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Summary

Current therapies for congestive heart failure are limited in efficacy or in applicability. Cardiac cell transplantation offers a novel

therapeutic approach to improve heart function. Although significant progress has been made over the past decade in the development of cell

transplantation, only recently have investigators studied the changes in ventricular function following cell transplantation. This review article

describes the latest research developments, evaluates recent studies of ventricular function after cell transplantation, and discusses the future

directions of cell transplantation as a new therapy to ‘repair broken hearts’.
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1. Introduction

Congestive heart failure is a major cause of morbidity

and mortality in developed countries [1]. Despite ongoing

advances in medical therapy and surgical intervention to

improve ventricular function, the prognosis of heart failure

remains grim. Cell transplantation has been proposed as a

novel therapy for congestive heart failure. Termed ‘cellular

cardiomyoplasty’ by Chiu and colleagues, cells of myogenic

ancestry or with the capacity to differentiate into myocytes

can be transplanted into infarcted regions of the heart to

prevent heart failure [2]. The transplanted cells may limit

scar expansion and ventricular dilatation, and potentially

increase regional contractility, thereby improving ventri-

cular function. Recently, Anversa and colleagues have

presented some intriguing preliminary evidence to suggest

that the heart may be able to repair itself with resident

cardiac stem cells and/or circulating bone marrow cells

(BMCs), highlighting the possible utility of cell trans-

plantation in treating heart failure [3]. The first clinical

application of cardiac cell therapy was reported by

Menasche and co-workers in a Phase I trial of skeletal

myoblast transplantation [4]. All ten patients had evidence

of cell engraftment with improvements in perfusion as well

as regional and global function. These encouraging early

results will warrant careful assessment in a Phase II trial.

The optimal design of clinical trials of cell transplan-

tation will require a clear understanding of how implanted

cells improve ventricular function. Over the past decade,

research in cardiac cell transplantation has focused on

studies of primarily histological endpoints. More recently,

greater attention has been focused on the functional out-

comes of cell transplantation. Although no review can be

completely comprehensive in this intensely investigated

area, we have attempted to describe and evaluate studies of

ventricular function after cell transplantation, and to discuss

the likely future directions in cardiac cell therapy.

2. Assessment of ventricular function

Current methods to study cardiac function involve both

non-invasive and invasive approaches. To evaluate the

effect of cell transplantation, attempts have been made to

assess both global and regional function using different

techniques. Each has its own merits and limits and will be

discussed in brief.

2.1. Echocardiography

Echocardiography has the advantage of allowing non-

invasive in vivo assessment of global ventricular function.
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End-systolic and end-diastolic dimensions are used to cal-

culate the left ventricular end-diastolic volumes (LVEDV),

end-systolic volumes (LVESV) and ejection fraction (EF).

In cell transplantation experiments, however, the technique

has some limitations. Measurements from M-mode tracings

are taken from a limited view of the heart, which may lead

to inaccuracies in assessing cardiac dimensions and per-

formance. The alternative of using the single-plane method

for volume calculations may underestimate the extent of

infarction in a regional dysfunction model. More import-

antly, volume measurements in 2D echocardiography are

based on an elliptical model of left ventricular geometry.

While this simplification may be valid for studies of global

heart failure such as in dilated cardiomyopathy, it may be

less appropriate for myocardial infarctions (MI) where the

left ventricle is not of uniform shape. To study regional

function, acoustic quantification with color kinesis and

tissue Doppler imaging (TDI) have been employed [5,6].

Assessment of diastolic performance with echocardio-

graphy is possible using Doppler or volume measurements,

but these estimates have not been consistent in the setting of

cell transplantation [7].

2.2. 99mTc-sestamibi single photon emission computed

tomography

In a myocardial injury model, single photon emission

computed tomography (SPECT) is a useful non-invasive

approach to study global and regional function. It also

provides information on myocardial perfusion, viability and

wall thickness (Fig. 1). The advantage of SPECT methoxy-

isobutyl isonitrile (MIBI) over echocardiography is that

SPECT does not make assumptions about left ventricular

geometry, an important advantage when regional variability

in function and perfusion are to be expected, as in MI.

The use of SPECT to study regional function may be

limited by several factors. The finite resolution of the

imaging system may underestimate count density from a

structure that is too thin to be detected. A myocardial

perfusion defect may be heterogeneous even when the

distribution of 99mTc-sestamibi activity is uniform. Heart

rate and contractility may play a role in the quantification of

myocardial tracer concentration, affecting measurements of

regional parameters. In our cell transplantation experiments,

a semiquantitative method was used to grade regional para-

meters such as perfusion and wall motion, because absolute

quantification is difficult to achieve. Also, SPECT was

performed weeks after the initial infarct, thus allowing time

to develop a permanent defect and minimize potential arti-

facts. Nevertheless, both echocardiography and SPECT

MIBI are limited by the critical dependence of measured

parameters on heart rate, preload, and afterload.

2.3. Conductance

To obtain load-insensitive measurements of cardiac

function, more invasive approaches may be helpful. A

conductance catheter and micromanometer can be inserted

into the left ventricular apex, and pressure– volume

relations measured at baseline and during caval occlusion

(Fig. 2). Hemodynamic parameters including preload

recruitable stroke work (PRSW)1, end-systolic elastance

(Ees)
2, and the end-diastolic pressure–volume relation can

be derived from the resultant pressure–volume loops

[8–10]. Parallel conductance is estimated by the hypertonic

saline method and may affect the accuracy of volume

measurements. In addition, the technique is unable to assess

regional function after a MI.

Fig. 1. Representative 3D views of reconstructed hearts from gated SPECT

MIBI scans. The animals from control and transplanted groups were

scanned 4 weeks after cell transplantation. From Tomita et al. [32].

1 PRSW is represented by the slope of the linear relationship between

stroke work (SW, defined as the area within a pressure–volume loop) and

end-diastolic volume (EDV). The slope of the line (more than its position)

reflects changes in contractility, which incorporate preload and afterload

and are insensitive to heart rate and chamber size. An increase in slope

indicates better ventricular contractility.
2 End-systolic elastance (Ees) is the slope of the linear relationship

between end-systolic pressure (ESP) and end-systolic volume (ESV). Both

the position and slope reflect ventricular contractile state insensitive to

changes in heart rate, preload, and afterload. A left shift in the line’s

position or an increase in slope indicates better ventricular contractility.

Emax (the slope of the linear relationship between maximal systolic pressure

and ESV) very closely approximates Ees, and was used in our experiments

to reflect Ees.
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2.4. Sonomicrometry

Sonomicrometry can accurately quantify regional ven-

tricular performance to evaluate the effect of cell transplan-

tation in infarcted hearts. One or more pairs of ultrasonic

transducers connected to a sonomicrometer are placed on

the epicardial surface of the heart around the area of interest

and a micromanometer is positioned in the left ventricular

cavity. Regional dimensions and left ventricular pressure

are measured at baseline and during inferior vena caval

occlusion (Fig. 3). Based on a model evaluating global

ventricular function, Atkins and colleagues reported the

derivation of load-insensitive parameters of regional sys-

tolic and diastolic function, including PRSW, pressure–

strain relation3, diastolic creep4, static5, and dynamic

stiffness6 for cell transplantation studies (Fig. 4) [11].

Sonomicrometry is invasive and any calculation of systolic

parameters such as regional PRSW assumes a normal, non-

ischemic myocardial physiology [12]. Placement of the

ultrasonic transducers is critical to measurement accuracy

and may induce regional injury. To evaluate global func-

tion, serial placements of crystals or leaving them in situ

may be necessary to determine chamber dimensions and

extrapolation may be needed to yield global parameters.

However, this approach often assumes an elliptical model of

global LV geometry and may not be accurate in models of

ischemia. In an attempt to overcome this limitation, DeAnda

and co-workers employed myocardial markers and pro-

posed a regional model to determine wall stress and global

systolic performance [13].

2.5. Langendorff apparatus

Technical limitations may preclude the use of conduc-

tance catheter, sonomicrometry, or myocardial markers for

evaluation of function in very small animals. A Langendorff

preparation has frequently been employed as an alternative

approach to evaluate global function in cell transplantation

studies. Our group has employed the non-ejecting mode of

the Langendorff preparation to study cell transplantation in

rats. A balloon is passed into the left ventricle and hemo-

dynamic parameters are measured ex vivo with each incre-

ment in balloon volume. Heart rate, systolic and diastolic

left ventricular pressures, and maximal rate of change in left

ventricular pressure (þdP/dt and 2dP/dt) can be deter-

mined. Developed pressure, a measure of contractility, is

calculated as the difference between systolic and diastolic

pressures. Measurement of the passive diastolic pressure–

volume relation is also possible with the heart arrested in

diastole. The technique has the major advantage of con-

trolling preload, afterload, heart rate, and perfusion pres-

sure, which is very difficult in vivo in small animal models.

However, the isolated heart may be subject to varying

degrees of ischemia. In addition, hemodynamic parameters

derived from specific ventricular volumes are not physio-

logic or load-insensitive. To overcome the above limitations

in very small animals, Muller-Ehmsen and colleagues

performed LV angiography and obtained similar but load-

sensitive measurements in vivo to determine EF and

segmental wall motion abnormalities [14].

Fig. 2. Representative post-transplantation pressure–volume relations

generated by conductance micromanometry. Following coil embolization

of the left anterior descending coronary artery, this pig received autologous

heart cell transplantation and had an improvement in ventricular function.

3 Regional strain (1) is the ratio of change in end-diastolic segment length

(EDSL) to minimum EDSL. A greater strain corresponds to a greater

change in EDSL (DEDSL) and indicates greater regional wall movement.

In the pressure–strain curvilinear relation, a rightward shift or increased

strain indicates increased diastolic compliance.
4 Diastolic creep is a sensitive indicator of myocardial injury and is

measured by the minimal segment length (EDSL0). An increase in EDSL0

reflects regional dilatation and represents a decrease in compliance.
5 Regional static stiffness (Mstat) is the ratio of pressure to segment length

[Mstat ¼ (P 2 P0)/(EDSL0 þ DEDSL)]. Given a constant pressure, Mstat is

dependent on EDSL0 (to a greater degree) and DEDSL. An increase in

EDSL0 (diastolic creep), therefore, decreases Mstat and negatively alters

regional geometry. Recall that an increase in DEDSL represents greater

wall motion. While this may reflect an improvement in compliance (see

Strain), an excessive increase in DEDSL indicates regional dilatation and

will cause a decrease in Mstat.
6 Regional dynamic stiffness (dP/dL) is a measure of regional relaxation

and is represented by the ratio of change in pressure to change in EDSL

[dP/dL ¼ d(P 2 P0)/d(EDSL)]. In a pressure–EDSL curvilinear relation,

dynamic stiffness represents the slope of the tangent drawn at a normalized

(P 2 P0). A decrease in dynamic stiffness (e.g. increase in dL) represents

improved regional relaxation and compliance.
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3. Effect of cell transplantation on ventricular function

3.1. Studies of ventricular function in cardiac cell

transplantation

A review of the current literature reveals over 30

published studies on the effect of cell transplantation on

ventricular function in failing hearts. Allogeneic and

autologous transplantation of skeletal myoblasts, smooth

muscle cells, heart cells, and BMCs in various animal

models have been reported. Both intramyocardial injection

and intracoronary infusion have been employed to deliver

cells to the infarct and peri-infarct zone, as well as to

cardiomyopathic or normal hearts. Global and regional

ventricular functions were evaluated either ex vivo or in vivo

using the Langendorff apparatus, echocardiography, SPECT

MIBI, conductance, or sonomicrometry. Most studies

reported significantly improved systolic and/or diastolic

function after cell transplantation in injured hearts.

Representative studies are included in Tables 1–4 for

reference, categorized by cell type and the animal model.

3.2. Studies of ventricular function in a regional infarct

model

Animal models of regional ventricular dysfunction have

utilized either cryoinjury or coronary occlusion to induce a

focal injury. Cryoinjury results in a uniform, transmural scar

and has the advantage of greater reproducibility, while

coronary occlusion results in a more clinically relevant but

variable infarct zone. A number of cell types have been

assessed for their effect on ventricular function after

transplantation.

3.2.1. Myogenic cells

(Table 1) Transplantation of allogeneic or autologous

fetal, neonatal and adult cardiomyocytes, skeletal myo-

blasts, and smooth muscle cells has demonstrated improve-

ment in systolic and/or diastolic performance compared to

untreated controls. This effect was seen as early as 2 weeks

after cell implantation, lasting up to 3–6 weeks, and in one

study, as long as 6 months. The magnitude of improvement

varied depending on the animal model and cell type but was

generally significant. A majority of studies involved small

animals and used echocardiography, a Langendorff appa-

ratus or sonomicrometry to evaluate cardiac function. In

studies using echocardiography, an increase of 20–35% in

EF over the untreated group (control) was observed. With

the Langendorff perfusion model, developed pressures and

in some cases diastolic pressures were found to be signi-

ficantly higher in the cell-treated hearts, although 20–35%

lower than those of the sham-operated ones. Using LV

angiography, a 10% absolute increase in EF and an

improvement in regional wall motion with less dyskinesis

were observed in the cell-treated group [14]. Atkins and

colleagues demonstrated that skeletal myoblast-implanted

rabbit hearts had significantly improved regional diastolic

performance. One of their studies reported that cell-

transplanted rabbits had a 66% increase in strain and 50%

Fig. 4. Typical pressure (P) vs. EDSL curves post-cryoinjury (CRYO) and

post-cellular cardiomyoplasty (CCM) with either skeletal myoblasts (Mb)

or fibroblasts (Fb) showing dP/dL8 for comparison of dynamic stiffness

between groups. From Hutcheson et al. [34].

Fig. 3. Surgical preparation for sonomicrometry, showing ultrasonic

dimension transducers on either side of the cryoinjured region of the

anterolateral LV. A Fogarty balloon catheter is placed in the inferior vena

cava at the time of data acquisition to allow controlled variation in preload.

Inset: data acquisition configuration with LV intracavitary pressure

transducer. From Atkins et al. [11].
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decrease in dynamic stiffness, compared to those without

treatment [11]. The cell-treated animals also had preser-

vation of static stiffness and diastolic creep, hence,

maintaining regional geometry and improving compliance.

We have transplanted autologous heart cells into infarcted

porcine hearts and demonstrated an improvement in global

ventricular function, including a 25% increase in PRSW

compared to the control group [26]. SPECT MIBI also

demonstrated greater regional wall motion and perfusion in

the cell-treated animals. However, our coil occlusion model

was limited by the variability of the induced infarct size.

Smaller infarcts causing less severe LV dysfunction masked

the effects of cell transplantation, while larger infarcts

significantly increased mortality.

Of note, one study reported non-significant changes in

function following cell transplantation. Using echocardio-

graphy, Etzion and co-workers did not find a significant

increase in cardiac output 8 weeks following embryonic

heart cell transplantation in rats, even though there was

evidence of prevention of ventricular remodeling [21]. The

non-significant improvement in function was partly attri-

buted to the failure of myocytes to differentiate into mature

myocardium during the study. In addition, the cell type,

number of cells injected, and timing of implantation after

the initial injury may be crucial determinants of the

magnitude of the effect on ventricular remodeling and

function.

3.2.2. Bone marrow cells

(Table 2) Recently, BMCs have undergone investigation

as a potential donor cell type for cardiac cell therapy. Using

a small animal model, Orlic and colleagues transplanted

allogeneic adult murine Lin(2 ) c-kit(þ ) BMCs into viable

myocardium adjacent to the infarct area and reported a

significant improvement in systolic function [29]. Deve-

loped pressures in the BMC-transplanted mice were 33%

higher than those in untreated mice, but 30% less than

values in sham-operated animals. Transplanted cells

occupied up to 68% of the infarct zone 9 days after the

initial injection. Tomita and co-workers transplanted

autologous 5-azacytidine-pretreated BMCs into porcine

hearts and showed a significant improvement in PRSW, as

well as regional perfusion, wall thickness and motion [32].

3.3. Which cell types improve function following an infarct?

(Table 3) Comparative studies with different cell types

suggested that cells with myogenic properties are necessary

Table 1

Representative studies on function using myogenic cells in a regional infarct model

Animal model References Cell type Mode of

transplantation

Mode of injury Mode of evaluation on function Functional outcome

Small (rabbit, rat) Li et al., 1996 [15] Heart cells Allogeneic Cryo Langendorff Significant improvement

Scorsin et al., 1997 [16] Heart cells Allogeneic Coronary occlusion Echo Significant improvement

Taylor et al., 1998 [17] Skeletal myoblasts Autologous Cryo Sonomicrometry Significant improvement

Atkins et al., 1999 [11] Skeletal myoblasts Autologous Cryo Sonomicrometry Significant improvement

Li et al., 1999 [18] Smooth muscle cells Allogeneic Cryo Langendorff Significant improvement

Sakai et al., 1999 [19] Heart cells Autologous Cryo Langendorff Significant improvement

Pouzet et al., 2000 [20] Skeletal myoblasts Autologous Coronary occlusion Echo Significant improvement

Etzion et al., 2001 [21] Heart cells Allogeneic Coronary occlusion Echo No significant improvement,

but limited remodeling

Jain et al., 2001 [22] Skeletal myoblasts Allogeneic Coronary occlusion Langendorff Significant improvement

Pouzet et al., 2001 [23] Skeletal myoblasts Autologous Coronary occlusion Echo Significant improvement

Suzuki et al., 2001 [24] Skeletal myoblasts Allogeneic Coronary occlusion Langendorff Significant improvement

Müller-Ehmsen et al., 2002 [14] Heart cells Syngeneic Coronary occlusion Micrmanometry and LV angiography Significant improvement

Roell et al., 2002 [25] Heart cells Allogeneic Cryo Electrophysiology and echo Significant improvement

Large (pig, sheep) Li et al., 2000 [26] Heart cells Autologous Coronary occlusion SPECT MIBI and conductance Significant improvement

Rajnoch et al., 2001 [5] Skeletal myoblasts Autologous Snake cardiotoxin Echo Significant improvement

Table 2

Representative studies on function using BMCs in a regional infarct model

Animal model References Cell type Mode of
transplantation

Mode of injury Mode of evaluation
on function

Functional outcome

Small (rabbit, rat) Tomita et al., 1999 [27] 5-Aza BMC Autologous Cryo Langendorff Significant improvement
Kocher et al., 2001 [28] Human CD34 þ BMC Allogeneic Coronary occlusion Echo Significant improvement
Orlic et al., 2001 [29] Adult Lin(2 ) c-kit(þ)

BMC
Allogeneic Coronary occlusion Micromanometry Significant improvement

Large (pig, sheep) Fuchs et al., 2001 [30] BMC Autologous Coronary occlusion Echo Significant improvement
Kamihata et al., 2001 [31] BMC Allogeneic Coronary occlusion Echo Significant improvement
Tomita et al., 2002 [32] 5-Aza BMC Autologous Coronary occlusion SPECT MIBI and

conductance
Significant improvement

G.H.L. Tang et al. / European Journal of Cardio-thoracic Surgery 23 (2003) 907–916 911

D
ow

nloaded from
 https://academ

ic.oup.com
/ejcts/article-abstract/23/6/907/425207 by U

niversity H
ealth N

etw
ork user on 11 O

ctober 2018



to improve systolic function in a myocardial infarct model.

Scorsin and colleagues reported a similar efficacy of

cardiomyocyte and skeletal myoblast transplantation [35].

Hutcheson and co-workers demonstrated that while both

skeletal myoblasts and fibroblasts improved diastolic

function following cryoinjury in rabbit hearts, systolic

improvement was observed only with skeletal myoblast

transplantation [34]. Similar results from our group

demonstrated that transplanted cardiomyocytes were

superior to smooth muscle cells and fibroblasts in improving

systolic and diastolic properties [33]. Endothelial cells

induced regional angiogenesis but no improvement in

ventricular performance [36]. We further showed that

autologous transplantation of 5-azacytidine-pretreated

BMCs and adult heart cells improved ventricular function,

with BMCs demonstrating greater plasticity in in vivo

differentiation into vascular progenitor cells [37]. These

findings suggest that both contractile and elastic properties

are important for implanted cells to improve function in

damaged hearts.

3.4. Improvement of ventricular function in a global heart

failure model

(Table 4) Systolic and diastolic LV function in both

dilated cardiomyopathy and doxorubicin-induced heart

failure have been found to improve significantly following

skeletal myoblast, heart cell, and smooth muscle cell trans-

plantation in small animals. In Scorsin’s study, however,

sex-mismatched engrafted fetal cardiomyocytes were not

identified by Y-chromosome staining, and it was not

possible to conclude that the improvement in function was

due to engraftment of the transplanted cells [38]. Because of

variations in experimental design and methodology, it is

difficult to determine from current studies whether cell

therapy results in a similar extent of improvement in

regional vs. global left ventricular dysfunction. Further

investigations will be necessary to compare the effect of cell

transplantation in these two models of cardiac failure.

3.5. Is cardiac cell transplantation safe?

Although cell transplantation has consistently demon-

strated improvement in ventricular function irrespective of

the mode of injury, reports of its effect on mortality rate are

rare and variable. Most published studies found a 15–30%

mortality rate following myocardial injury, with two studies

reporting no difference attributable to transplantation. Roell

and co-workers recently demonstrated a clear short-term

survival benefit in the transplantation of embryonic cardio-

myocytes into cryoinjured myocardium [25]. A large group

of mice ðN ¼ 153Þ was studied and the cryoinjured, cell-

treated group had no significant difference in survival when

compared to the sham-operated, cell-treated group. More

studies will be needed to evaluate the longer-term survival

benefit of cell transplantation under varying circumstances.

For now, it appears to have at least no detrimental effect on

animals in these short-term studies.

Table 3

Representative studies on function comparing different cell types and using non-myogenic cells in a regional infarct model

Animal model References Cell type Mode of

transplantation

Mode of injury Mode of evaluation

on function

Functional outcome

Small (rabbit, rat) Sakai et al., 1999 [33] HC vs. SMC vs.

fibroblasts

Allogeneic Cryo Langendorff HC . SMC . fibroblasts

Hutcheson et al., 2000 [34] Skeletal myoblasts vs.

fibroblasts

Autologous Cryo Sonomicrometry Skeletal myoblasts . fibroblasts

Scorsin et al., 2000 [35] HC vs. skeletal myoblasts Allogeneic Coronary occlusion Echo HC ¼ skeletal myoblasts

Kim et al., 2001 [36] Endothelial cells Allogeneic and syngeneic Cryo Langendorff No significant improvement; enhanced

angiogenesis

Large (pig) Yau et al., 2002 [37] 5-Aza BMC vs. HC Autologous Coronary occlusion SPECT MIBI and conductance BMC ¼ HC

HC, heart cells; SMC, smooth muscle cells; BMC, bone marrow cells.

Table 4

Representative studies on function using myogenic cells in a global heart failure model

Animal model References Cell type Mode of

transplantation

Mode of

heart

failure

Mode of

evaluation

on function

Functional outcome

Small (rabbit, rat) Scorsin et al., 1998 [38] Heart cells Allogeneic DCM Echo Significant improvement

Yoo et al., 2000 [39] Smooth muscle cells Autologous DCM Langendorff Significant improvement

Yoo et al., 2000 [40] Heart cells Autologous DCM Langendorff Significant improvement

Suzuki et al., 2001 [41] Skeletal myoblasts Allogeneic DCM Langendorff Significant improvement

DCM, dilated cardiomyopathy.
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3.6. Improvement of ventricular function in initial clinical

experience

Most recently, cardiac cell therapy has made the

transition from a laboratory to a clinical setting. Menasche

et al. reported the first clinical application of autologous

skeletal myoblast transplantation in a patient suffering from

NYHA class III heart failure after a previous MI [4]. Auto-

logous cells were injected in and around the infarct zone at

the time of coronary artery bypass grafting (CABG) surgery.

Significant improvement in both clinical symptoms and

EF was observed 5 months post-operatively. The combined

CABG-cell transplantation procedure was subsequently

performed in ten patients in the Phase I trial. Although

these results may be confounded by the effects of simul-

taneous coronary revascularization, 2 to 10-month post-

operative follow-up demonstrated contractility of the

previously akinetic, cell-transplanted area, with new-onset

metabolic activity [42]. This finding has spurred ongoing

investigation in skeletal myoblast transplantation as an

adjunctive therapy for ischemic heart failure, and a

randomized multi-center Phase II trial is currently under

way.

Autologous BMCs have also been used clinically in

post-MI patients. Strauer and co-workers reported that ten

patients had improved regional perfusion, wall motion,

and stroke volume index at 3 months after intracoronary

infusion of mononuclear BMCs during percutaneous

transluminal coronary angioplasty (PTCA) [43]. In a study

by Assmus and colleagues, intracoronary infusion of either

bone marrow-derived or circulating blood-derived progeni-

tor cells during PTCA was associated with improved EF,

regional wall motion, and myocardial viability during a

4-month follow-up [44]. Interestingly, there was no

difference in benefit between the two types of progenitor

cells. Stamm and colleagues injected mononuclear BMCs

along the infarct border in six patients during CABG surgery

and found significant improvements in EF and regional

perfusion at 3–10 months post-treatment [45]. These Phase I

trial results have so far demonstrated the safety and feasi-

bility of cell transplantation as an adjunctive therapy to

standard revascularization procedures. However, with a

relatively small sample size and a lack of non-randomized

controls, the clinical efficacy of cell therapy should be

interpreted with some caution, as we await the results of

larger, randomized multi-center trials.

In the initial trial of myoblast transplantation by

Menasche and co-workers, four of the ten patients deve-

loped non-sustained ventricular tachycardias. A number of

patients had an implantable defibrillator placed to protect

against further arrhythmias [46]. Interestingly, cultured

cardiomyocytes derived from pluripotent embryonic stem

cells had been shown to possess arrhythmogenic properties

[47]. It is, therefore, possible that engrafted cells of myo-

genic properties may act as an arrhythmogenic source, and

the arrhythmias seen in the myoblast clinical trial could be a

potential side effect of cell therapy. Further studies will be

required to determine the influence of cell transplantation on

arrhythmias.

4. Implications and future research

Although cell transplantation has thus far demonstrated

fairly consistent improvement in function in failing hearts,

several issues still need to be addressed in future studies.

They include: (1) method of myocardial injury and evalu-

ation of function, (2) choice of cell type, (3) technical

refinements, and (4) mechanisms of benefit.

4.1. Method of myocardial injury and evaluation of function

Although cryoinjury is a reliable technique to create a MI

in laboratory studies, the coronary occlusion method has

greater clinical relevance. Given its similarity to humans in

coronary anatomy and cardiac physiology, the porcine

model may be most suitable for the evaluation of function

and potential side effects of cell transplantation (e.g.

ventricular arrhythmias). Sonomicrometry and conductance

are currently the most accurate load-insensitive methods in

the respective evaluation of global and regional ventricular

function, but further refinements may increase their utility.

4.2. Choice of cell type

Allotransplantation requires immunosuppression to pre-

vent rejection of the engrafted cells. Unresolved ethical

issues surrounding the use of fetal cells make them unlikely

candidates for cell transplantation. Autotransplantation of

skeletal myoblasts alleviates this problem, and these cells

have been shown to proliferate in infarcted myocardium

and improve ventricular function. Because the number of

satellite cells in normal skeletal muscle is low, the isolation

and culture of a sufficient number of cells for transplantation

have required careful optimization. The issue of whether

the engrafted skeletal myoblasts communicate with the host

myocardium is yet to be settled, due to the lack of gap

junction formation between transplanted and native myo-

cytes. Despite controversial suggestions that implanted

skeletal myoblasts may transdifferentiate into a cardiac

phenotype, such a process has not been observed in a

labeling study by Reinecke and co-workers [48]. None-

theless, the engrafted cells may contract in the presence of a

non-electrical stimulus.

Ventricular and atrial heart cells have many character-

istics of cardiomyocytes but do not beat spontaneously

in situ. BMCs may offer an ideal alternative source of cells

for transplantation. Cells can be easily aspirated, isolated,

and rapidly expanded in culture. Although studies are not

yet conclusive, intriguing data suggest that BMCs may

differentiate into cardiomyocyte-like cells in vitro and

in vivo after autologous transplantation given appropriate
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environmental cues [32]. In addition to myogenesis, BMCs

may have the capacity to differentiate into vascular cells,

such as smooth muscle and endothelial cells that are

crucial components in angiogenesis and vasculogenesis.

This greater plasticity makes BMCs promising candidates

for optimal myocardial repair. Non-hematopoietic stem

cells, such as those of cardiac or embryonic origin, may

offer similar efficacy in repairing the damaged heart [44].

Although implanted BMCs appear to improve post-MI

function, histological evidence is as yet inconclusive and

their benefit may not be entirely due to cells of myogenic

properties. Technical limitations and methodological

heterogeneity may account for the uncertainty surrounding

the transdifferentation of engrafted cells into other cell

types, particularly cardiomyocytes. Spontaneous cell fusion,

as suggested by Terada and co-workers, may also explain

these observations [49]. The overall picture suggests that the

synergistic effect of various cell types (myocytes, vascular

smooth muscle, and endothelial cells) may provide the

optimal benefit in ventricular remodeling and improvement

in function in failing hearts. It is important to note that

regardless of the cell type used for implantation, none has

thus far been consistently shown to beat synchronously

with the host myocardium. Isolated clusters of engrafted

myogenic cells may, therefore, become a potential source

of arrhythmogenesis. Future studies will be necessary to

ensure that this therapeutic technique is safe and effective.

4.3. Technical refinements

There have been few investigations to determine the

optimal timing of cell transplantation after a MI. Results

from the above animal studies as well as a recent study by

our group have suggested that cell treatment may be more

beneficial after the acute inflammatory process has subsided

but prior to the active phase of ventricular remodeling [50].

However, in two clinical trials using BMCs, a benefit in

function was seen with transplantation occurring as early

as hours after the infarct [43,44], and in the study by Orlic

et al. transdifferentiation of BMCs to various phenotypes

was also reported [29]. Given the pathophysiologic evolu-

tion of a MI, it is likely that the timing of BMC trans-

plantation will have an effect on transdifferentiation in vivo.

If transdifferentiation is ‘milieu dependent’ as some suggest,

undifferentiated BMCs injected into scar may transdiffer-

entiate into scar (fibroblasts) whereas early injection into

an infarct zone with viable myocardium may induce the

BMCs to undergo a transformation into muscle-like cells

and therefore, contribute to myogenesis. BMCs may also

respond to the host inflammatory response differently from

myogenic cells and different cell types may have different

optimal time periods of implantation to exert maximal

benefit. Further studies will be necessary to resolve these

uncertainties.

In addition to timing, the number of cells required to

exert the optimal therapeutic effect has not been elucidated,

although a recent study by Pouzet and colleagues demon-

strated a linear relationship between improvement in EF and

the number of autologous skeletal myoblasts injected into

the infarcted area [23]. The same group also reported that

pre-harvest muscle conditioning with bupivacaine signifi-

cantly enhanced baseline myoblast cell yield prior to

implantation, but cell culture remained essential for myo-

blast transplantation to be successful in rats with infarcted

hearts [20]. Implanting a larger number of cells may

have diminishing returns, however, as Muller-Ehmsen and

co-workers showed a significant loss occurred within 24 h

and a further loss between 4 and 12 weeks [51]. The authors

attributed the initial loss to technical limitations and the

latter loss to cell death. Further refinement in delivery

technique and cell preconditioning will be necessary for

future clinical applications. Muller-Ehmsen and colleagues

also performed a longer-term study of cardiac cell trans-

plantation and found a significant improvement in EF

and decrease in infarct zone dyskinesis 6 months post-

transplant, with survival of engrafted neonatal cardiomyo-

cytes [23]. Similar results were observed by Ghostine et al.

in a 1-year study on skeletal myoblast transplantation [52].

Continuing advances in cardiac cell transplantation suggest

a long-term benefit of the novel therapy.

4.4. Mechanisms of benefit

With cardiac cell therapy now undergoing initial clinical

application, understanding the mechanism of benefit is

mandatory to optimize clinical trial design. There are at

least five theories of how cell transplantation may affect the

improvement in ventricular function that have been reported

in multiple studies. First, contraction of the engrafted cells

within the host myocardium may improve systolic function.

Second, the augmented elastic properties of the transplanted

region may improve regional diastolic function, limiting

scar expansion and regional dilatation. Third, the engrafted

cells may stimulate angiogenesis and provide a substrate

for new vessel formation resulting in improved regional

myocardial perfusion and increased contractility from hiber-

nating myocardium. Fourth, the implanted cells may lead to

scar stiffening and thickening, reducing wall stress, and

preventing further cardiac decompensation. Finally, donor

cell secretion of growth factors or cell-signaling peptides

may limit both regional and global left ventricular remodel-

ing. It is possible that donor cells may play a critical role in

supporting the contractile apparatus and modulating the key

events of cardiac remodeling including cell death, hyper-

trophy, and extracellular matrix reorganization, thereby

preventing or delaying progressive ventricular dilatation

and failure. There have been a number of investigations of

these hypotheses, and future findings will likely elucidate

the molecular mechanisms behind the benefit of cell

transplantation.
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5. Conclusions

Current medical and surgical therapies have not solved

the problem of heart failure. Cardiac cell transplantation

represents a novel therapeutic option for patients with end-

stage heart failure. Despite the limitations of different

models and techniques in various studies, most reports have

demonstrated significant improvement in systolic and

diastolic function after cell transplantation into injured

myocardium or in a global heart failure model.

Autologous cell transplantation is currently being evalu-

ated clinically and offers the promise of a unique biological

approach for myocardial revascularization and repair.

Despite the large body of experimental data indicating its

effectiveness, many issues will require resolution in the

future. First, while preliminary clinical data suggests that

cell transplantation is safe, the arrhythmogenic potential of

this therapy must be rigorously investigated. Second, the

optimal cell type, number, and timing of injection for a

particular clinical problem remain to be determined. Third,

the underlying mechanisms that lead to the benefits

observed after cell transplantation need to be outlined and

optimized. Notwithstanding these important challenges, cell

transplantation for cardiac disease may offer a novel and

effective therapeutic approach for patients with or at risk of

heart failure.
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