FOCUS ON MOLECULAR IMAGING

Comparison of Imaging Techniques for Tracking
Cardiac Stem Cell Therapy

A growing number of exciting animal and preclinical
studies are beginning to reveal the immense potential in
stem cell-based therapies, particularly in the area of
treating cardiovascular diseases. However, to evaluate the
efficacy of these treatments in clinical trials, the transplanted
stem cells must be monitored quantitatively and qualitatively
in vivo. To date, several noninvasive imaging approaches have
been used to follow the fate of stem cells in vivo. Here, we
review the basic principles of the current techniques for
cardiac stem cell tracking, compare the relative advantages
and disadvantages of these imaging modalities, and discuss
the future prospects for cardiac stem cell trafficking.
Despite recent advances in medical and surgical treat-
ments, cardiovascular diseases remain the number one cause
of morbidity and mortality in the United States. The
societal and financial consequences are tremendous. For
example, the American Heart Association estimates the
economic costs of cardiovascular diseases in the United
States for 2007 at $431.8 billion, including direct and
indirect costs incurred by cardiovascular diseases (/). In
adult tissues such as those of the heart, the capacity for self-
regeneration is limited. One promising approach is to inject
into damaged hearts stem cells, which could potentially
repopulate the myocardium, induce neovascularization, and
lead to significant functional improvement (2). Encourag-
ing animal studies from the late 1990s and early 2000s have
led to the initiation or completion of several human clinical
trials involving transplantation of bone marrow stem cells,
skeletal myoblasts, or circulating progenitor cells into the
heart (3). However, contradictory results from recent
studies that used different origins of therapeutic stem cells
and different routes of cell delivery highlight the need to
elucidate the molecular mechanisms by which stem cells
actually contribute to cardiac functional recovery (4). For
instance, Lunde et al. showed that at 6 mo after intra-
coronary injection of mononuclear bone marrow cells into
the infarcted heart, no significant improvement in left ven-
tricular ejection fraction was observed (5). Similarly,
Janssens et al. failed to detect any considerable improve-
ment in ventricular function at 4 mo after injection of mono-
nuclear bone marrow cells (6). By contrast, Schachinger
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et al. found that 59 patients with acute myocardial
infarction who were treated with direct intracoronary
infusion of either circulating progenitor cells or bone
marrow—derived progenitor cells showed significant improve-
ments in left ventricular ejection fraction and end-systolic
volume (7). Clearly, these mixed results on cardiac stem cell
therapy are both perplexing to scientists and frustrating to
patients. Further studies are therefore urgently needed to
clarify the discrepancies in clinical trials and validate the
efficacy of cardiac repair using therapeutic stem cells.

PRINCIPLES OF STEM CELL IMAGING

The introduction of potentially therapeutic stem cells into
patients requires concurrent techniques that provide nonin-
vasive assessment of the survival, distribution, and differen-
tiation of these cells. Molecular imaging, a multidisciplinary
field that covers cell and molecular biology, imaging tech-
nology, and molecular medicine, provides integrated in-
formation on specific molecules of interest within the cells
of living subjects and thus holds great promise as an ef-
fective way to track the transplanted cells. The unique
information obtained from molecular imaging techniques is
particularly helpful in evaluations of the functional out-
comes of cell engraftment and may shed light on the mixed
findings regarding cardiac stem cell-based therapy. The
current noninvasive imaging approaches for tracking stem
cells in vivo include imaging with magnetic particles,
radionuclides, quantum dots (QDs), and reporter genes. A
schematic of these approaches is shown in Figure 1. The
ideal modality for tracking stem cells requires the imaging
agents to be nontoxic, biocompatible, and highly specific to
reduce perturbation to the target cells. In addition, the ideal
imaging agents should be able to detect single cells and
should show a decrease in signal with cell loss and an
increase with cell proliferation. At this point, none of the
extant imaging modalities has all these characteristics. In this
review, we will highlight the current imaging modalities and
evaluate their relative advantages and limitations.

Magnetic Particle Labeling

MRI is a widely used imaging modality for in vivo
cell tracking in preclinical and clinical cases. Traditional
MRI manipulates hydrogen nuclei in fluid under a static
magnetic field to obtain regional contrasts based on dif-
ferences in proton density, flow, or biochemical structure.
To be tracked in infarcted myocardium, stem cells need to
be enriched with a contrast agent that produces a sufficient
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FIGURE 1. Schematic for noninvasive imaging of stem cell
fate in myocardium. The 4 different techniques include
magnetic particle labeling, radionuclide labeling, QD labeling,
and reporter gene labeling. SPIO = superparamagnetic iron
oxide; IFP = iron fluorescent particles.

positive or negative signal to distinguish them from the
background. Two major classes of contrast imaging ma-
terials have been developed. One uses lanthanide gadolinium
(Gd3*) to generate signals on TI1-weighted contrast-
enhanced images. The other type uses superparamagnetic
iron oxide particles to generate signals on T2-weighted
images. Several studies have demonstrated that incorpora-
tion of a gadolinium-based contrast agent into stem cells
allows the tracking of magnetically labeled cells for up to 6
wk (8). However, at present, superparamagnetic iron oxide
particles are the preferred agent for cell tracking because
they are capable of 3-dimensional imaging at low concen-
trations (5—10 wm/L) (9). The sensitivity of SPIO is achieved
through a large dipolar magnetic field gradient experienced
by protons near the particles. The detectability of labeled cells
also depends on the number of cells injected into the
myocardium. For instance, 107-108 SPIO-labeled mesen-
chymal stem cells can readily be detected by MRI when
injected directly into the myocardium of a swine, as shown in
Figure 2 (10). Using an SPIO contrast agent, Kraitchman et al.
successfully demonstrated long-term evaluation of magnet-
ically labeled mesenchymal stem cells after myocardial
infarction in a swine model (/7). The same group later used
SPIO colabeled with ''Tn-oxine to compare the relative
sensitivities of MRI versus radionuclide imaging and
observed that SPECT/CT was more sensitive than MRI for
detecting cell homing in the heart (/2). Furthermore,
intrinsic problems exist with MRI contrast agents, including
the difficulty of quantification with cell division and possible
transfers of contrast agents to neighboring cells. Another
limitation with MRI is the contraindications for patients with
implantable devices (e.g., pacemakers and defibrillators),
who often are the very patients with refractory symptoms
requiring novel stem cell therapy.

Radionuclide Labeling
Radionuclide imaging techniques, including PET and
SPECT, have garnered intense research interest over the
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FIGURE 2. MRI of trans-
planted cardiac stem cells in
pigs. (A and B) Long-axis view
of left ventricle before (A) and
after (B) transcatheter injec-
tion of 4 x 108 iron fluorescent
particle (IFP)-labeled mesen-
chymal stem cells (MSCs) into
infarct at apex (arrows) and
into adjoining normal myocar-
dium (arrowhead). (C and D)
Long-axis view with delayed,
hyperenhanced inversion re-
covery highlights areas of
nonviable infarcted myocar-
dium before (C) and after (D)
injection of IFP-labeled MSCs. MSCs appear dark against hyper-
enhanced infarct. (Reprinted with permission from (70).)

past decade. Compared with MRI, PET and SPECT provide
high intrinsic sensitivity and can use a variety of clinically
tested imaging agents. Recent improvements in spatial
resolution (1-2 mm) have made radionuclide imaging
particularly suitable for cell tracking (/3). Direct labeling
of cells with radioisotopes in clinical practice has used
n-oxyquinoline and ®*°™Tc-hexamethylpropylene amine
oxime. Labeling cells with '''In-oxyquinoline is a well-
established method that has been deployed in endothelial
progenitor cells, hematopoietic stem cells, and mesenchymal
stem cells (I4,15). For instance, using !'!'In-radiotracer,
Aicher et al. observed that only 4.7% of the injected endo-
thelial and hematopoietic progenitor cells were retained in
the infarcted myocardium (/5). A similar observation of cell
targeting was found using *°™Tc-labeled mesenchymal stem
cells (16). Furthermore, in the first human study, the '8F-
FDG PET radiotracer was used to follow the intracoronary
delivery of bone marrow cells in patients after myocardial
infarction (/7). These investigators found that 14%—-39% of
CD34-positive cells accumulated in the infarcted myocar-
dium approximately 1 h after intracoronary delivery (Fig. 3).

Although nuclear imaging has major advantages, it is lim-
ited by concerns such as the potential transfer of radiotracer
to nontargeted cells and potential adverse effects of the
radiotracer on stem cell viability, function, and differen-
tiation capacity. For instance, a !!!In-labeled radiotracer has
been shown to impair proliferation and differentiation in
CD34-positive hematopoietic progenitor cells (/8). Addi-
tional studies thus are needed to examine the effects of
labeling on the capacity to differentiate stem cells of various
origins.

Nanoparticle Labeling

Semiconductor QDs are a new class of fluorescent probes
that has been used in noninvasive imaging in recent years
(19,20). This technique makes use of fluorescent semiconductor
nanocrystals to detect membrane molecules of interest. The
excitation wavelengths of the QDs can be manipulated and
range from ultraviolet to nearly infrared. Depending on the
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FIGURE 3. Evaluation of
myocardial homing and bio-
distribution of '8F-FDG-
labeled bone marrow cells
after intracoronary delivery
in patient after myocardial
infarction. (A and B) Repre-
sentative left posterior obli-
que (A) and left anterior
oblique (B) views at 65 min
after injection of '8F-FDG-
labeled unselected bone
marrow cells into the left
circumflex coronary artery.
(C and D) Representative left posterior oblique (C) and left anterior
oblique (D) views at 70 min after injection of '8F-FDG-labeled
CD34-positive subpopulation of bone marrow cells into left anterior
descending coronary artery. (Reprinted with permission from (77).)
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size and composition of these probes, they can be designed
to emit different wavelengths of light. The photostability of
QDs, as seen in their resistance to photobleaching and long-
lasting fluorescence, makes them appealing for tracking
stem cells in vivo (27). However, the effects of QDs on
stem cell proliferation and differentiation remain unclear
because mixed results have been reported using different
origins of stem cells or experimental protocols (/9,22).
Finally, several other obstacles, including the tendency for
aggregation of QDs in the cytosol, difficulty with the
delivery of QDs into cells, and nonspecific binding to
multiple molecules (23), must be overcome before QDs can
realize their full potential in clinical imaging.

Reporter Gene Labeling

Reporter gene imaging has emerged as a unique tool for
localizing specific molecules of interest within living sub-
jects. The reporter gene of interest usually encodes a specific

FIGURE 4. Tracking of transplanted
embryonic stem cells in rats by multi-
modality molecular imaging. (A) Biolumi-
nescence imaging (top) and small-animal
PET (bottom) of embryonic stem cell fate
in living animals. Representative images
demonstrate imaging signal activities in
these mouse embryonic stem cells that
stably express firefly luciferase (biolumi-
nescence imaging), monomeric red fluo-
rescence protein (fluorescence), and
herpes simplex virus truncated thymidine
kinase (PET) triple-fusion reporter gene.
(B) Significant increase of firefly lucifer- i
ase and truncated thymidine kinase
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protein that, when it interacts with an imaging probe,
generates some form of signal that can be captured and
quantified by an imaging modality such as MRI, PET,
SPECT, or an optical charge-coupled device. Several studies
have successfully demonstrated tracking of the distribution
and engraftment of stem cells in mice and rats using bio-
luminescence-based optical imaging (24,25). Although the
signals generated by firefly luciferase are more sensitive than
those of other imaging modalities in small animals, lucif-
erase proteins and their substrates have a high absorption rate
in hemoglobin and can easily be scattered within deep tis-
sues. For now, this current inability to accurately determine
cell depth is a major limitation.

Fluorescence imaging, another widely used type of
optical imaging, applies a fluorescent protein for in vivo
imaging. Compared with bioluminescence, near-infrared
fluorescence imaging has reduced absorption and scatter of
photons at 700—1,000 nm. However, similar to biolumines-
cence, near-infrared fluorescence imaging is restricted to
a shallow tissue depth (between 4 and 10 cm). In addition
to the bioluminescence and fluorescence reporter genes,
other types of reporter genes are available, including herpes
simplex virus thymidine kinase for PET (24,26) (Fig. 4),
sodium iodide symporter for SPECT (27), and transferrin
receptor for MRI (28).

Applying the concept of reporter gene labeling has a sig-
nificant potential to furnish greater insights into the mecha-
nisms of stem cell therapy. For instance, inducible promoters
can be used to modulate the level of reporter gene expres-
sion and therapeutic gene expression (29). Tissue-specific
promoters may be used as sensors of the cell differentiation
state. In this approach, a cardiac-specific promoter—such
as a-cardiac myosin heavy-chain promoter—driving the
expression of an antibiotic resistance gene can be used to
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select for cardiomyocytes in the mixed culture (30). De-
velopment of a similar system for monitoring stem cell
differentiation in vivo using firefly luciferase (biolumines-
cence) or herpes simplex virus thymidine kinase (PET)
would yield obvious benefits. However, several problems
must be solved before reporter gene imaging can fully and
safely be applied clinically. These issues include finding
appropriate probes that elicit minimal or no immunogenic
response, enhancing transfection stability, and minimizing
the potential interference of the stem cell function and
differentiation from vector transfection or transduction.

FUTURE PERSPECTIVES

Stem cell tracking requires high sensitivity and high
spatial resolution. Currently, no imaging modality is perfect
in all aspects. Although MRI provides a safe profile and
3-dimensional capacity, it has the lowest sensitivity (103
to 107> mol/L) and is contraindicated in patients with
implantable devices. Radiolabeling imaging has a fair
sensitivity (1078 to 107° mol/L) but is not suitable for
long-term cell tracking because of radioisotope decay. QDs
provide superior photostability and long-term multicolor in
vivo imaging, but concerns such as possible toxicity to cells
and dispersals of QDs in the cytosol need to be resolved.
Bioluminescence (101 to 10~'7 mol/L) and near-infrared
fluorescence (102 to 10~ !2 mol/L) imaging are the most
sensitive among the available imaging modalities, but both
techniques are constrained to a relatively shallow tissue
depth. Reporter gene imaging, though able to assess cell fate
(viability and proliferation) more accurately, will need to
demonstrate cell safety because of the genetic modification.

Given that each imaging modality presents its unique set
of advantages and drawbacks, one should ask what biologic
questions need to be answered before choosing an appropri-
ate imaging modality. If the exact location of cell delivery
must be identified, then MRI is the preferred choice. If only
the short-term fate of transplanted cells needs to be de-
termined, then radiolabeling techniques are suitable. If
knowledge of the long-term fate of transplanted stem cells
is desired, then reporter gene imaging is best. Finally, future
efforts should also focus on multimodality imaging ap-
proaches, which may minimize the potential drawbacks of
using each imaging modality alone, as it is possible that
a tailored combination of 2 or more techniques may provide
the most ideal information profile for clinical applications.

Sarah J. Zhang

Joseph C. Wu

Stanford University School of Medicine
Stanford, California
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