularization, for which the system seems to be an ideal guiding tool,
really improve the clinical status of the patient? Is local gene application, agair, for which
this system seems an optimal platform, going to be applied clinically? Forthcoming
multicenter randomized trials will answer some of these issucs.
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Samenvarting en Conclusies

Zonder réntgendoorlichting in real-time 3-dimensioneel evalueren van de electromecha-
nische eigenschappen van het hart verbreedt onze kijk op het functioneren van de linker
lzamer.

Deze thesis 1s opgebouwd uit drie delen, In het eerste deel van de thesis (hoofdstukken 1-
5) vergelijken we gegevens gegenereerd door het NOGA™ systeem met technicken
erkend voor de evaiuatie van de linker kamerfunktie en de lokale beweging van de
hartspier. In hoofdstuk 1 beschrijven we de techniek en zijn fysische basis. In hoofdstuk 2
evalueren we de NOGA™ technick bij patienten zonder voorgeschiedenis van
myocardschade en bij wie gedurende contrast ventriculografic een normale linker ventrikel
contractiliteit is gezien. In deze studie tonen we dat, hoewel uni-(UPV) en bipolaire
voltages (BPV) en local linear shortening (LL.5) meestal hoge waarden tonen in deze
normale linker ventrikels, er duidelijk lagere waarden worden gezien in het posteroseptale
gebied, waarschijnlifk ten gevolge van de aanwezigheid van de mitralisklepring aldaar.
Ook zien we grote variaties in absolute waarden voor zowel UPV als LLS. In hoofdstuk 3
vergelijken we volume-metingen en ejectiefraktiebepalingen gemeten met de NOGA™
techniek met de meest gebruikte standaardtechniek, namelijk contrast ventriculografie.
We tonen aan dat, hoewel beide meettechnicken sterk gerelateerde resultaten geven, de
technieken klinisch niet uitwisselbaar %ijn, m.aw. dat men niet de ene keer de
ejectiefraktic kan meten met de ene techniek, en de volgende keer met de andere.
Verschillen tot 30-40% worden gezien. Ondanks dat de nieuw ontwikkelde software deze
verschillen kleiner maakt, bedragen ze toch nog om en bij de 20% ( Hoofdstuk 2} In
hoofdstuk 4 vergelijken we de LLS als een graadmerer voor lokale wandbeweging van het
myocard met echocardiografie gegevens in cen subgroep van patiénten met ernstig
coronairlyjden en —als gevolg daarvan- verminderde linker ventrikel funktie. We tonen aan
dat NOGA™ op betrouwbare wijze de regionale wandbeweging van het hart visualiseert,
en dat naargelang de regionale funktie vermindert, ook de absolute waarden van de
unipolaire voltages afnemen. In hoofdstuk 5 vergelijken we LLS gegevens met precieze
bepalingen van de regionale funktie van het myocard d.m.v. gecomputerizeerde linker
ventrikel angiografie. De segment-per-segment analyse toont dat LLS data significant
gecorreleerd zijn aan de pegevens betreffende de lokale wandbeweging afgeleid uit het
contrast ventriculogram Hieruit wordt duidelijk dat LLS een goede parameter is om de
locoregionale myocardfunktie te bestuderen.

In het tweede deel van de thesis (hoofdstukken 6-8), evalueren we de mogelijicheid om aan
de hand van de NOGA™ techniek viabel myocard te onderscheiden. Tn hoofdstuk 6
analyzeren we de clectromechanische eigenschappen van hartspierweefsel dat voorheen
door een nu geoccludeerde coronaire arterie werd bevloeid. We tonen aan dat de
electromechanische eigenschappen, en —hieruit afgeleid- mogelijks de hoeveelheid
leefbaar hartspierweefsel bepaald worden door de kwaliteit van de collateraalcirculatie die
deze regio’s van bloed voorzien. Dit onderlijnt de mogelijkheid om viabiliteit te detecteren
aan de hand van de NOGA™ techniek. In hoofdstuk 7 tonen we dat — in vergelijking
met nucleaire viabiliteitsdetectie- NOGA™ de mogelijkheid biedt een onderscheid te
maken tussen littckenweefsel in de hartspier en weefsel dat reversibele schade heeft
opgelopen. Een absolute waarde van het unipolaire voltage van 6.5 mV wordt
vooropgesteld als de optimale cut-off waarde om viabel van niet-viabel weefsel te
onderscheiden. In hoofdstuk 8 vergelijken we data afkomstig van dobutamine stress
echocardiografie met gegevens afkomstig van NOGA™ om hartspierviabiliteit te
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definiéren. We tonen dat NOGA™ accuraat reversibiliteit van hartspierbeschadiging kan
voorspelien, wanneer vergeleken met dobutamine stress echo. In deze studie zien we dat
zowel LLS als UPV additieve waarde hebben in het vaststellen van reversibiliteit van de
hartspierbeschadiging. Receiver operator characteristics (ROC) analyses tenen 8.2 mV
voor UPV en 7.2% voor LLS als de optimale cut-off waarden em non-viabel {of litteken)
weefsel te onderscheiden van potenticel recupereerbaar myocard.

In het derde deel van de thesis (hoofdstukken 3-12), bekijken we innoverende therapicén
die NOGA™ gebruiken als vchikel om respectievelifle therapcutische aktics te
ondernemen. Zo is er in hoofdstuk 9 een overzicht van de informatie beschikbaar over de
effekten van percutane direct revascularisatic van het myocard (DMR) d.m.v. laser. Wij
beschrijven dat —ondanks dat een acute deterioratie van de myocardfunktic kan optreden
onmiddellijk na de laserbehandeling- er een trend tot volledig herstel hjkt te ziin . Onze
data leren dat geziern de mogelijkheid van acute deterioratic van de linker ventrikel
funkde, DMR bij patiénten met een zeer slechte linker kamerfunktie weloverwogen dient
te gebeuren, In hoofdstuk 10 zien we het verbeteren van de regionale myocardfunktic 6
maand na een DMR procedure. In hoofdstuk 11 bheschrijven we de efficiéntie van
percutane intramyocardiale injecties van albumine en albumine microcolloidale deelties in
proefdicren; deze substanties fungeren als mogelijke tockomstige vehikels voor het
transporteren van geneesmiddelen of andere faktoren voor directe intramyocardiale
injectie. We tonen aan dat de technick haalbaar is, dat de efficiéntie om en bij de 25%
bedraagt en dat kleinere molecules zoals alburnine een kortere retentictijd hebben dan
grotere, zoals de microcolioidale partikels. In hoofdstuk 12 reflecteren we over de
mogelijke tockomstige diagnostische en therapeutische implicaties van het NOGA™
systeen.

Samengevat, is NOGA™ ecen veilige techniek die, in geocfende handen, betrouwbare
gegevens verschaft over het elecrromechanisch funktioneren van de linker hartkamer. Aan
de hand van deze techniek is het mogelijk viabiliteit te detecteren, hetgeen van belang kan
zijn Bij het bepalen van de revascularisatiestrategic bij de individuele patiént. Ook is de
technick een helangrijk vehikel om specifieke intramyocardiale therapieén ter plaatse te
brengen, door de mogelijkheid van het systeem interessegebieden in een 3-dimensionele
ruimte te definiéren en weer te geven,

Een aantal vragen blijft echter onbeantwoord: wat is de reden van de discordantie in de
volume-bepalingen wannecr deze techniek met andere werdt vergeleken? Is LLS ~ een
parameter die een tangentigle beweging van de cathetertip tijdens hartspiercontractie
beschrijft- wel te vergelijken met geaccepteerde cvaluaties van locoregionale
wandbeweging zoals hartspierverdikking of perpendiculaire beweging van de cathetertip
t.0.v. de wand? Is de accuraatheid van de viabiliteitsdetectie groot genoeg om dit systeem
als de nicuwe gouden standaard aan te nemen? Wat is de noodzaak voor een dure, niet
maldkelijk te beheersen in-cathlab techniek voor de detectie van viabiliteit wanneer andere,
geaccepteerde, eenvoudige, goedkope technieken reeds hun waarde bewezen hebben?
Verbetert DMR, waarvoor dit systeem de ideale methode hijkt, daadwerkelijk de klinische
status van de patiént? Zal lokale gentherapie, waarvoor deze technick —opnicuw- een
ideaal platform is, gebruikt worden in de klinische praktijlk? Een aantal geplande studies
zal proberen op minstens een deel van deze vragen een antwoord te geven.
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