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Advances in cardiovascular molecular imaging

for tracking stem cell therapy
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Summary

The high mortality rate associated with cardiovascular disease is par-
tially due to the lack of proliferative cells in the heart. Without adequate
repair following myocardial infarction, progressive dilation can lead to
heart failure. Stem cell therapies present one promising option for treat-
ing cardiovascular disease, though the specific mechanisms by which
they benefit the heart remain unclear. Before stem cell therapies can be
used safely in human populations, their biology must be investigated
using innovative technologies such as multi-modality molecular im-
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Introduction

Cardiovascular disease, the leading cause of morbidity and mortal-
ity in the United States, ends one life every minute. Many of these
deaths occur in individuals under age 65, far below the average life
expectancy of 78 years (1). One major reason for the high morbid-
ity and mortality is that the heart has an inadequate regenerative
response following ischaemia caused by myocardial infarction
(MI) or other chronic cardiovascular diseases; the reasons for such
limited regenerative ability are unclear (2, 3). Cell death from is-
chaemic damage can lead to progressive remodelling and ventricu-
lar dilation, though the processes of vascular remodelling are com-
plex and not fully understood (4). Following MI, ventricular re-
modelling can result in heart failure, for which the main end-stage
treatment is transplantation; however, cardiac transplantation is
not an option for most patients because of its high cost and the
chronic shortage of suitable organs. Novel regenerative therapies
that can promote neovascularisation and neomyogenesis, and at-
tenuate apoptotic cell death in the critical post-infarct period are
therefore in urgent need. In order to evaluate the effectiveness of
stem cell therapies, it is necessary to develop and test innovative
non-invasive imaging technologies. Together, advances in stem cell
biology and molecular imaging present a multi-disciplinary ap-
proach to cardiac disease management, fusing basic and clinical re-
search.

aging. The present review will discuss the basic principles, labelling
techniques, clinical applications, and drawbacks associated with four
major modalities: radionuclide imaging, magnetic resonance imaging,
bioluminescence imaging, and fluorescence imaging.
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Stem cell therapy

Human and animal studies are adding to the growing body of re-
search investigating the role of stem cell therapies in cardiac dis-
ease. With inconsistent results emerging from clinical studies over
the last decade, a close examination of cellular mechanisms via im-
aging is critical.

Skeletal myoblasts (SKMs) were one of the earliest cell types in-
vestigated for their applications in cardiac regeneration; however,
their potential for arrhythmogenicity and failure to differentiate
into cardiomyoctyes led the field to seek out other cell types (5).

Embryonic stem cells (ESCs) are, theoretically, ideal candidates
for cardiac regeneration because of their ability for unlimited self-
renewal and pluripotency (6). Human embryonic stem cell-de-
rived cardiomyocytes have been transplanted into the murine
heart following ischaemia-reperfusion injury and these pre-differ-
entiated cells can promote short-term functional recovery (7).
However, ESC use has been hindered by teratoma formation in
vivo, with intramyocardial teratoma formation observed following
transplantation of ~1x10° ESCs (8). Nevertheless, because of their
potential advantages, ESC therapy is an active field of investi-
gation. Prior to clinical use of these cells, researchers must there-
fore develop techniques that can pre-differentiate these cells re-
liably in order to lessen the likelihood of teratoma formation.

Another potential cell source is mesenchymal stem cells
(MSCs), which are adult stem cells purified from whole bone mar-
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row (BM) following in vitro expansion. One important character-
istic of MSCs is that they are potentially “immunoprivi-
leged”--they can not stimulate T-cells proliferation because they
do not express HLA class IT antigens, B7 co-stimulatory molecules,
or CD40 (9). These immuno-privileged properties, the ability to
home in on the heart following infarct, and anti-inflammatory
benefits (10) make these cells attractive candidates for allogenic
transplantation. In 2009, Osiris Therapeutics announced the com-
pletion of the Phase I Osiris Prochymal study (11). This study
looked at the safety of allogeneic MSC transplantation in patients
with acute MI and found that over the two-year study, 36.8% of
placebo patients had cardiac arrhythmia compared to only 8.8% of
prochymal patients (p=0.006). The patients who received MSCs
also had a higher LVEF at two years (12).

BM mononuclear cells have been used in both animal models
and human clinical trials, and this work has stirred both controver-
sy and excitement. Being free from formation of arrhythmias or te-
ratomas, these cells came into the spotlight of the field of cardiac
regenerative medicine after initial reports of transdifferentiation
following transplantation in mice in 2001 (13), results which have
not been reproduced by later studies (14-16). Although transdif-
ferentiation remains controversial, significant neomyogenesis is
unlikely to be a major contributor given that <1% of the BM cells
survive eight weeks following transplantation (16). Transplan-
tation of autologous BM stem cells has also been tested in pigs, and
transplantation of cells expressing pro-angiogenic factors such as
vascular endothelial growth factor (VEGF) and basic fibroblast
growth factor (bFGF) has been shown to increase cardiac contrac-
tility and perfusion, suggesting that some benefit may be due to
paracrine effects (17). Translation to human clinical trials of car-
diac BM cell transplant post-infarct has thus far shown mixed re-
sults. Two large trials found that BM cell transfusion within six
days after MI had no effect on left ventricular function at six
months (18, 19). By contrast, the Bone Marrow Transfer to En-
hance ST-Elevation Infarct Regeneration (BOOST) trial found
that left ventricular ejection function (LVEF) did improve with
BM cell infusion at six months (20), though this improvement was
not present at the 18-month follow-up (21). The Reinfusion of En-
riched Progenitor Cells and Infarct Remodeling in Acute Myo-
cardial Infarction (REPAIR-AMI) trial showed increased left ven-
tricular ejection fraction (LVEF) in the BM cell infusion group vs.
placebo (5.5 7.3% vs. 3.0 £ 6.5%; p=0.01) at four months, and re-
ported greatest improvement in those with poorest baseline LVEF
(22). These same patients later had a reduced risk for repeat MI or
death. A meta-analysis of clinical trials through 2007 found that
cell therapy in an acute MI setting increased LVEF, and reduced risk
for death and rehospitalisation from heart failure (23). However,
results from these studies suggest that if BM mononuclear stem
cells could provide functional benefit and reduce mortality, they
do so by accelerating recovery in the acute stages post-MI. Early
cell engraftment may be a key indicator of functional outcome,
necessitating sensitive non-invasive imaging of stem cell therapies
for clinical use.

The contradictory results from many pre-clinical and clinical
studies employing diverse patient populations, delivery methods,
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and cell types highlight the need for more basic research into
mechanisms of stem cell repair. Functional benefit could be due to
factors as diverse as paracrine effects, progenitor cell mobilisation,
or neovascularisation (24, 25). Though cell therapies are singularly
useful, it may also be important to reduce cell injury through other
mechanisms, such as reducing reperfusion injury post-ischaemia
by mediating chemokine activity (26) or by preconditioning (27).
Molecular imaging that provides information about cell behaviour
in vivo can elucidate the mechanisms of cell therapy and possibly
settle, or clarify, the contradictory reports of functional outcomes.
Given the diverse mechanisms that underlie functional effects of
cardiac stem cell therapies, the urgent need to improve, validate,
and evaluate current techniques of tracking stem cells must be met.

Molecular imaging

Physical labelling of cells requires the use of an intracellular probe
that is detectable externally using imaging technology. Genetic la-
belling requires a reporter gene to be transiently or stably inte-
grated into the cellular chromosomes. Following labelling of the
cells (either physical or genetic), imaging can then be performed
using currently available detectors such as positron emission to-
mography (PET), single photon emission computed tomography
(SPECT), magnetic resonance imaging (MRI), and optical charged
coupled device (CCD). The present review will outline the basic
principles, applications to cell therapy, benefits, and drawbacks of
four major imaging modalities: radionuclide imaging, MRI, bio-
luminescence imaging, and fluorescence imaging. A schematic of
these modalities can be seen in B> Figure 1. While the ideal imaging
modality should be highly sensitive in detecting stem cell viability,
non-toxic, longitudinally valid, and highly specific, no single mo-
dality currently encompasses all of these features. Our review will
take a detailed look at the methods and applications of the four
major imaging modalities to assess their relative benefits and
drawbacks.

Radionuclide imaging

Both PET and SPECT are highly sensitive tools for investigating in
vivo biodistribution of cells. PET scanners can record 511-keV vy
photons that are emitted from positron-emitting isotopes of el-
ements such as carbon, oxygen, nitrogen, and fluorine. SPECT
scanners use scintillation crystals to detect lower energy y photons
emitted from radioisotope tracers. PET has a sensitivity of
107111012 M, whereas SPECT has lower sensitivity, around
10719107 M (28). Radionuclide imaging can be used in two ways:
direct labelling and reporter gene labelling. Direct labelling
requires isotopes such as 0, ''C, °N, and '8F, and genetic labelling
can be performed with reporter genes such as herpes simplex virus
thymidine kinase (HSV-tk) (29) or human sodium iodide sym-
porter (hNIS) (30).
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Figure 1: Schematic
diagram of key imaging
modalities, labelling
methods, and probes.
PET, positron emission to-
mography; SPECT, single
photon emission com-
puted tomography; HSV-
tk, herpes simplex virus
thymidine kinase; hNIS,
human sodium iodide
symporter; MRI, magnetic
resonance imaging; EM,
electromagnetic flux; GFP,
green fluorescent protein;
QD, quantum dot.
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Direct radioisotope labelling of stem cells has been used in both
animal models and human studies. For example, [In-111]oxyqui-
nolone (oxine) (!In), with a half-life of almost three days, has
been used clinically for over 20 years as a white blood cell scan to
assess infection such as osteomyelitis (31). For cardiac stem cell
therapy, SPECT imaging has been used to monitor the trafficking
of !'!In labelled mesenchymal stem cells in a porcine MI model
(32). More recently, PET imaging has been used to monitor the
homing of 2-[F-18]-fluoro-2-deoxy-D-glucose (['*F]-FDG) la-
belled BM mononuclear cells (33). In this study, three patient
groups received BM mononuclear cells with varying results. Using
unselected BM cells and intravenous delivery, no cells were visual-
ised in the heart. Using unselected cells and intracoronary delivery,
only about 1.3-2.6% were seen in the infarct area. On the other
hand, using CD 34*-enriched BM cells and intracoronary infusion,
14-39% of these cells homed in on infarcted myocardium, specifi-
cally in the ischaemic border zone. These studies demonstrate the
clinical feasibility and utility of PET and SPECT imaging technol-
ogies to track and monitor stem cells used for cardiac therapy.

Preclinical studies of PET or SPECT reporter genes have been
used to track stem cell survival longitudinally. In order to do this,
cells are either transiently or stably transduced with a reporter gene
(e.g. HSV-tk or hNIS) in vitro prior to transplantation. This tech-
nique has been used to track MSCs stably transduced with HSV-tk
(via lentiviral vector) (34) or MSCs transiently transduced with
HSV-tk (via adenoviral vector) (35). In both cases, the PET reporter
probe (9-(4-[fluorine 18]-fluoro-3-hydroxymethylbutyl)-guanine
([*8F]-FHBG) was used to determine the degree of uptake by trans-
planted MSCs expressing HSV-tk, which indirectly reflect their sur-
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vival following quantitative image analysis as shown in P>Figure 2.
The PET reporter probe ['8F]-FHBG has been approved by the Food
and Drug Administration (FDA) as an Investigational New Drug for
imaging to track HSV-tk reporter gene expression in humans (36).
In 2009, a clinical study demonstrated that the PET reporter gene
and PET reporter probe approach can be used to track cell fate in
human patients (37). In this study, a patient with grade-IV glioblas-
toma multiforme was enrolled in a FDA-approved clinical trial of
adoptive cellular gene immunotherapy. The patient’s cytolytic T cells
were isolated and electroporated with a plasmid encoding interleu-
kin 13 zetakine gene (which targets T-cells to glioblastoma tumours)
and HSV-tk. After five weeks of cell infusion, ['F]-FHBG accumu-
lation was detected at the tumour site, demonstrating the feasibility
and safety of the PET reporter gene approach to track cell fate in hu-
mans. The major advantage of reporter genes over direct labelling is
that the signal directly reflects cell viability, because the readout de-
pends on reporter gene expression and the interaction of the re-
porter gene product (i.e. HSV-TK protein) and the reporter probe.
In contrast, because direct labelling depends on the decay of the
radioisotope, positive results do not necessarily equate cell viability,
but only denote probe presence.

Drawbacks of radionuclide imaging

Radionuclide imaging is highly sensitive and clinically applicable.
Its current probes are biostable, cleared from blood via hepatic me-
tabolism or renal excretion, and the radiation exposure is accept-
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Figure 2: PET image of MSCs in porcine heart. MSCs were transduced with
adenovirus containing the CMV promoter driving HSV-tk reporter gene in vitro
followed by transplantation into the porcine myocardium through a left thora-
cotomy. Cells can then be visualised following ['8F]-FHBG injection, seen in this

able. Both ['8F]-FDG and ['!!'In]-oxine have been used in the clinic
for various cardiac and non-cardiac applications over the past few
decades. Direct labelling with radioisotopes has drawbacks such as
leakage of tracer to non-target tissues, impairment of cell viability,
and unsuitability for long-term use. As most PET tracers have
short half-lives (e.g. 20 min for ''C and 110 min for '3F), other
methods must be used for longitudinal tracking. Genetic labelling
provides more valuable information regarding cell fate compared
to direct labelling but is hampered by the need for introducing
foreign genetic materials into the cells, although recent genomic
(38) and proteomic (39) studies have shown no significant adverse
effects on cell viability and characteristics.

Magnetic resonance imaging

Magnetic resonance images are created when the magnetic dipoles
of hydrogen nuclei align in a pulse of a magnetic field and then re-
turn to baseline, a change detected as electromagnetic (EM) flux
(28). This flux can vary depending on tissue characteristics such as
blood flow or nucleus density. MRI can measure simultaneously
molecular and anatomical data, and is therefore useful for real-
time cell-survival tracking along with such efficacy measures as
cardiac contractility. Though MRI has a high spatial resolution
(um), the sensitivity of MRI is low, in the micromolar range with
gadolinium chelates and in the millimolar range with iodine-based
contrast agents. This is because the percentage of dipoles that align
correctly in the magnetic pulse is very low, so large amounts of
contrast must be used (28). MRI is less sensitive than PET, SPECT,
bioluminescence, and fluorescence, but also presents considerable
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reconstructed image of the left ventricle taken 4 hours after intravenous ad-
ministration of the PET reporter probe. Arrows show localisation of cells at in-
jection site in the heart. Printed from Willmann et al. (35) with permission from
the Radiological Society of North America.

advantages in spatial resolution. Novel molecular agents are being
developed to increase the sensitivity of this imaging modality. MRI
of cardiac stem cells can also be performed via two labelling meth-
ods: physical labelling (e.g. gadolinium chelates, iron oxide par-
ticles) or genetic labelling (e.g. B-gal, transferrin receptor).

Physical labelling requires that cells be labelled with detectable
contrast agents such as lanthanide gadolinium or super paramag-
netic iron oxide (SPIO) particles in vitro prior to injection. Gado-
linium chelates localise in the cytoplasm via electroporation and
decrease the T1 relaxivity. Gadolinium labels have been used to
track migration of transplanted stem cells to a lesion following
stroke in rat models (40). But the large amount of gadolinium che-
late required to detect a signal, as well as concerns regarding the ef-
fect on cellular proliferation, have made other direct-label agents
more preferable options (41). pum-sized SPIO (about 1 um in di-
ameter) particles are the most sensitive particles for MR detection.
This is because they contain thousands of iron particles on their
surface, which then alter the magnetic field experienced by protons
near these particles, allowing detection at low nanomolar, or even
picomolar, concentrations (42). Serial imaging of SPIO labelled
MSCs injected into porcine myocardium post-MI has allowed vis-
ualisation of cells for up to three weeks (43). While SPIO particles
can be imaged much longer than radionuclide tracers used for
PET, concerns over toxicity must also be addressed. In light of this,
recent studies have confirmed that in vitro labelling of haemato-
poietic stem cells and MSCs with ferumoxides-protamine sulfate
complexes such as Feridex did not affect differentiation capacity or
expression of CD34, CD31, CD20, and other key surface markers
(44). Further work is needed to determine optimal concentrations
for labelling, imaging parameters, correlation with MR signal and
cell count, and possible toxic effects of iron labels on cells.

© Schattauer 2010
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MR reporter genes rely on the same detection principles as di-
rect labels. T1 lengthening paramagnetic lanthanides can be de-
tected in tissues that uptake gadolinium, and T2 shortening iron
accumulation or SPIO can be detected in iron-binding enzymes.
Iron-binding enzymes make good candidates for MR reporter
genes (45). A modified gadolinium-containing sugar substrate
called (1-(2-(B-galactopyranosyloxy)propyl)-4,7,10-tris(carboxy-
methyl)-1,4,7,10-tetraazacyclododecane)gadolinium(III) can be
used to increase contrast. When the galactopyranose of this sub-
strate is cleaved by B-gal, one water coordination site is open, so T1
relaxivity increases, which allows for MR detection of B-gal activ-
ity (46). Though gadolinium chelates are clinically applicable, iron
binding proteins are better candidates for MR reporter genes be-
cause of the low detection threshold of iron particles and SPIO.
Transferrin-bound iron enters cells via the transferrin receptor
(TR). Excess iron binds to and accumulates in the ferritin protein,
making it a useful reporter gene (45). Ferritin overexpression has
allowed for MR detection of modified cells without administration
of a contrast agent (47). Detection can also be enhanced via an en-
gineered TR that lacks regions regulated by iron levels and mRNA-
destabilizing motifs (48). This overexpresses the receptor and re-
sults in over 500% increase in iron binding of cells (49), allowing
for very low detection thresholds. MR reporter genes are better in-

dicators of cell proliferation and viability than physical labels, and
can take advantage of an already widely used imaging modality
and clinically-approved probes.

Drawbacks of magnetic resonance imaging

One obstacle to optimisation of MRI studies remains the low sen-
sitivity. In studies of small and large animals, the lowest number of
cells that could be detected was ~100,000 (50). Lower detection
thresholds are possible, and single-cell detection has been demon-
strated with a 1.63 micron ultra-small SPIO (51); however, further
validation is still needed. In addition, magnetic labels can also leak
to nearby cells, resulting in measurement errors. Another problem
with MRI is that physical labelling with SPIO does not distinguish
viable from non-viable cells, and cannot provide information
about cell proliferation, since the initial number of iron particles
used to label the parent cell can remain after cell death (52). While
gadolinium contrast agents have been shown to impair cell prolif-
erative capacity, SPIO particles have not been as toxic to stem cells.
The therapeutic benefit following transplantation of SPIO-la-
belled versus unlabelled cells has been shown to be nearly identical
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Figure 3: Stem cell survival kinetics using bioluminescence imaging
(BLI). A) BLI can be used to visualise Fluc-expressing cells. When the injected
d-luciferin probe is oxidised by the Fluc enzyme, the emitted photons can be
detected by a CCD camera such as the Xenogen In Vivo Imaging System (IVIS)
system. Photon emission data are then overlaid on a black and white photo-
graph of the animals. This image shows Fluc-expressing BM mononuclear

© Schattauer 2010

cells (MN), MSCs, skeletal myoblasts (SkM), and fibroblasts following trans-
plantation of 5x10° cells into the infarcted mouse hearts. Images were ac-
quired 20-25 minutes after d-luciferin injection. B) Quantification of BLI re-
sults shows acute donor cell death during the six-week period. Printed with
permission from (16).
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(53). Another problem is that MRI is not widely used in patients
with implantable devices such as pacemakers or implantable car-
dioverter-defibrillators because of the potential interference be-
tween the device and the magnetic field (54). Finally, while genetic
modification to express MR reporter genes is highly useful and
sensitive to both cell proliferation and viability, hurdles involving
detection sensitivity and the effects of modification on cell charac-
teristics have yet to be resolved (55).

Bioluminescence imaging

Bioluminescence imaging (BLI) requires incorporation of a re-
porter gene such as firefly luciferase (from Photinus pyralis).
Photons are emitted when the optical probe, d-luciferin, adminis-
tered intraperitoneally or intravenously, is oxidised by the firefly
luciferase enzyme, which is encoded by the Fluc gene (28). Unlike
fluorescence imaging, BLI requires no excitatory light source. The
amount of background autofluorescence in vivo is low, so images
are highly sensitive. Other types of bioluminescence reporter gene
and reporter probe [e.g. renilla luciferase from sea pansy (Renilla
reniformis) and coelenterazine] are also available (56).

Cao et al. demonstrated the utility of BLI by tracking survival
and proliferation of mouse ESCs following cardiac injection in rats
(57). BLI has been used to study the efficacy of different immuno-
suppressive drugs in preventing immunogenic rejection of human
ESCs (58). BLI has also been used to compare the survival differ-
ences of BM mononuclear cells, MSCs, and SKMs in the ischaemic
myocardium (P Fig. 3) (16). BLI is a highly sensitive method for
tracking cell survival, especially compared to physical labels used in
MR, or to short-lived PET radionuclide tracers. A head-to-head
comparison of BLI and MRI using human ESCs in immunodefi-
cient mouse hindlimb models found that MR images showed stable
and similar signals in both undifferentiated ESCs and differentiated
endothelial cells for four weeks, whereas BLI showed divergent sur-
vival profiles for the two groups (P Fig. 4) (52). The study con-
cluded that use of the reporter gene imaging (via Fluc) is preferred
for tracking cell viability, and MRI (via SPIO) is better for anatomic
detection of cell location. In addition to tracking cell survival, BLI
can also be used to track differentiation by inserting the Fluc re-
porter gene downstream of tissue-specific promoters. This has been
done to observe in vitro differentiation of PC12 and F11 cells into
neurons (59), a principle that could be applied to visualisation of
expression of any desired gene in vivo (60).
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Figure 4: Direct comparison of reporter gene imaging (genetic label-
ling) vs. iron particle imaging (physical labelling) for tracking stem
cells. A) Human ESCs were cultured under normal conditions or on gelatin/
fibronectin-coated plates to induce endothelial cell differentiation. These
pre-differentiated human ESC-derived endothelial cells (hESC-ECs) and un-
differentiated ESCs were SP10-labelled (with Feridex) and 1x106 cells were
then injected into mouse hindlimbs. MR images of one representative animal
show the cells at days 2, 7, 14, 21 and 28. B) MR does not show survival dif-
ferences between the two groups, as the signal is steady throughout all im-
aging timepoints, with a higher signal in the hESC-EC group through day 28.
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C) These same ESCs were transduced with the human ubiquitin promoter
driving firefly luciferase (Fluc) and enhanced green fluorescence protein
(eGFP). These cells were then cultured as in (A) prior to transplantation into
the hindlimb of a mouse. D) BLI showed divergent survival profiles for the
two groups, with proliferation of ESC and acute donor cell death of pre-dif-
ferentiated hESC-ECs. This study demonstrated that MRI provided detailed
information on the anatomical location of cells, but not on cell viability. Re-
porter gene imaging is a better indicator of cell viability and proliferation.
Printed from Li et al. (52) with permission from John Wiley & Sons, Inc.
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Figure 5: Imaging of cell fate using quantum dots. A) Excitation spec-
tra of selected QDs. B) Emission spectra of same selected QDs. For both the
excitation and emission spectra, the colours representing specific QDs as are
follow: dark green = QD 525; green = QD 565; yellow = QD 585; orange = QD
605; red = QD 655; brown = QD 705; blue = QD 800 nm. C) Maestro Imaging
System used to detect QDs in vivo. D) Representative image shows 1x10°

Drawbacks of bioluminescence imaging

Though BLI is a highly-sensitive and versatile imaging tool, it has
several disadvantages. First, light transmission through an opaque
animal is dependent on tissue type and depth. In addition, photon
scatter and signal loss are nonlinear as a function of depth (61). Sec-
ond, current BLI produces only 2-D images and there is no human
equivalent (28). A final problem is one shared by all tracking meth-
ods involving genetic manipulation. Reporter gene expression such
as Fluc can decrease over time due to epigenetic silencing, especially
when aviral promoter (e.g. cytomegalovirus promoter) is used (62).

Fluorescence imaging

In order to acquire a fluorescent image, excitatory visible light is
aimed at the subject; the resultant shifts in wavelength are then rec-
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ESCs labelled with different QDs and transplanted into the back of an immu-
nodeficient mouse in six different locations. Multiplex in vivo imaging allows
for different QDs to be imaged with the same excitatory wavelength as their
emission wavelengths do not overlap. Printed from Lin et al. (67) with per-
mission from BioMed Central.

orded. Fluorescent reporter proteins are well-established, versatile
tools for tracking gene expression and localisation. In the case of
green fluorescent protein (GFP) derived from the jellyfish Aequo-
rea victoria, excitatory violet light leads to GFP emission of green
(509 nm) light (28). GFP has been used to histologically verify the
presence of transduced BM mononuclear cells following trans-
plantation into myocardium (16). To date, there are many Aequo-
rea-derived fluorescent proteins with point mutations that lead to
different fluorescent properties (63). These range in excitation
wavelength from far-red mPlum (590 nm excitation) to T-sapphire
(399 nm excitation), with many other classes of fluorescent pro-
teins within this range. The emission peaks of such proteins are all
in the 500-650 nm range (64). Though most fluorescent proteins
scatter at shallow tissue depths, deep tissue penetration is possible
with fluorescence techniques such as reflectance fluorescence im-
aging or fluorescence mediated molecular tomography (FMT).
The advent of FMT permits multiple “source-detector” pairs of
points to be illuminated, and then recorded prior to reconstruc-
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tion into an image that provides detailed tomographic informa-
tion at up to 1 mm in depth (65).

Fluorescent imaging has also been performed with physical la-
belling using semiconductor nanocrystals, or quantum dots
(QDs). These can be uniquely synthesised to certain excitation and
emission wavelengths, which allow for construction of QDs for a
single study with many non-overlapping emission peaks. While
traditional fluorescent probes have been limited because of cellular
autofluorescence, the photostability of QDs allows them to be dis-
tinguished from autofluorescent cells because they can be imaged
over long periods of time (66). QDs ranging from 525 to 800 nm
emission have been used to label mouse ESCs, with greatest fluor-
escence observed with QD800 (67). Labelling did not affect cell dif-
ferentiation ability. Multiplex imaging is possible as QDs with
similar excitation wavelengths and different emission wavelengths

can be distinguished in vivo using the same detection camera
(P Fig. 5).

Drawbacks of fluorescence imaging

In vivo fluorescence imaging has a relatively high background due
to significant autofluorescence, and is also limited by scattered and
shallow tissue penetration (68). Signal loss can occur due to the
fact that haemoglobin, deoxyhaemoglobin, water, and lipids ab-
sorb visible light readily (69). NIR fluorochromes (700-1,000 nm)
maximise detectable target signal relative to background autoflu-
orescence because haemoglobin does not as readily absorb near-
infrared light as it does visible light (28). Another drawback of flu-
orescence imaging based on physical labelling (e.g. with QDs) is
the potential for leakage to neighbouring cells, a problem shared by
SPIO-based MRI. Leakage to nearby cells or to macrophages fol-

lowing cell death could lead to inaccurate measurements and false-
positives, since signal would no longer correlate with cell viability.
Use of QDs must be further investigated, as they are a new and ex-
citing class of fluorescent label. While detrimental effects on prolif-
eration have not been observed, injection of large numbers of QDs
(5x10%) into Xenopus blastomeres can lead to late-stage embryo-
logical abnormalities (70).

Discussion

While regeneration of cardiac tissue with stem cell therapy is prom-
ising, its progress will depend on further incorporation of clinical re-
search with novel molecular imaging technologies. Each imaging
modality discussed here presents both benefits and drawbacks. Iden-
tifying the specific needs for each patient can allow for selection of
the modality that provides the most benefit (» Table 1).

As outlined previously, the ideal imaging modality would bring
high sensitivity, high resolution and low toxicity. While each of the
four modalities discussed has distinct sets of advantages, closer
examination of the individual features and applications will be
necessary to choose the most effective imaging methods for any
given clinical study of cell therapy.

Direct radionuclide labelling allows for detection of small
numbers of cells and has been used clinically to track cardiac stem
cell therapies (33, 71) with a sensitivity of around 107! M for both
PET and SPECT. The spatial resolution of clinical PET and SPECT
scanners is around 4-8 mm (28).While the short half-lives of iso-
tope-based tracers is limiting, genetic labelling with PET-detect-
able genes and probes overcomes this lack of longitudinal applica-
bility and is a promising new area of research. The clinical approval
of ['8F]-FHBG as a tracer and subsequent use to track HSV-tk ex-

Table 1: Key features, advantages and disadvantages of each modality.

Imaging modality ~ Labelling method Label/Probe Clinical Advantages Disadvantages
translation
PET/SPECT Direct 18F-FDG Direct High sensitivity Radioactivity exposure,
HMPAO radioisotope decay, leakage to
111In non-target cells
Reporter gene HSV-1-TK
hNIS
MRI Direct Gadolinium Direct Simultaneous molecular and Low sensitivity, signal may
SPIO anatomical data not represent viable cells
Reporter gene B-gal
transferrin
Bioluminescence Reporter gene Firefly luciferase, No human Long-term serial tracking in Two-dimensional,
renilla luciferase equivalent single animal, low background, non-linear signal loss with
high specificity depth, epigenetic silencing
attenuates signal
Fluorescence Direct Quantum dot No human No substrate, can be used in Low signal-to-noise ratio,
Reporter gene Range from far-Red to equivalent vitro or in vivo scatter, shallow penetration,

UV-excitable green

epigenetic silencing
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pression open the possibility of using PET imaging in a way that is
both highly sensitive and potentially useful for long-term tracking
of cell therapies (37). Since reporter gene expression is a reflection
of cell viability, the use of PET reporter genes presents a promising
imaging system. However, genetic manipulation of cells prior to
transplantation may have potentially negative effects on cell char-
acteristics due to introduction of foreign genetic material and
further validation studies will be needed.

Physical MR labels allow for acquisition of detailed spatial in-
formation regarding cell location, but SPIO-based MRI is limited
by lower detection sensitivity and inability to distinguish viable
from non-viable cells. The relatively low sensitivity of MR, in the
107 to 10> M range with current clinical scanners, makes it a less
ideal candidate for tracking of stem cell therapies. However, MR
does have a higher spatial resolution than PET or SPECT, around
25-100 pm. Feridex-labelled neural stem cells have been tracked
with clinical MR scanners following transplantation in a patient
with brain trauma (72) within a short incubation period (and no
genetic manipulation). While a key benefit of MR lies in its high
spatial resolution, its use for detailed and long-term tracking cell
therapy is limited because of the low sensitivity.

A key consideration in deciding between choosing MR versus
PET/SPECT is whether cell location or cell number is more impor-
tant for a particular patient group. If cell location is important, the
high spatial resolution of MR is a favourable factor to consider.
However, cell viability and cell number can be more accurately
tracked with direct radionuclide labelling (short-term) or reporter
gene labelling (long-term).

Optical imaging such as bioluminescence and fluorescence is
highly sensitive (estimates of BLI sensitivity posit values in the fem-
tomolar range) and provides valuable information via small animal
models. The spatial resolution of optical bioluminescence is in the
3-5 mm range, while fluorescent imaging sensitivity is around 2-3
mm (28). While highly sensitive, both of these optical imaging mo-
dalities have rather low spatial resolutions and limited tissue pen-
etrance, thus hindering their clinical translatability at present.

In summary, while stem cell therapies provide hope for treat-
ment of cardiac disease, a full understanding of these therapies
requires detailed quantitative and longitudinal visualisation via
molecular imaging. At the same time, imaging modalities must be
tailored to answer specific scientific questions. Further joint efforts
are therefore needed from stem cell biologists and imaging experts
to develop, validate, and accelerate impressive progress already
made using current imaging tools, which have illuminated differ-
ent facets of stem cell biology in vivo for the first time.
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