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Pilot Trial on Determinants of Progenitor Cell Recruitment
to the Infarcted Human Myocardium

Volker Schächinger, MD*; Alexandra Aicher, MD*; Natascha Döbert, MD; Rainer Röver, BSc;
Jürgen Diener, MD; Stephan Fichtlscherer, MD; Birgit Assmus, MD; Florian H. Seeger, MD;

Christian Menzel, MD; Winfried Brenner, MD; Stefanie Dimmeler, PhD; Andreas M. Zeiher, MD

Background—Clinical trials indicate a beneficial effect of intracoronary infusion of progenitor cells on myocardial
function in patients with ischemic heart disease. The extent and potential determinants of proangiogenic progenitor cell
homing into the damaged myocardium after intracoronary infusion and the underlying mechanisms are still unknown.

Method and Results—Circulating proangiogenic progenitor cells isolated from peripheral blood and cultivated for 3 days
were labeled with radioactive indium oxine (111In-oxine). Radiolabeled proangiogenic progenitor cells (7.6�3.0 MBq,
mean�SD) were administered to patients with previous myocardial infarction and a revascularized infarct vessel at
various stages after infarction (5 days to 17 years). Viability of the infarcted myocardium was determined by
18F-fluorodeoxyglucose–positron emission tomography and microcirculatory function by intracoronary Doppler mea-
surements. One hour after application of progenitor cells, a mean of 6.9�4.7% (range, 1% to 19%; n�17) of total
radioactivity was detected in the heart, which declined to 2�1% after 3 to 4 days. Average activity within the first 24
hours was highest among patients with acute myocardial infarction (�14 days; 6.3�2.9%; n�8) and progressively
decreased in patients treated in an intermediate phase (�14 days to 1 year; 4.5�3.2%; n�4) or a chronic stage (infarct
age �1 year; 2.5�1.6%; n�5). Low viability of the infarcted myocardium and reduced coronary flow reserve were
significant (P�0.05) predictors of proangiogenic progenitor cell homing.

Conclusions—In patients after myocardial infarction undergoing intracoronary infusion of 111In-oxine–labeled proangio-
genic progenitor cells, a substantial amount of radioactivity is detected for several days in the heart, indicating homing
of progenitor cells to the myocardium. The amount of proangiogenic progenitor cells retained in the heart decreased
progressively with time after the acute myocardial infarction. Proangiogenic progenitor cells preferentially home to
extensive acute myocardial infarcts characterized by low viability and reduced coronary flow reserve. (Circulation.
2008;118:1425-1432.)
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Cell therapy is a promising option to treat ischemic
diseases. Several cell types, including embryonic stem

cells, skeletal myoblasts, bone marrow–derived cells, circu-
lating progenitor cells (CPCs), and tissue-resident cardiac
stem cells, have been used in experimental studies to improve
recovery after acute ischemia and to repair chronically
damaged myocardium.1 In the clinical setting, patients with
acute and chronic myocardial infarction were treated with
bone marrow–derived cells or blood-derived CPCs, whereas
skeletal myoblasts were injected in chronic heart failure
patients to improve heart function.1 The clinical trials in
patients with acute myocardial infarction (AMI) and chronic
ischemic heart disease were recently assessed in a meta-anal-

ysis of all studies currently available showing that cell
therapy is associated with modest improvements in physio-
logical and anatomic parameters above and beyond conven-
tional therapy.2 In line with this, recent evaluation of the
clinical follow-up of the Reinfusion of Enriched Progenitor
Cells and Infarct Remodeling in Acute Myocardial Infarction
(REPAIR-AMI) trial revealed a significant reduction in
adverse clinical end points, setting the stage for future testing
of clinical efficacy of cell therapy in AMI.3,4
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Despite these promising clinical studies, several questions
about cell therapy remain unanswered, including the inten-
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sively discussed question about the mechanism by which cell
therapy exhibits its beneficial effects. Direct physical contri-
bution by differentiation into cardiac myocytes (cardiac
regeneration) or the formation of new vessels (vasculogen-
esis) and paracrine activities of the transplanted cells have
been considered to mediate the functional recovery of the
heart after cell infusion.5 Of note, all of these mechanisms,
even the short-term paracrine activities, depend on an initial
homing and subsequent engraftment to the target tissue.
Therefore, experimental and clinical studies attempt to inves-
tigate the initial homing by in vivo imaging. Noninvasive
imaging has been performed by direct labeling with gamma-
emitting radionuclides for gamma camera6 or single-photon
emission computed tomography imaging,7,8 by using positron
emitters such as [18F]fluorodeoxyglucose (FDG) for positron
emission tomography (PET),9,10 or by labeling of cells with
iron particles for magnetic resonance imaging.11–14 All strat-
egies were used successfully in experimental models with
some limitations (for review, see Beeres et al15). Clinically,
labeling of bone marrow–derived cells or isolated CD133�

cells with the radiopharmaceutical 111In-oxine was performed
in several case reports in patients with AMI or chronic
myocardial infarction.16,17 Hofmann et al18 infused bone
marrow–derived cells or CD34� cells labeled with the PET
tracer FDG into 3 patients with AMI. All experimental and
clinical studies demonstrated a relatively low (ranging from
2% to 11%) acute accumulation of 111In activity in the heart
in patients treated with bone marrow–derived cells or
CD133� cells. Only purified FDG-labeled CD34� cells were
shown to home more efficiently into the heart (14% to
39%).18 However, the reasons for the individual variation of
cell homing are still unclear.

Here, we investigated the homing of intracoronary infused
111In-oxine–labeled ex vivo cultured peripheral blood-derived
CPCs in 17 patients with AMI and chronic myocardial
infarction to determine potential predictors of homing. Cul-
tivated circulating cells were chosen because of their lower
sensitivity to irradiation-induced dysfunction and cell
death.6,19

Methods
Patients
Twenty post–myocardial infarction patients were recruited between
May 2005 and December 2006 into this single-center study. In 17
patients with an open infarct-related artery (either after stent implan-
tation or bypass grafting), 111In-oxine–labeled progenitor cells were
infused, and subsequent imaging was performed. Infarct age ranged
from 5 days to 17 years (8 patients with AMI within the last 14 days
[�14 days], 4 patients in an intermediate phase of �14 days to 1
year, and 5 patients with chronic ischemic heart disease [infarct age
�1 year]). One patient with AMI was excluded because no gamma
camera imaging could be performed. In 2 patients with an occluded
infarct-related artery, labeled progenitor cells were infused into a
noninfarcted vessel, providing angiographically visible collaterals to
the occluded infarct vessel.

In brief, exclusion criteria were defined as evidence for malignant
disease, infectious or inflammatory disease, active bleeding, stroke
within 2 years, surgery or trauma within 2 months, uncontrolled
hypertension, renal or liver dysfunction, thrombocytopenia, or ane-
mia. The ethics review board of the Hospital of the Johann Wolfgang
Goethe University of Frankfurt, Germany, and the Federal Agency
for Radiation Safety (Bundesamt für Strahlenschutz), Germany,

approved the protocol, and the study was conducted in accordance
with the Declaration of Helsinki. Written informed consent was
obtained from each patient.

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

CPC Preparation and Labeling
Venous blood (250 mL) was collected, and mononuclear cells were
purified and ex vivo cultured for 3 days as previously described by
Assmus et al.20 Briefly, adherent cells were detached with
0.5 mmol/L EDTA, and �106 CPCs were resuspended in a final
volume of 5 mL growth factor and serum-free X-VIVO-10 medium
(Biowhittaker, Verviers, Belgium) to be labeled with �25 MBq
111In-oxine (half-life, 2.8 days; � energy, 171 keV, 245 keV, 37
MBq/mL, Tyco Healthcare, Neustadt, Germany) according to the
manufacturer’s instructions with regard to pH adjustment and were
incubated for 60 minutes at 37°C (see Aicher et al6). Cells were
washed twice with PBS. Then, labeled CPCs were resuspended in
serum-free X-VIVO-10 medium and stored in a syringe in a total
volume of 8 mL. Labeling efficacy was measured with a dose
calibrator, and cell viability was assessed by trypan blue exclusion.19

The remaining unlabeled CPCs also were washed, resuspended in
serum-free X-VIVO-10 medium, and stored in a separate syringe
(with a total volume of 8 mL).

Infusion Protocol
CPCs were administered using the previously described stop flow
technique.20,21 In brief, after arterial puncture, patients who were
pretreated with aspirin and clopidogrel were given 7500 to 10 000 U
heparin. Patients received both 106 radiolabeled CPCs and subse-
quently the remaining unlabeled CPC. First, 4 mL labeled CPC was
infused via an over-the-wire balloon catheter advanced into the
coronary artery supplying the infarct territory. Then, the balloon was
inflated with low pressure to completely block blood flow for 3
minutes. After 3 minutes of reflow, the procedure was repeated.
Subsequently, unlabeled CPCs were infused in 2 portions, 4 mL
each, in the same way.

Doppler Measurements
Before CPC administration, coronary blood flow velocity was
assessed via an intracoronary Doppler wire (Flowire, Cardiometrics
Inc, Mountain View, Calif) as previously described.22 In brief, the
Doppler wire was advanced to the infarct artery and a noninfarcted,
nonstenosed reference vessel (if available), and coronary flow was
assessed at baseline and during maximal hyperemia induced by
intracoronary adenosine infusion via the guiding catheter (2.4
mg/min).

Average peak velocity was recorded at baseline and during
maximal hyperemia induced by adenosine, and coronary flow
reserve (CFR) in each vessel was calculated as the ratio between
adenosine-induced and basal average peak velocities. Relative
CFR was calculated by dividing infarct vessel CFR by reference
vessel CFR.

FDG-PET Studies
FDG-PET was performed with a whole-body PET scanner (ECAT
EXACT 47, Siemens CTI, Malvern, Pa) as previously described.20

Standardized quantitative analysis of myocardial viability was per-
formed with FDG-PET bull’s-eye views and by calculating the mean
signal intensity in 17 myocardial segments. Segments supplied by
the infarct area were defined according to the coronary anatomy.23

Finally, mean PET activity of all segments targeted by the artery
supplying the infarct area was calculated.

Monitoring of 111In Activity
Whole-body scintigraphy with a large-field double-head gamma
camera equipped with high-resolution middle-energy collimators
was used to detect radioactivity of infused 111In-oxine–labeled CPC.
Gamma camera studies using the same region of interest were
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performed at 3 time points: 1 hour, 24 hours, and 3 or 4 days after
intracoronary infusion of labeled CPCs. 111In activity was monitored
for the whole body and the heart, lung, liver, spleen, head, and bone
marrow (region of interest within the os sacrum). 111In activity for
these organs is corrected for decay and background activity and
given as the percentage of total radioactivity. Average 111In activity
within the first 24 hours was calculated as the area under the curve
of 111In activity divided by the actual time difference between
intracoronary infusion and the 24-hour measurement.

Statistical Analysis
Continuous variables are presented as mean�SD (if not stated
otherwise). In this descriptive pilot trial, no statistical analyses on
subgroup comparisons were performed. Correlation of continuous
data was performed by Spearman’s correlation coefficient. Statistical
significance was assumed if values of P�0.05. All reported proba-
bility values are 2 sided. Statistical analyses were performed with
SPSS (Version 14.0, SPSS Inc, Chicago, Ill).

Results
Patient characteristics are summarized in the Table. A total
number of 15�6.2�106 progenitor cells, of which �10%
were labeled, were infused into the coronary artery of 17
patients with an over-the-wire balloon catheter. The average
111In activity of infused labeled CPCs was 7.6�3.0 MBq, and
cell viability was 90�60.5%. 111In activity in the heart was
highest 1 hour after application of CPCs (6.9�4.7%; range,
1% to 19%) and progressively and substantially declined to

2�1% after 3 to 4 days (Figures 1 and 2). Throughout the
observation period of 3 to 4 days after intracoronary infusion
of CPCs, a continuous level of 111In activity was detected in
the liver and spleen, whereas 111In activity was highest
immediately after infusion and progressively diminished in
the lung and heart during the next days (Figure 2). Uptake in
the bone marrow was low in all patients (Figure 2).

To determine whether infusion of CPCs into the collateral
supplying artery is suitable to provide CPCs to infarcted areas
with completely occluded infarct-related arteries, 2 additional
patients received CPCs via the collateral supplying artery (see
the Figure in the online-only Data Supplement). Average
radioactivity within the first 24 hours in the heart was 3.0% in
one of these patients and 9.0% in the other. However, gamma
camera imaging suggested that significant 111In uptake was
confined to the territory of the infused vessel, but no 111In
uptake was observed in the target area supplied by the
collaterals via retrograde filling of the occluded infarct-
related artery.

Predictors of CPC Homing
It is known that acute ischemia enhances the expression of
chemoattractants and cytokines mediating homing of CPCs in
experimental models. To determine whether acute ischemia
indeed contributes to an augmented uptake of radioactively
labeled cells, patients were stratified according to the interval

Table. Patient Characteristics

Days/Years
Since MI

Infarct
Vessel Age, y CABG Gender Hypertension Diabetes

Smoking
Status

Smoking,
Pack-y

Ejection
Fraction

by
QLVA, %

111In Activity
at

Incubation,
MBq

111In
Activity–Labeled

Cells, MBq

Viability of
Labeled
Cells, %

Total
Cells,
�106

PET
Viability

in Target
Segments

Infusion in open
infarct vessel
(n�17)

5 d LAD 64 � � � Female Yes � � � Current 15 57 25.3 5.7 95 11 58

5 d LAD 67 � � � Female Yes � � � � � � 0 57 22.6 10.7 78 22 62

7 d LAD 64 � � � Male Yes NIDDM Former 100 51 28.4 3.3 93 12 ND

8 d LAD 60 � � � Female � � � � � � � � � 0 50 25.2 6.3 89 14 56

8 d RCA 61 � � � Female Yes � � � Former 18 44 26.9 10.7 90 19 63

10 d LAD 64 � � � Male � � � � � � Former 40 53 24.0 8.1 100 11 67

11 d LAD 51 � � � Male Yes � � � Current 45 64 31.5 10.3 83 15 56

14 d LAD 50 � � � Female � � � � � � Current 33 51 25.4 8.7 100 12 46

36 d LCA 53 � � � Male � � � � � � Former 15 53 24.2 6.9 81 15 78

45 d LCx 58 � � � Male � � � � � � Current 35 41 25.8 6.4 82 12 77

100 d LAD 67 � � � Male Yes � � � � � � 0 50 29.7 5.6 89 9 36

278 d LAD 58 � � � Male � � � � � � Former 70 ND 27.5 7.8 89 17 38

3.5 y LAD 53 � � � Male Yes IDDM Former 45 49 25.4 15.0 100 35 56

4.8 y RCA 67 � � � Male � � � � � � � � � 0 46 24.3 2.4 88 8 61

11.6 y LAD 61 Yes Male Yes � � � Former 45 28 25.0 6.1 88 16 28

12.9 y LAD 65 Yes Female � � � IDDM Former 40 38 25.3 6.2 89 14 53

17.2 y LCx 60 � � � Male Yes � � � Former 35 43 24.4 8.9 91 17 63

Infusion in
collaterals
(n�2)

227 d LAD* 68 � � � Male Yes � � � � � � 0 29 25.4 5.7 ND 8 ND

Silent LAD* 47 Yes Male Yes NIDDM Former 100 59 17.5 4.5 100 10 70

CABG indicates coronary artery bypass grafting; QLVA, quantitative coronary angiography with area-length method; LAD, left anterior descending artery; NIDDM,
non–insulin-dependent diabetes mellitus; ND, not done; RCA, right coronary artery; LCx, left circumflex artery; and IDDM, insulin-dependent diabetes mellitus.
Characteristics are in chronological order with respect to timing after myocardial infarction.

*Cells were infused into the RCA.
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between cell administration and time point of myocardial
infarction. Figure 3A illustrates 111In activity in the heart of
each individual patient along the time course separated into
the 3 groups of infarct age. Average 111In activity in the heart
within the first 24 hours was highest in patients receiving
CPC infusion within 14 days (�14 days) after an AMI
(6.3�2.9%), intermediate in patients receiving cells �14
days to 1 year after AMI (4.5�3.2%), and lowest in patients
with healed infarcts that occurred �1 year before cell
administration (2.5�1.6%). Thus, 111In uptake in the heart,
expressed as an average of the measures within the first 24
hours, demonstrated a significant inverse correlation with the

temporal interval between AMI and cell administration
(r��0.59, P�0.012; n�17) (Figure 3B), suggesting that the
infarct age determines both uptake and retention of intracoro-
nary infused radiolabeled cells. This association also was
preserved when only patients with old infarcts (�1 year)
were analyzed. In contrast, no association was found between
111In activity and infarct size as measured by the number of
segments supplied by the infarct artery.

Although homing of labeled cells was significantly higher
in patients receiving progenitor cells within 1 year after AMI,
Figure 3A illustrates the large variability of individual uptake
of radioactivity in this patient population. Therefore, we

Figure 1. Example of 111In uptake in patient after
an anterior AMI (cell administration 5 days after
acute PCI). A, Coronary angiogram before cell
infusion. Arrows denote site of cell infusion. B, Left
ventricular (LV) angiogram. C, FDG-PET imaging.
Dark scale indicates low viability. D, Imaging of
111In distribution with gamma camera at 1 hour, 24
hours, and 4 days after infusion of 111In-oxine–la-
beled CPCs. Anterior and posterior whole-body
scans were acquired. The inserts show the heart
at a higher magnification.

In
di

um
 a

ct
iv

ity
 (%

 o
f t

ot
al

 a
ct

iv
ity

)

0,0

2,5

5,0

7,5

10,0

12,5

20,0
30,0 Liver

Spleen

Lung

Heart

Bone

time point
1 h 24 h 3 or 4 days

Figure 2. Distribution and time course of 111In
activity in different organs (mean�SEM). For the
analysis of 111In activity in bone marrow, a region
of interest over the os sacrum was used.

1428 Circulation September 30, 2008

 by on June 24, 2010 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


investigated the influence of viability of the infarcted myo-
cardium as a measure of severity of myocardial damage on
average 111In uptake in the heart. FDG-PET–determined
viability of the infarcted myocardium was inversely corre-
lated with a higher average 111In activity within the infarct
territory (Figure 4). In contrast, in patients with healed

myocardial infarction (�1 year old), no correlation of CPC
homing was found as measured by average 111In activity and
FDG-PET–derived myocardial viability.

When cells are applied via the coronary system, CPC
adhesion and extravasation are required for homing and
eventual tissue engraftment. To obtain insight into the poten-
tial role of the integrity of vascular function, coronary
microcirculatory function was assessed after adenosine infu-
sion in 11 patients with myocardial infarctions �1 year old
before infusion of 111In-oxine–labeled cells. Average 111In
activity after CPC infusion was highest in patients with
impaired coronary microcirculatory function and declined
with increasing CFR (Figure 5A). These results were con-
firmed if CFR was normalized to a noninfarcted reference
vessel (Figure 5B).

Discussion
The results of the present descriptive pilot study demonstrate
that 3 critical factors are likely to determine the uptake of
labeled CPCs in the patient’s heart after intracoronary admin-
istration: infarct age, the extent of tissue damage, and the
integrity of the coronary microcirculation. The data demon-
strating a reduced homing of progenitor cells in chronic
compared with AMI are well rationalized by the higher
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expression and release of chemoattracting cytokines during
acute ischemia. AMI has experimentally been demonstrated
to increase cytokines such as stromal cell-derived factor 1
(SDF-1), which enhances adhesion and transmigration of
proangiogenic CPCs and hematopoietic stem cells.24,25 Re-
cent studies additionally suggested that SDF-1 not only acts
as a chemoattractant factor but also retains proangiogenic
cells in the perivascular region.26 Likewise, SDF-1 serum
levels are elevated in patients after AMI.27 In addition,
hypoxia and inflammation as induced by myocardial infarc-
tion augment vascular endothelial growth factor and
interleukin-8, both of which can attract subsets of progenitor
cells.28,29 In human ischemic limb muscle, vascular endothe-
lial growth factor, SDF-1, and CXCR4 expression was shown
to be significantly augmented compared with nonischemic
controls.30 Interestingly, when those investigators determined
the expression of the cytokines in patients with chronic
ischemia, the levels of vascular endothelial growth factor,
SDF-1, and the SDF-1 receptor CXCR4 were significantly
reduced below the levels of the nonischemic control mus-
cles,30 indicating a severe reduction in these chemoattractants
and cytokines in chronic ischemia. The finding that the extent
of damaged tissue as assessed by FDG-PET measurement
also correlated with increased CPC homing in AMI further
supports the hypothesis that inflammatory processes and
possibly necrotic tissue-derived factors act as chemoattrac-
tants in vivo.31 In addition, it is well established that progen-

itor cells derived from patients with chronic ischemic heart
failure are functionally impaired.32 Indeed, although the small
sample size of the present study precluded a more in-depth
analysis, it is most likely that intracoronary infused progen-
itor cells derived from patients with chronic ischemic heart
failure are less responsive to chemoattractants.

An impaired CFR measured directly before cell infusion
was associated with an increased uptake of radiolabeled cells.
An impairment in coronary vasodilator function after AMI is,
among other reasons, associated with systemic inflammation
and local leukocyte plugging,33,34 both indicating an inflamed
and activated endothelium. Cytokine-mediated activation of
the endothelium increases adhesion molecules, which act as
binding partners to integrins expressed on the surface of
progenitor cells. For example, �2 integrins are highly ex-
pressed on CPCs35 and bind to intercellular adhesion
molecule-1, which is increased in dysfunctional endotheli-
um.36 Although a cause-effect relationship obviously cannot
be established by the present study, the importance of the
ability of damaged myocardium to attract CPCs is under-
scored by a recent trial demonstrating that intracoronary
infusion of bone marrow–derived progenitor cells normalizes
impaired postinfarction CFR.37

The biodistribution of radiolabeled cells and the extent of
incorporation detected in the present study are consistent with
previous case reports. With a similar labeling protocol, the
111In radioactivity in the heart was reported to be 2.6%, 4.9%,
and 11% in 3 patients treated with bone marrow–derived
mononuclear cells 4 to 7 days after AMI.16 Slightly lower
incorporation (1.3% to 2.6%) was described in 3 patients who
received bone marrow–derived cells labeled with FDG.18 It
has been discussed whether a different mode of application
may further enhance cell homing. Although to the best of our
knowledge no information is available in the clinical setting,
experimental studies demonstrated a slightly higher initial
engraftment after intramuscular delivery of cells.8 In this
study, the efficiency of interstitial retrograde coronary venous
delivery was similar to that of coronary delivery.8 When we
used collateral arteries to deliver cells to the nonviable
infarcted tissue, migration through the collaterals appeared to
be hampered. Thus, further studies should evaluate whether
distinct delivery strategies are useful for improving the poor
engraftment in humans. Alternatively (or additionally), aug-
mentation of cell engraftment may be achieved by novel
molecular strategies to increase homing and survival of the
cells, particularly in chronic disease states. Experimental data
provide promising results by preactivating the tissue by
low-energy shock waves or by using biomaterials to release
cytokines, thereby promoting engraftment and survival.38,39

The present descriptive pilot trial using radioactive label-
ing is limited in sample size; therefore, no statistical compar-
isons of subgroups can be applied. A further limitation of the
present study, shared with all clinically applicable noninva-
sive imaging techniques at present, is that we cannot ensure
that the detected radioactivity equals living and functionally
active cells. Although our preclinical studies demonstrated
that free 111In radioactivity is not taken up by infarcted
hearts,6 we cannot exclude that 111In-labeled CPCs are phago-
cytosed by inflammatory cells. Moreover, radioactivity can

Coronary flow reserve in target (infarct) vessel

1 2 3 4 5
0

2

4

6

8

10

12

14 r = -0.64
p = 0.048
n = 10

A
ve

ra
ge

 In
di

um
 a

ct
iv

ity
 (f

irs
t 2

4 
ho

ur
s)

 (%
)A

Relative coronary flow reserve
(infarcted / reference vessel) (%)

60 80 100 120 140 160 180
0

2

4

6

8

10

12

14 r = -0.75
p = 0.020
n = 9

A
ve

ra
ge

 In
di

um
 a

ct
iv

ity
 (f

irs
t 2

4 
ho

ur
s)

 (%
)B

Figure 5. CFR and average 111In uptake. A, CFR in target (infu-
sion) vessel. B, Relative CFR.
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be released by the labeled cells. However, this nonspecific
release should most likely be similar in acute and chronic
conditions and therefore may not be the cause of the signif-
icantly impaired cardiac uptake in chronic disease. Finally,
the short-term monitoring of cells does not give insights into
the long-term engraftment and function of the applied cells.
However, without an initial homing, infused cells cannot
exert either paracrine or regenerating activity. Therefore, the
present study, with all its limitations, provides a basis for
evaluating cell therapy–enhancing strategies in the future.

Acknowledgments
We are indebted to Beate Mantz, Isabell Geweyer, and Heike Braun
for expert technical assistance. We also thank W.T. Kranert and
Christian Happel for their excellent support with regard to radiation
safety procedures.

Disclosures
Dr Schächinger has served as a consultant to t2cure. Drs Dimmeler
and Zeiher have received research grants from DFG Cardiopulmo-
nary Excellence Cluster and have ownership interest or have served
as consultants to or on the advisory board of t2cure. The other
authors report no conflicts.

References
1. Murry CE, Field LJ, Menasche P. Cell-based cardiac repair: reflections at

the 10-year point. Circulation. 2005;112:3174–3183.
2. Abdel-Latif A, Bolli R, Tleyjeh IM, Montori VM, Perin EC, Hornung

CA, Zuba-Surma EK, Al Mallah M, Dawn B. Adult bone marrow-derived
cells for cardiac repair: a systematic review and meta-analysis. Arch
Intern Med. 2007;167:989–997.

3. Schächinger V, Erbs S, Elsässer A, Haberbosch W, Hambrecht R, Höls-
chermann H, Yu J, Corti R, Mathey DG, Hamm CW, Süselbeck T,
Assmus B, Tonn T, Dimmeler S, Zeiher AM. Intracoronary bone marrow-
derived progenitor cells in acute myocardial infarction. N Engl J Med.
2006;355:1210–1221.

4. Schächinger V, Erbs S, Elsässer A, Haberbosch W, Hambrecht R, Höls-
chermann H, Yu J, Corti R, Mathey DG, Hamm CW, Süselbeck T,
Werner N, Haase J, Neuzner J, Germing A, Mark B, Assmus B, Tonn T,
Dimmeler S, Zeiher AM. Improved clinical outcome after intracoronary
administration of bone-marrow-derived progenitor cells in acute myo-
cardial infarction: final 1-year results of the REPAIR-AMI trial. Eur
Heart J. 2006;27:2775–2783.

5. Dimmeler S, Zeiher AM, Schneider MD. Unchain my heart: the scientific
foundations of cardiac repair. J Clin Invest. 2005;115:572–583.

6. Aicher A, Brenner W, Zuhayra M, Badorff C, Massoudi S, Assmus B,
Eckey T, Henze E, Zeiher AM, Dimmeler S. Assessment of the tissue
distribution of transplanted human endothelial progenitor cells by radio-
active labeling. Circulation. 2003;107:2134–2139.

7. Chin BB, Nakamoto Y, Bulte JW, Pittenger MF, Wahl R, Kraitchman
DL. 111In oxine labelled mesenchymal stem cell SPECT after intravenous
administration in myocardial infarction. Nucl Med Commun. 2003;24:
1149–1154.

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

9. Wu JC, Chen IY, Sundaresan G, Min JJ, De A, Qiao JH, Fishbein MC,
Gambhir SS. Molecular imaging of cardiac cell transplantation in living
animals using optical bioluminescence and positron emission
tomography. Circulation. 2003;108:1302–1305.

10. Qian H, Yang Y, Huang J, Gao R, Dou K, Yang G, Li J, Shen R, He Z,
Lu M, Zhao S. Intracoronary delivery of autologous bone marrow mono-
nuclear cells radiolabeled by 18F-fluoro-deoxy-glucose: tissue distribution
and impact on post-infarct swine hearts. J Cell Biochem. 2007;102:
64–74.

11. Kraitchman DL, Tatsumi M, Gilson WD, Ishimori T, Kedziorek D,
Walczak P, Segars WP, Chen HH, Fritzges D, Izbudak I, Young RG,
Marcelino M, Pittenger MF, Solaiyappan M, Boston RC, Tsui BM, Wahl

RL, Bulte JW. Dynamic imaging of allogeneic mesenchymal stem cells
trafficking to myocardial infarction. Circulation. 2005;112:1451–1461.

12. Hill JM, Dick AJ, Raman VK, Thompson RB, Yu ZX, Hinds KA,
Pessanha BS, Guttman MA, Varney TR, Martin BJ, Dunbar CE,
McVeigh ER, Lederman RJ. Serial cardiac magnetic resonance imaging
of injected mesenchymal stem cells. Circulation. 2003;108:1009–1014.

13. Dick AJ, Guttman MA, Raman VK, Peters DC, Pessanha BS, Hill JM,
Smith S, Scott G, McVeigh ER, Lederman RJ. Magnetic resonance
fluoroscopy allows targeted delivery of mesenchymal stem cells to infarct
borders in Swine. Circulation. 2003;108:2899–2904.

14. Barbash IM, Leor J, Feinberg MS, Tessone A, Aboulafia-Etzion S,
Orenstein A, Ruiz-Cabello J, Cohen JS, Mardor Y. Interventional
magnetic resonance imaging for guiding gene and cell transfer in the
heart. Heart. 2004;90:87–91.

15. Beeres SL, Bengel FM, Bartunek J, Atsma DE, Hill JM, Vanderheyden
M, Penicka M, Schalij MJ, Wijns W, Bax JJ. Role of imaging in cardiac
stem cell therapy. J Am Coll Cardiol. 2007;49:1137–1148.

16. Kurpisz M, Czepczynski R, Grygielska B, Majewski M, Fiszer D, Jer-
zykowska O, Sowinski J, Siminiak T. Bone marrow stem cell imaging
after intracoronary administration. Int J Cardiol. 2006;121:194–195.

17. Caveliers V, De Keulenaer G, Everaert H, Van Riet I, Van Camp G,
Verheye S, Roland J, Schoors D, Franken PR, Schots R. In vivo visual-
ization of (111)In labeled CD133� peripheral blood stem cells after
intracoronary administration in patients with chronic ischemic heart
disease. Q J Nucl Med Mol Imaging. 2007;51:61–66.

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

19. Brenner W, Aicher A, Eckey T, Massoudi S, Zuhayra M, Koehl U,
Heeschen C, Kampen WU, Zeiher AM, Dimmeler S, Henze E. 111In-
labeled CD34� hematopoietic progenitor cells in a rat myocardial
infarction model. J Nucl Med. 2004;45:512–518.

20. Assmus B, Schächinger V, Teupe C, Britten M, Lehmann R, Dobert N,
Grunwald F, Aicher A, Urbich C, Martin H, Hoelzer D, Dimmeler S,
Zeiher AM. Transplantation of Progenitor Cells and Regeneration
Enhancement in Acute Myocardial Infarction (TOPCARE-AMI). Circulation.
2002;106:3009–3017.

21. Assmus B, Honold J, Schächinger V, Britten MB, Fischer-Rasokat U,
Lehmann R, Teupe C, Pistorius K, Martin H, Abolmaali ND, Tonn T,
Dimmeler S, Zeiher AM. Transcoronary transplantation of progenitor
cells after myocardial infarction. N Engl J Med. 2006;355:1222–1232.

22. Schächinger V, Assmus B, Honold J, Lehmann R, Hofmann WK, Martin
H, Dimmeler S, Zeiher AM. Normalization of coronary blood flow in the
infarct-related artery after intracoronary progenitor cell therapy: intra-
coronary Doppler substudy of the TOPCARE-AMI trial. Clin Res
Cardiol. 2006;95:13–22.

23. Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey
WK, Pennell DJ, Rumberger JA, Ryan T, Verani MS. Standardized
myocardial segmentation and nomenclature for tomographic imaging of
the heart: a statement for healthcare professionals from the Cardiac
Imaging Committee of the Council on Clinical Cardiology of the
American Heart Association. Circulation. 2002;105:539–542.

24. Askari AT, Unzek S, Popovic ZB, Goldman CK, Forudi F, Kiedrowski
M, Rovner A, Ellis SG, Thomas JD, DiCorleto PE, Topol EJ, Penn MS.
Effect of stromal-cell-derived factor 1 on stem-cell homing and tissue
regeneration in ischaemic cardiomyopathy. Lancet. 2003;362:697–703.

25. Ceradini DJ, Kulkarni AR, Callaghan MJ, Tepper OM, Bastidas N,
Kleinman ME, Capla JM, Galiano RD, Levine JP, Gurtner GC. Pro-
genitor cell trafficking is regulated by hypoxic gradients through HIF-1
induction of SDF-1. Nat Med. 2004;10:858–864.

26. Grunewald M, Avraham I, Dor Y, Bachar-Lustig E, Itin A, Jung S,
Chimenti S, Landsman L, Abramovitch R, Keshet E. VEGF-induced
adult neovascularization: recruitment, retention, and role of accessory
cells. Cell. 2006;124:175–189.

27. Wang Y, Johnsen HE, Mortensen S, Bindslev L, Ripa RS, Haack-
Sorensen M, Jorgensen E, Fang W, Kastrup J. Changes in circulating
mesenchymal stem cells, stem cell homing factor, and vascular growth
factors in patients with acute ST-elevation myocardial infarction treated
with primary percutaneous coronary intervention. Heart. 2006;92:
768–774.

28. Chavakis E. IL-8: a new player in the homing of endothelial progenitor
cells to ischemic myocardium. J Mol Cell Cardiol. 2006;40:442–445.

29. Kocher AA, Schuster MD, Bonaros N, Lietz K, Xiang G, Martens TP,
Kurlansky PA, Sondermeijer H, Witkowski P, Boyle A, Homma S, Wang

Schächinger et al CPC Homing After MI 1431

 by on June 24, 2010 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


SF, Itescu S. Myocardial homing and neovascularization by human bone
marrow angioblasts is regulated by IL-8/Gro CXC chemokines. J Mol
Cell Cardiol. 2006;40:455–464.

30. van Weel V, Seghers L, de Vries MR, Kuiper EJ, Schlingemann RO,
Bajema IM, Lindeman JH, Delis-van Diemen PM, van Hinsbergh VW,
van Bockel JH, Quax PH. Expression of vascular endothelial growth
factor, stromal cell-derived factor-1, and CXCR4 in human limb muscle
with acute and chronic ischemia. Arterioscler Thromb Vasc Biol. 2007;
27:1426–1432.

31. Chavakis E, Hain A, Vinci M, Carmona G, Bianchi ME, Vajkoczy P,
Zeiher AM, Chavakis T, Dimmeler S. High-mobility group box 1 acti-
vates integrin-dependent homing of endothelial progenitor cells. Circ Res.
2007;100:204–212.

32. Kissel CK, Lehmann R, Assmus B, Aicher A, Honold J, Fischer-Rasokat
U, Heeschen C, Spyridopoulos I, Dimmeler S, Zeiher AM. Selective
functional exhaustion of hematopoietic progenitor cells in the bone
marrow of patients with postinfarction heart failure. J Am Coll Cardiol.
2007;49:2341–2349.

33. Lerman A, Holmes DR, Herrmann J, Gersh BJ. Microcirculatory dys-
function in ST-elevation myocardial infarction: cause, consequence, or
both? Eur Heart J. 2007;28:788–797.

34. Topol EJ, Yadav JS. Recognition of the importance of embolization in
atherosclerotic vascular disease. Circulation. 2000;101:570–580.

35. Chavakis E, Aicher A, Heeschen C, Sasaki K, Kaiser R, El Makhfi N,
Urbich C, Peters T, Scharffetter-Kochanek K, Zeiher AM, Chavakis T,
Dimmeler S. Role of beta2-integrins for homing and neovascularization
capacity of endothelial progenitor cells. J Exp Med. 2005;201:63–72.

36. Vallbracht KB, Schwimmbeck PL, Seeberg B, Kuhl U, Schultheiss HP.
Endothelial dysfunction of peripheral arteries in patients with immunohis-
tologically confirmed myocardial inflammation correlates with endothe-
lial expression of human leukocyte antigens and adhesion molecules in
myocardial biopsies. J Am Coll Cardiol. 2002;40:515–520.

37. Erbs S, Linke A, Schächinger V, Assmus B, Thiele H, Diederich KW,
Hoffmann C, Dimmeler S, Tonn T, Hambrecht R, Zeiher AM, Schuler G.
Restoration of microvascular function in the infarct-related artery by
intracoronary transplantation of bone marrow progenitor cells in patients
with acute myocardial infarction: the Doppler Substudy of the Reinfusion
of Enriched Progenitor Cells and Infarct Remodeling in Acute Myo-
cardial Infarction (REPAIR-AMI) trial. Circulation. 2007;116:366–374.

38. Seeger FH, Zeiher AM, Dimmeler S. Cell-enhancement strategies for the
treatment of ischemic heart disease. Nat Clin Pract Cardiovasc Med.
2007;4(suppl 1):S110–S113.

39. Aicher A, Heeschen C, Sasaki K, Urbich C, Zeiher AM, Dimmeler S.
Low-energy shock wave for enhancing recruitment of endothelial pro-
genitor cells: a new modality to increase efficacy of cell therapy in
chronic hind limb ischemia. Circulation. 2006;114:2823–2830.

CLINICAL PERSPECTIVE
This study investigates homing of radioactively labeled circulating progenitor cells into the infarct territory after
intracoronary infusion into the infarct-related artery in patients after myocardial infarction. The salient findings are that the
temporal proximity to the ischemic event, the extent of myocardial necrosis, and the magnitude of functional impairment
of the coronary microcirculation are individually likely to determine an increased uptake and short-term retention of
progenitor cells administered into the infarct-related coronary artery. These findings may indicate that the inflammatory
processes ignited by the infarcted and necrotic myocardium may play a major role in the recruitment of progenitor cells
into the ischemic tissue. Consequently, when the inflammatory activation of the coronary vasculature subsides during
infarct healing and scar formation, recruitment and homing of intravascularly administered progenitor cells may be
reduced.
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