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Abstract Method for delivery remains a central component
of stem cell-based cardiovascular research. Comparative
studies have demonstrated the advantages of administering
cell therapy directly into the myocardium, as distinct from
infusing cells into the systemic or coronary vasculature.
Intramyocardial delivery can be achieved either transepicar-
dially or transendocardially. The latter involves percutaneous,
femoral arterial access and the retrograde passage of specially
designed injection catheters into the left ventricle, making it
less invasive and more relevant to wider clinical practice.
Imaging-based navigation plays an important role in guiding
catheter manipulation and directing endomyocardial injec-
tions. The most established strategy for three-dimensional,
intracardiac navigation is currently endoventricular, electro-
mechanical mapping, which offers superior spatial orientation
compared to simple x-ray fluoroscopy. Its provision of point-
by-point, electrophysiologic and motion data also allows
characterization of regional myocardial viability, perfusion,
and function, especially in the setting of ischemic heart
disease. Integrating the mapping catheter with an injection
port enables this diagnostic information to facilitate the
targeting of intramyocardial stem cell delivery. This review
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Introduction

Despite the advances in therapy, cardiovascular disease
remains the leading cause of morbidity and mortality in
Western communities and represents a growing economic
burden to most health systems. This has led to the emergence
of novel therapeutic approaches for the treatment of ischemic
heart disease (IHD) and cardiomyopathy, including gene
transfer, growth factor/cytokine administration, and cell
transplantation. Cellular therapy has evolved quickly over
the last 10 years, both at the level of in vitro and in vivo
preclinical research and more recently in clinical trials of
myocardial infarction (MI), THD, and congestive cardiac
failure [45]. However, there remain many challenges that
need to be addressed if cell transplantation is to become
widely used in clinical practice in the future.

In addition to the type of cell therapy, another key issue
is the method of cell delivery. Although there are several
options available for administering cells to the heart, recent
studies have highlighted the advantages of direct injection
into the myocardium, as compared to systemic or intra-
coronary, vascular infusion [33, 52]. In this review, we
focus on the clinically relevant strategy of percutaneous,
transendocardial injection, facilitated by intramyocardial
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navigation. The current mainstay of this approach is the
endoventricular electromechanical mapping system,
NOGA® XP (NOGA® XP Cardiac Navigation system,
Biologics Delivery Systems Group, Cordis Corporation,
Diamond Bar, CA, USA), which is integrated with a multi-
component injection catheter (MyoStar™, Biosense-
Webster, Diamond Bar, CA, USA). The unique features of
this sophisticated technology will be discussed, with
particular reference to its diagnostic capability and thera-
peutic utility in the navigated delivery of cell therapy.

Methods for Cell Delivery

The main objectives of cell delivery are to ensure safe
transplantation, maximum retention of cells within the target
myocardium, and adequate local engraftment and function at
this site. Cells can be directed to the heart (1) systemically (e.g.,
peripheral venous injection, growth factor mobilization), (2) by
regional coronary vascular infusion, or (3) by local, direct
myocardial injection [59]. The choice of delivery route is
dependent on both the disease process requiring treatment
and the type of cell to be transplanted. To date, myocardial
retention of cells has been disappointing with both vascular
and direct routes of administration [33], and it remains
difficult to establish which delivery system will fulfill most of
the intended need.

Although the practicality of transcoronary infusion has
led to its consistent use in clinical studies of acute MI [64],
IHD [15], and nonischemic cardiomyopathy (NICM) [18],
preclinical evidence suggests that this approach may be
limited by non-cardiac entrapment of cells and aggregation
of some cell types in the coronary microvasculature [19, 76].
Unlike intracoronary infusion, direct intramyocardial injec-
tion targets specific regions of myocardium without relying
on the upregulation of inflammatory signals to assist
transvascular cell migration and tissue invasion. Compara-
tive evidence indicates that this approach achieves better
myocardial cell retention than intravascular infusion,
possibly resulting in greater therapeutic effects [33, 52].

Intramyocardial injection can be achieved transepicar-
dially or transendocardially. Although these two approaches
are probably similar in their ability to disperse cells
throughout the myocardial wall, comparative assessment
has been limited [24]. Transepicardial delivery has been
most commonly undertaken following sternotomy for
concurrent coronary artery bypass grafting [48], although
mini-thoracotomy or subdiaphragmatic access [56] and
catheter-based injection from inside the coronary venous
system [65] have also been described. The less invasive
strategy of transendocardial delivery is performed via a
percutaneous, femoral arterial approach using a catheter
that is passed retrogradely across the aortic valve into the
left ventricle (LV). Advantages of this method are that it
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can be used on high-risk patients without the need for
general anesthesia or sternotomy, and may be safely
repeated for serial treatments [23, 55].

Transendocardial Delivery Systems

A variety of catheter systems are available for transendo-
cardial injection, sharing a multicomponent catheter design
that consists of a core needle for cell delivery and a support
catheter for directing the needle to the target sites for
injection. These include the Stilleto™ (Boston Scientific,
Natick, MA, USA) [30], BioCardia™ (BioCardia, South
San Francisco, CA, USA) [1], MyoCath™ (Bioheart Inc.,
Sunrise, FL, USA) [35] and MyoStar™ [12] catheters.

Typically, the Stilleto™, BioCardia™, and MyoCath™
catheter systems are not integrated with additional naviga-
tional or targeting capability, beyond two-dimensional (2D)
x-ray fluoroscopy. Even with biplane imaging, conventional
x-ray guidance is limited by its lack of 3D precision for
catheter orientation and its failure to characterize the status
of the underlying myocardium; this may potentially
compromise the safety and efficacy of cell delivery, if cells
are inadvertently injected into healthy tissue. These
concerns may be partly overcome by performing adjunctive
imaging (e.g., single photon emission computed tomogra-
phy (SPECT) or magnetic resonance imaging (MRI)) prior
to fluoroscopic guidance, to help pre-select the myocardial
segments requiring injection [11]. An alternative strategy
that remains investigational has been to modify the
aforementioned catheters to allow coupling with real-time
navigation by customized MRI (e.g., Stiletto [13], MyoCath
[9]) or 3D echocardiography [8].

Electromechanical Navigation

The unique feature of the MyoStar™ injection catheter is
that it is integrated with the NOGA® system of non-
fluoroscopic, magnetic, electromechanical guidance [61].
This navigation technology was developed over a decade
ago as an extension of the CARTO™ electroanatomical
mapping system [5] and in recent years has been updated to
a Windows XP platform, giving rise to its current
incarnation: NOGA® XP. NOGA® incorporates spatial,
electrophysiological, and mechanical information in real-
time to reconstruct the heart’s endocardial surface in 3D.
The technology has been predominantly used for mapping
the LV, particularly in experimental and clinical studies of
IHD. In this context, local electrical and mechanical
measurements have been combined to evaluate regional
myocardial function, viability, and ischemia, in turn
enabling targeted delivery of intramyocardial therapies,
including laser energy [44], gene [73], and cell [51]
transplantation.
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NOGA® System Components

The current NOGA® XP system comprises the following
key elements:

* A location pad positioned underneath the subject,
consisting of three coils that generate ultralow magnetic
fields (5%107° to 5% 10 ° Tesla).

* A fixed-position reference catheter (REFSTAR™ with
QWIKPATCH® External Reference Patch, Biosense-
Webster) which is attached to the subject’s back and has
a miniature magnetic field sensor to improve location
accuracy during mapping.

* A 7-Fr steerable mapping catheter (NogaStar®, Bio-
logics Delivery Systems Group). Miniature, passive,
magnetic sensors proximal to the catheter tip detect and
record the emitted magnetic signals from the location
pad to provide accurate resolution of the location (x, y,
and z) and orientation (roll, pitch, and yaw) of the
catheter tip in six degrees of freedom. The catheter also
contains distal unipolar and bipolar electrodes that
measure voltage potentials from the endomyocardium.

* A computer and Silicon Graphics workstation (Mountain
View, CA, USA) that processes data. The workstation
monitor, which can be modified to suit the operator’s
preferences, shows updated electrogram signals from
both body surface and catheter, displays information
about electrogram and catheter stability, and con-
stantly updates the reconstructed, color-coded maps
of the LV.

For therapeutic applications, these components are com-
plemented by the 8-Fr MyoStar™ delivery catheter. This
consists of a support catheter with sensing properties and an
injection component which is fitted with a retractable,
straight, 27 gauge, nitinol needle.

Electromechanical Mapping Procedure

The electromechanical mapping procedure has been de-
scribed in detail elsewhere [61]. Fluoroscopic guidance is
required initially to advance the NogaStar® catheter
retrogradely into the LV cavity and sample the first few
endocardial points to initiate the NOGA® map. Thereafter,
there is minimal reliance on fluoroscopy as the navigation
system can locate the catheter in real-time within the
boundaries of the reconstructed cardiac chamber. Endocar-
dial points are sampled quickly and sequentially from each
region of the LV, using well-established criteria for
endocardial-catheter tip contact and stability, as well as
point density [61]. An adjustable “fill threshold” (usually
set to 15 mm) allows the system to fill-in the surface
between sampled points. With the current Windows XP
platform, mapping can be completed comfortably inside of

45 min, and despite its invasive nature, the procedure is
usually well tolerated, with few published reports of
complications (e.g., sustained arrhythmia, embolization of
LV thrombus, and hemorrhagic pericardial effusion).

FElectromechanical Parameters

As the LV is being reconstructed, NOGA® determines its
center of mass and can derive its end-diastolic and end-
systolic volumes, along with stroke volume and ejection
fraction (EF) [26].

The sensing catheters acquire electrical data at each
endocardial site in the form of local activation time (ms),
unipolar voltage (UV), and bipolar voltage (BV) amplitudes
(mV). Mechanical information is presented as a parameter
called linear local shortening (LLS), which is algorithmi-
cally calculated as the average change in distance between
the index catheter point and its surrounding points from
end-diastole to end-systole, with preferential weighting
given to points within an 8-15-mm distance. This is to
accommodate the non-uniform density of point sampling
and to minimize the confounding influence of point
clustering or myocardial tethering of regions adjacent to
actively contracting myocardium. Local shortening results
are presented as percentages, which become smaller or even
negative if regional contractility is reduced or paradoxical.

The map reconstruction for each of these parameters is
accessible in real-time, in a variety of projections, including a
nine-segment (or 13-segment) Bull’s-eye view which displays
the regional distribution of data. For voltage and local
shortening maps, the color-scheme usually depicts regions
with high (normal) values as blue-purple and those with
reduced values as yellow-red (Figs. 1 and 3). The thresholds
for the color scale can be manually adjusted to the optimal
discriminatory values that apply to the underlying cardiac
disease process or the species being studied. The system also
provides the average measurements for each segment
obtained from all of its sampled points, thus facilitating
quantitative, inter-segmental comparisons.

Diagnostic Accuracy of Electromechanical Mapping

Early evaluation of NOGA® confirmed the stability of the
mapping catheter during the cardiac cycle and verified the
system’s accuracy and reproducibility for locating catheter
tip position (to less than 1 mm), measuring distances,
recording unipolar intracardiac signals and creating activa-
tion time maps [25, 66].

Ischemic Heart Disease

The utility of electromechanical navigation is underpinned
by the electromechanical coupling of cardiomyocytes. The
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Fig. 1 Electromechanical mapping in nonischemic cardiomyopathy.
Representative, nine-segment, Bull’s-eye projections from a sheep with
anthracycline-induced nonischemic cardiomyopathy (ejection fraction
30.5%). Unipolar voltage (UV), bipolar voltage (BV), and linear local
shortening (LLS) maps demonstrate the heterogeneous reduction of these
parameters in this preclinical model. Color-scales have been set to reflect

accuracy of endocardial voltage amplitudes and local
shortening ratios for identifying reductions in myocardial
viability, perfusion, and function has been investigated in
studies of MI [39, 54], reversible ischemia [39], and
ischemic cardiomyopathy [6]. NOGA®-derived measure-
ments have been cross-referenced against histological
measurement of scar tissue [78] and against other myocar-
dial imaging techniques, such as radionuclide scintigraphy
(SPECT, 18-fluoro-2-deoxy-D-glucose positron emission
tomography) [29, 77], rest and stress transthoracic echo-
cardiography [38, 57], and MRI [54].

Typically, normal human LV myocardium exhibits BV
amplitudes greater than 1.5-2 mV [34] and UV amplitudes
greater than 10-12 mV [37, 39]. Reduced endocardial voltage
indicates electrically abnormal tissue, most commonly due to
infarct scar or ischemic hibernation [20, 39, 54]. In the
context of I[HD, the integration of complementary mechanical

Fig. 2 Transendocardial injec- A
tion with MyoStar™ catheter.
The MyoStar™ injection cathe-
ter with inset view of catheter
tip and nitinol needle (a). The
adjustable injector thumb knob
and Luer lock fitting for con-
nection to the injection syringe
can be seen at the catheter’s
proximal end (asterisk). Adja-
cent is a schematic showing the
catheter’s retrograde, transendo-
cardial approach into the left
ventricle, with the injection
needle extruded into the endo-
myocardium (b). Images cour-
tesy of the Biologics Delivery
Systems Group Inc.
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optimal discriminatory thresholds for identifying myocardial fibrosis
(UV: Red <6 mV, Purple >7.5 mV; BV: Red <1.5 mV, Purple >3.0 mV;
LLS: Red <9.3%, Purple >11.5%). In this context, we have found that
LLS displays the best accuracy for detecting segments with foci of
replacement fibrosis, followed by UV amplitude. 4, anterior; L, lateral;
P, posterior; S, septal

data assists in distinguishing non-viable scar from viable,
peri-infarct tissue or dysfunctional, hibernating myocardium.
The cut-off threshold level for normal LLS ratios has varied
between clinical studies, from 9% [37] to 12% [40]. Regions
of akinetic/dyskinetic scar are easily delineated by their very
low shortening ratio (LLS <2-3%) [39], while results are
intermediate for myocardium with reversible ischemia,
depending on its severity and the presence of hibernation
[21, 37].

Electromechanical profiles in IHD have been characterized
by (1) coupling of electrical and mechanical impairment for
irreversible MI and scar [39], (2) preservation of electrical
activity with reduced endocardial shortening for stunned or
hibernating myocardium [21], or (3) preservation of both
electrical and mechanical function for ischemic myocardium
in which perfusion is normal at rest. There is conflicting
evidence as to which parameter is most accurate for
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individually characterizing myocardial viability [57, 78].
Endocardial voltage amplitudes appear to correlate better
with myocardial viability than perfusion [29]. Generally,
optimal threshold values for defining viable tissue have
been reported in the range of 6.4-7.5 mV for UV, with
moderately good sensitivity and specificity of approxi-
mately 80% [20, 37, 40, 54].

Nonischemic Heart Disease

In contrast to IHD, there are currently no published reports
evaluating electromechanical characterization in nonischemic
cardiac disease. We have recently investigated the accuracy of
NOGA® XP for detecting segmental myocardial fibrosis in
NICM, using an ovine model of anthracycline-induced
cardiac dysfunction (Fig. 1) [58]. Histological validation
demonstrated that threshold values <11.5% for LLS
and <7.5 mV for UV identified myocardium with >10%
fibrosis burden (usually comprising midmural or subepicar-
dial foci of replacement fibrosis), with sensitivity and
specificity of 75-85% (Psaltis et al. 2009a in submission).
Notably, LLS also showed potential to distinguish regions of
intermediate, reactive fibrosis from normal myocardium,
while BV amplitude was the least accurate parameter. In
nonischemic disease, the reliability of endocardial electro-
gram signals may be hindered by the non-subendocardial
location of myocardial fibrosis.

Limitations to Accuracy

A major limitation to the diagnostic performance of
NOGAR® arises from the considerable overlap of electrical
and mechanical data between normal and abnormal
myocardium [6, 37]. This leads to difficulty in establishing
consistent electrical or mechanical threshold values, espe-
cially for distinguishing between intermediate grades of
myocardial viability, function, or perfusion [37, 54]. It has
been suggested that accuracy may be enhanced by
normalizing segmental results within an individual heart
to the segment which has the most preserved measurements
of voltage or mechanical shortening [6].
Electromechanical navigation can also be compromised
by artifact due to positional shift of the heart during the
mapping procedure, either from respiratory motion, subject
movement, or catheter-induced bundle branch block. As
NOGA® does not provide visual verification of interven-
tricular septal position, variations of cardiac orientation
within the thorax may not be identified and may result in
misrepresentation of LV segments. Voltage mapping may
be confounded by far-field noise for UV signals and
catheter tip orientation for BV. Indeed, the utility of bipolar
signals remains contentious, despite its widespread use for
arrhythmic substrate mapping [34], and this parameter has

been largely overlooked in recent descriptions of electro-
mechanical navigation.

Navigated Transendocardial Injection

Although NOGA®’s clinical application has not been
consolidated as a diagnostic or prognostic adjunct for the
routine assessment of IHD, the technology’s special
properties have ensured its relevance as a navigation system
for guiding intra-myocardial interventions, including the
transplantation of stem cells (Fig. 2).

Despite the high cost of the NOGA®/MyoStar™ system,
it has the important advantage compared to simple fluoro-
scopic guidance of providing 3D visualization of the density
and distribution of injection sites. Electromechanical map-
ping is also unique in its ability to provide real-time
characterization of watershed areas of myocardial perfusion
and viability. This allows it to delineate stunned myocardium
surrounding MI, hibernating tissue in chronic IHD and foci
of replacement fibrosis in NICM, all of which are patholog-
ical targets for cell-based intervention.

Injection Procedure

Prior to the NOGA®/MyoStar™ injection procedure, the
catheter is primed with the injectate solution. The extended
needle length is then checked and adjusted (usually to 4—
6 mm) by a proximal handle mechanism that consists of an
adjustable injector thumb knob and a Luer hub for
connection of the injection syringe. Injections are per-
formed by two operators, one of whom positions the
catheter at the targeted endomyocardium, while the other
delivers the injection, at a rate of approximately 0.1 mL over
15 s. During injections, the NOGA® workstation provides
feedback about the stability of catheter and needle position,
and electromechanical maps should be repeatedly updated
with a new mark for each injection site. Procedural time
varies depending on the number of injections, but is usually
in the order of 30—45 min.

Accuracy and Safety of Injections

The feasibility and safety of NOGA®-guided myocardial
injection was initially demonstrated by injecting methylene
blue dye and gene vectors in preclinical studies [41, 74].
Procedural complications (e.g., sustained arrhythmia, car-
diac perforation, and elevated cardiac biomarkers) were not
observed. In one study, histological analysis detected the
presence of more than 90% of attempted injection tracks
after 24 h [41]. Needle extensions of 3—4 mm resulted in
myocardial staining to an average depth of approximately
7 mm (range 2—11 mm) and width of 2.3 mm (range of 1—
9 mm), and efficiency was found to be similar to that
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achieved by the transepicardial route. Less than 3% of
injection sites demonstrated epicardial staining, and most of
these were associated with delivery into the LV apex.

Effective deposition has also been reported after trans-
endocardial injection of albumin (simulating growth fac-
tors) and colloid albumin (simulating adenovirus or
microspheres) [68], skeletal muscle precursor cells [7],
and feridex-labeled mononuclear leukocytes [43]. However,
retention may be compromised by rapid wash-out from the
myocardium due to a combination of channel leakage,
venous, and lymphatic return [30, 63, 68].

Application in Studies of Cell Therapy

The NOGA®/MyoStar™ platform has been widely applied
both preclinically and clinically for the transendocardial
injection of cells to ischemic myocardium (Table 1).
Various cell types have been injected including skeletal
myoblasts (SkM) [12, 67, 69], unfractionated bone marrow
(BM) cells [2, 22, 42, 51, 72], CD34" progenitor cells [46],
and mesenchymal stromal/stem cells (MSC) [52]. Serial
electromechanical mapping has also been used during
follow-up to assess for improvement in myocardial viability
after cell therapy [12, 42], although its accuracy for this
purpose probably warrants further validation.

There has been reassuring evidence from studies with
SkM [7, 49] and MSC [32] that cells are biocompatible
with the injection needle and that the injection process does
not substantially compromise cell viability, biology, or
function. Clinical studies have reported few instances of
procedural complications [2, 3, 42]. However, special
caution should be employed if injecting into the basal
septum (risk of conduction block and arrhythmia), LV apex,
or into dense scar tissue (risk of perforation).

Acute Myocardial Infarction

By distinguishing between non-viable infarct and stunned/
hibernating myocardium, electromechanical guidance can
target cell injections to peri-infarct regions to attenuate
post-MI LV remodeling. With current adult cell-therapies,
most of this benefit is probably mediated by indirect
protection of vulnerable cardiomyocytes (e.g., through
paracrine support and neovascularization) as distinct from
true regeneration of “lost” cardiac cell mass [28, 62].

The safety of transendocardial injection in the early post-
MI period has been demonstrated by preclinical research
using BM MSC [1], although new evidence has indicated
that safety and efficacy may be superior when cells are
administered on day 10 post-MI, rather than day 5 [16]. In a
recent “first-in-man” study, autologous BM mononuclear
cells (MNC) were safely delivered to patients with LV
EF <40%, 10.5+£5 days after presenting MI [42]. Twenty
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injection sites were delivered into the ischemic area at risk,
as defined by a normalized UV threshold of <68%, although
non-viable myocardium (nominal UV amplitude <5 mV)
was excluded from treatment. Cell transplantation did not
appear to cause systemic or local inflammation, exacerbate
ischemic insult, or induce arrhythmia in either the short or
long-term (12 months). In the absence of a control group,
conclusions about the effectiveness of treatment were
limited, but LV EF showed an absolute increase of
approximately 6%.

The MYSTAR study has recently finished enrolment as
the first randomized trial to compare the effects of intra-
coronary and combined (transendocardial and intracoronary)
delivery of BM cells, in both the early (3—6 weeks) and late
(3—4 months) periods after MI. Preliminary results have been
reported, showing that combined delivery at either time-
point achieves moderate benefit to LV function and infarct
size [31].

Refractory Angina

The pro-angiogenic potential of BM-derived cells has led to
their evaluation in chronic, symptomatic IHD [2, 22, 72].
The goal of therapy in this scenario is to achieve
improvement in myocardial perfusion and angina symp-
toms. Compared to acute MI, chronic IHD is probably
associated with less local and systemic homing signals to
mobilize cells to the myocardium from the circulation.
Consequently, transendocardial injection has been a popular
choice for delivery in this context (Fig. 3) and is more
applicable than intracoronary infusion, especially in
patients with occlusive, diffuse coronary disease, not
amenable to revascularization.

Several groups have demonstrated benefit to symptom
class and exercise capacity following NOGA®-guided
delivery of unfractionated BM cells [2, 22, 72, 75] or
mobilized CD34" cells [46], in patients with refractory
angina pectoris. In a recent randomized study, BM MNC
therapy also resulted in greater reductions in the summed
myocardial stress-perfusion score and the number of
ischemic myocardial segments, than were observed after
placebo intervention [75].

Cardiomyopathy

In cases where ischemic myocardial hibernation has
resulted in cardiomyopathy, cell-derived neovascularization
may provide benefit to regional and global contractility. In
an early, non-randomized study of patients with IHD and
marked reduction of LV EF (mean 20%), NOGA®
guidance was used to transplant BM MNC into ischemic
regions that had preserved UV amplitude (>6.9 mV) and
viability. Injections were well tolerated and resulted in
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Table 1 Clinical trials using electromechanical navigation for cell delivery

Trial Study design Patient N Cell type/dose Follow-up/results
Myocardial infarction
Krause [42] Non-controlled; single center 20 BM MNC 6-12 months: 1 EF, 1 UV
2x10®
MYSTAR? [31] RCT 30 early BM MNC 9-12 months: 1 EF, | MI size
30 late 2x10° IM
1.3x10° IC
Chronic symptomatic ischemic heart disease
Beeres [2] Non-controlled; single center 25 BM MNC 12 months: 1 EF, | ischemia,
8.5x107 improved symptoms
Fuchs [22] Non-controlled; multicenter 27 BMC 3-12 months: | CCS class,
2.8x107 CD45"/mL 1 exercise capacity, | ischemia
Losordo [46] RDBPCT; dose-escalation; 18 Rx G-CSF mobilization 3-6 months: trends toward
multicenter 6 placebo + CD34" cells improved symptoms
0.5, 1, 5x10°/kg
Protect-CAD [72] RBPCT; dose-comparison; 19 Rx BM MNC 6 months: 1 EF, | NYHA class,
multicenter 9 placebo 1.7x107 (n=9) 1 exercise capacity
4.2x107 (n=10)
van Ramshorst [75] RDBPCT; single center 25 Rx BM MNC 3 months: 1 EF, | ischemia
24 placebo 1.0x108 6 months: | CCS class,
1 exercise capacity
Ischemic cardiomyopathy
Smits [67] Non-controlled; single center 5 SkM 6 months: 1 EF, 1 regional
2.0x10° wall motion
Perin [50, 51] Non-randomized; controlled; 11 Rx BM MNC 2-4 months: T EF
single center 9 control 3.0x107 6-12 months: 1 exercise capacity,
| ischemia
CAuSMIC [12] RPCT; dose-escalation; 12 Rx SkM 12 months: improved symptoms,
single center 11 placebo 3, 10, 30, 60x 107 1T UV

Cell doses are approximate and were obtained from the mean or median value reported in the respective studies

BM bone marrow, BMC bone marrow cells, CCS Canadian Cardiovascular Society, EF ejection fraction, /C intracoronary; /M intramyocardial, MI
myocardial infarct, MNC mononuclear cells, NYH4 New York Heart Association, R(DB)PCT randomized (double-blinded) placebo-controlled
trial; Rx cell treatment; SkM skeletal myoblasts; UV unipolar voltage amplitude; 1 increased; | decreased

*MYSTAR study compared timing of delivery for combined intramyocardial and intracoronary routes

substantial improvement in reversible perfusion defects,
accompanied by increases in regional and global myocar-
dial function after 4 months [50]. Clinical angina scores and
physiological parameters of myocardial performance on
exercise testing also improved. Symptomatic benefits were
sustained at 12 months, as was myocardial perfusion;
however, the improvements in LV EF were no longer
significant [S1]. Arrhythmias were not observed as an
adverse outcome in these patients, nor were there histolog-
ical changes associated with abnormal cell growth [14].

In the context of post-MI cardiomyopathy, the main
objective of cell transplantation is to replace scarred
myocardium with functional, contractile heart tissue. This
remains particularly challenging, as current cell therapies
are limited by issues of poor engraftment and inadequate
regeneration of the damaged cellular components. Skeletal

muscle precursors continue to attract interest in this setting,
largely because of their contractile and ischemia-resistant
properties. Various studies have injected these cells into
patients with post-MI cardiomyopathy, either transepicar-
dially [48] or by electromechanical guidance [12, 69].
Twelve-month data from the CAuSMIC study has recently
shown benefits in symptom class and UV amplitude in
treated patients compared to controls, with non-significant
reduction in LV dimensions [12]. This has paved the way
for the CAuSMIC II study which is ongoing.

By comparison to ischemic cardiomyopathy, there has
been a paucity of cell-based research in NICM, both at
preclinical and clinical levels. Nonischemic disease pro-
vides unique challenges to cell biology and delivery, due to
differences in myocardial homing mechanisms [71] and the
variable nature of its etiology and pathology [10]. We have
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Fig. 3 Navigated injection for
reversible myocardial ischemia.
Left anterior oblique (LAO) and
Bull’s-eye representations of
NOGA® XP injection maps in a
subject with ischemic hibernat-
ing myocardium. Injections of
cell therapy (black circular
markers) were administered into
the mid to basal anterior and
antero-septal myocardium,
where there was severe reduc-
tion of linear local shortening
(LLS; red area), with interme-
diate reduction of unipolar volt-
age (UV; yellow-green-blue
areas), implying contractile
dysfunction but preserved via-
bility. Images kindly provided
by Dr. E.C. Perin, Texas Heart
Institute, USA

Unipolar
1-injection map > 93 Paints

Unipolar

Bull's-eye

recently demonstrated the effectiveness of NOGA®-guided,
multisegmental delivery of allogeneic mesenchymal precur-
sor cells in an ovine study of toxic cardiomyopathy ([60];
Psaltis et al. 2009b in submission). The same combination
of cell type and delivery system is currently undergoing
investigation in a clinical study of ischemic and NICM
(www.clinicaltrials.gov NCT00721045).

Future Applications

Fertile areas of future research into cell-based therapy
include the optimization of cell biology [27], the discovery
of novel or second-generation cell types [4, 70], and the
development of new delivery vectors [48] and strategies
[36]. Key issues that remain unresolved relate to the
optimal delivery route, timing, and dose of cell therapy in
different cardiovascular diseases. The safety and efficacy of
repeated versus single administration of treatment also
warrant investigation [23], especially if beneficial outcomes
remain transient due to poor levels of cell survival and
engraftment.

There are currently over 50 NOGA® XP systems in
clinical use worldwide, with numerous studies registered
(www.clinicaltrials.gov). The phase II/III, multicenter C-
Cure trial (NCT00810238) has recently commenced and is
notable for investigating “guided BM-derived mesenchy-
mal cardiopoietic cells” [4] in patients with ischemic
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cardiomyopathy. The placebo-controlled, REGEN-IHD study
(NCT00747708) is also noteworthy as it is comparing three
active treatment groups for ischemic cardiomyopathy: (1)
subcutaneous injections of granulocyte-colony stimulating
factor (G-CSF), (2) G-CSF with intracoronary infusion of BM
cells, and (3) G-CSF with NOGA®-guided intramyocardial
injection of BM cells.

With respect to technology, the NOGA® system con-
tinues to undergo various upgrades. The Windows XP
platform has resulted in significant improvements compared
to earlier generations, with easier user interface, better
image visualization, and catheter response. The accuracy
and precision of next generation NOGA® systems will be
further enhanced by new software algorithms to compen-
sate for the various sources of artifact (e.g., patient
movement and variable cardiac cycle length). In addition,
it is anticipated that anatomical and tissue characterization
will be improved by integrating electromechanical map
reconstructions with cardiac images obtained from other
non-fluoroscopic modalities, such as MRI, computerized
tomography, or real-time intracardiac echocardiography.

Modifications to catheter technology are also being
trialed, including a multi-electrode catheter (QwikStar),
which contains six sensors along its shaft in addition to the
standard single tip electrode. Although this makes the
catheter tip less flexible than the conventional NogaStar®, it
enables data to be sampled simultaneously from multiple
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sites, increasing point density and potentially shortening
mapping time. Preliminary results indicate moderate-strong
correlation with conventional, single-electrode mapping for
segmental UV amplitude (Pearson’s co-efficient 0.59—0.69
depending on point density), but not for LLS [17].

A new class of magnetically steerable catheters has also
been developed for remote mapping and injection, by
integrating NOGA® XP with the Stereotaxis magnetic
navigation system (Niobe®, Stereotaxis, St. Louis, MO,
USA). There are likely to be several advantages to this
technology, including (1) further reduction of procedure
time and radiation exposure, (2) the use of softer catheters
with reduced risk of cardiac perforation, and (3) better
catheter and needle accessibility to remote areas of the LV.
Early results point to good efficiency for stereotactic
injection, with deposition rates of approximately 95% and
needle track penetration to greater than 50% of myocardial
wall thickness [53].

Conclusion

Despite its imperfect diagnostic accuracy, the unique
properties of electromechanical mapping make NOGA®
an important tool for guiding intramyocardial interventions,
including the delivery of cell therapy. The system’s
provision of 3D spatial orientation combined with real-
time feedback (voltage potentials, endocardial shortening,
electrogram, and catheter stability) assists the operator in
targeting injection sites and assessing catheter stability and
injection depth during cell transplantation. Ongoing mod-
ifications and the integration of adjuvant imaging modali-
ties are expected to further enhance the technology’s
performance and strengthen its niche in the field of
navigated cell delivery.
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