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1. Introduction
The field of stem cell biology and regenerative medicine is rapidly moving toward
translation to clinical application (Gholamrezanezhad, Bagheri et al. 2007;
Gholamrezanezhad, Mirpour et al. 2011). Stem cells are able to perform restorative functions
in patients with different disorders and hence stem cell therapy may be a potential
alternative to some of the current modalities of treatment, such as organ transplantation. In
fact, Cell transplantation therapy offers a means to stimulate tissue repair either by direct
(graft-induced) or indirect (host-induced) tissue regeneration or angiogenesis (Kraitchman
and Bulte 2009). During the past years, there has been enormous progress in understanding
multipotent and pluripotent stem cells and their possible applications in clinical settings
(Jang, Ye et al. 2011). After preliminary observations of the benefits of these cells in
preclinical studies of different human disorders, the first clinical studies using bonemarrow-derived stem cells were initiated (Kraitchman and Bulte 2008). At this instant, stem
cell-based therapies have been explored to potentially regenerate healthy tissues and it is
clear that they can be the source of regenerate cells for different disorders (Jang, Ye et al.
2011). Although to-date numerous trials have been reported, yet there are remarkable
debates on the efficacy of stem cell and the optimal treatment regime.
Many aspects of stem cell biology and their behavior inside of the human body are still
beyond our understanding. One of the main obstacles and barriers in front of clear
perception of the fate of stem cells in human body is lack of a perfect and ideal tool of cell
tracking in patients receiving stem cells of different origin. In fact, it has been challenging to
study developmental potentials of stem cells because they reside in complex cellular
environments and aspects of their distribution, migration, engraftment, survival,
proliferation, and differentiation often could not be sufficiently elucidated based on limited
snapshot images of location or environment or molecular markers. Therefore, reliable
imaging methods to follow or track the outcome of stem cells are highly required
(Kraitchman and Bulte 2008; Jang, Ye et al. 2011; McColgan, Sharma et al. 2011), in order to
confirm adequate homing of the injected cells to the target organ. The cell fate can be
verified in animal models using histopathologic examination of tissue. However, in clinical
settings and in human studies, noninvasive methods for assessment of cell survival and
engraftment will be needed to assess therapeutic efficacy. Like detecting cells
microscopically, cell labeling for noninvasive in vivo imaging relies on targeting contrast
agents to stem cells to enhance their conspicuity relative to local tissue (Kraitchman and
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Bulte 2009). Both short- and long-term monitoring of stem cells in cultures and in living
organisms have benefited from recently developed imaging techniques which are applied to
assess cell behavior and function. Confocal and multiphoton microscopy, time-lapse
imaging technology, transfection with reporter genes and also noninvasive clinical imaging
modalities have provided the opportunity to monitor cell behavior in the context of a living
organism. In turn, the knowledge gained through these data has brought the understanding
of stem cell behavior to a new stage (Jang, Ye et al. 2011).
“Successful in vivo imaging requires that a contrast agent associated with a stem cell exert an
"effect size" sufficient for detection by imaging hardware. Although the most attractive
contrast agents for tracking are endogenous ones (ie, normal components of the stem cell),
their effect size is extremely small” (Frangioni and Hajjar 2004). Frangioni et al described the
8 characteristics of an ideal imaging technology for stem cell tracking, among them
biocompatibility and safety of the exogenous contrast agent was the first, and foremost
factor. No need for genetic modification or perturbation to the stem cells, single-cell
detection at any anatomic location, quantification of cell number, minimal or no dilution
with cell division, minimal or no transfer of contrast agent to nonstem cells, noninvasive
imaging in the living subject over months to years, and no requirement for injectable
contrast agent were the other characteristics (Frangioni and Hajjar 2004). Unfortunately
most of these features are not fulfilled by the currently applied methods of clinical in vivo
stem cell tracking for human trials or daily clinical practice.
A. Techniques of Stem Cell Imaging
Among the different methods examined in clinical settings, radioactive labeling with
radiopharmaceuticals and magnetic resonance imaging (MRI) are the most widely used
methods for tracking infused stem cells, and therefore will be described in more details.
However, the current noninvasive imaging approaches for tracking stem cells in vivo include
also imaging with quantum dots (QDs), and reporter genes. We will review all the current
imaging modalities and evaluate their relative advantages versus disadvantages. Because no
single contrast agent/detector pair will satisfy all essential requirements of stem cell tracking
in clinical settings, dual- and multimodality techniques, which combine the best features of
each technology, have been recommended (Josephson, Kircher et al. 2002; Hill, Dick et al. 2003;
Wickline and Lanza 2003; Doubrovin, Serganova et al. 2004; Frangioni and Hajjar 2004; Wu
2007; Zhang and Wu 2007; Higuchi, Anton et al. 2009; Gera, Steinberg et al. 2010).

2. Plain radiography and computed tomography
Plain X ray radiography and computed tomography (CT) are the most readily available clinical
imaging modalities with low cost. In order to obtain images with optimum quality on plain
radiographs or CT and to render stem cells visible, contrast generation requires extremely high
concentrations of high-density/high–atomic number materials (e.g. iodine, gadolinium, or
metals). Such contrast is difficult to achieve in clinical settings, rendering these methods
unlikely to play a direct role for stem cell tracking purposes (Frangioni and Hajjar 2004).

3. Nanoparticle labeling
Semiconductor quantum dots (QDs), as new class of fluorescent probes, has been applied in
noninvasive imaging, using fluorescent semiconductor nanocrystals to detect membrane
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molecules of interest (Jaiswal, Mattoussi et al. 2003; Lin, Xie et al. 2007; Zhang and Wu 2007;
Lu, Xu et al. 2010; Pi, Zhang et al. 2010; Ramot, Steiner et al. 2010). Depending on the size
and composition of these probes, they can be designed to emit different wavelengths of
light, ranging from ultraviolet to nearly infrared. Although there are minimal experiences
and published reports with their application for the purpose of in vivo stem cell tracking (Lu,
Xu et al. 2010; Yukawa, Kagami et al. 2010), the photostability of QDs, as seen in their
resistance to photobleaching and long-lasting fluorescence, suggest them as attractive tools
for tracking stem cells in vivo (Lin, Xie et al. 2007; Zhang and Wu 2007). However, some
concerns about the effects of QDs on stem cell proliferation and differentiation (Hsieh, Wang
et al. 2006) and safety of this approach have been raised (Ramot, Steiner et al. 2010).
Fortunately, recent evidences are negative regarding any adverse effect of QDs on viability,
proliferation, and pluripotency of stem cells as compared with non-labeled control cells
(Ruan, Shen et al. 2010; Rutten, Janes et al. 2010). Also some other obstacles, including the
tendency for aggregation of QDs in the cytosol, impenetrability of QDs into cells,
nonspecific binding to multiple molecules, and degradation or excretion of QDs must be
overcome before QDs can realize their full potential in bioimaging and clinical settings
(Zhang and Wu 2007; Pi, Zhang et al. 2010). Among different QDs suggested for the purpose
of stem cell tracking, MNPs@SiO2(RITC) seems to be promising, as they offer advantages of
photostability against ultraviolet light exposure, nontoxicity to human stem cells, do not
affect the surface phenotype or morphology of human stem cells, and also have stable
retention properties in stem cells in vitro. These results demonstrate that MNPs@SiO2(RITC)
are biocompatible and useful tools for human MSC labeling and bioimaging. Moreover,
MNPs@SiO2(RITC) have multimodal fluorescent and magnetic characteristics. Furthermore,
Park et al using optical and magnetic resonance imaging, successfully detected a visible
signal from labeled stem cells that were transplanted into mice (Park, Tae et al. 2010).

4. Reporter gene labeling
Reporter gene imaging has introduced as an exceptional tool to localize specific molecules of
interest within living subjects (Higuchi, Anton et al. 2009; Kraitchman and Bulte 2009). The
reporter gene of interest usually encodes a specific protein, which encompass the potential
to interact with an imaging probe and generating signals captured and quantified by
conventional imaging modalities, such as SPECT, PET, MRI, or an optical charge-coupled
device (Zhang and Wu 2007). Although it has been noted that “these imaging techniques
can be used to assess cell trafficking with methods that are easily translatable to humans”
(Acton and Zhou 2005), several shortcoming (which are discussed later) should be overcome
before reaching to clinical applications.

5. Optical imaging
Bioluminescence and fluorescence are two complementary optical imaging techniques
which are used for stem cell tracking. Bioluminescence utilizes light generated by the
enzyme luciferase to detect cells in vivo, the effectiveness of which has been confirmed in
small animal models (Tang, Shah et al. 2003; Wang, Rosol et al. 2003; Wu, Chen et al. 2003;
Cao, Wagers et al. 2004; Frangioni and Hajjar 2004; Min, Ahn et al. 2006; Bradbury,
Panagiotakos et al. 2007; Min, Le et al. 2008; Reumers, Deroose et al. 2008; Zhang, Qiao et al.
2011). Unfortunately, luciferase genes and other candidate substrates described to date
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generate only visible light (spectrum: 400 to 700 nm), which has very high absorption and
scatter in living tissue, precluding its application in animals larger than rats [6]. The need to
stable expression of nonhuman genes and the injection of high concentrations of potentially
immunogenic, nonhuman substrates, (e.g. luciferin and coelenterazine) are the other
limitations of the technique. It is therefore unlikely that bioluminescence reaches clinical
application [6].
Fluorescence imaging, another widely used technique of optical imaging, uses a fluorescent
protein for in vivo imaging (eg, green fluorescent protein, small-molecule polymethines) or
organic/inorganic hybrids (eg, quantum dots) (Frangioni and Hajjar 2004; Zhang and Wu
2007). Near-infrared fluorescence imaging has decreased absorption and scatter of photons
at 700 to 1000 nm, which is advantage of the technique over bioluminescence. However,
similar to bioluminescence, near-infrared fluorescence imaging is limited to a shallow tissue
depth (4-10 cm), even with tomographic imaging methods. Hence, clinical application of
fluorescence imaging likely will be restricted to near-surface imaging, such as intraoperative
procedures (Reynolds, Troy et al. 1999; Tepper-Wessels, Loeschinger et al. 2001; Nakayama,
del Monte et al. 2002; Bonde, Maxwell et al. 2005; Sung, Hong et al. 2009; Polzer, Haasters et
al. 2010). Similar to scintigraphic and MRI techniques of stem cell tracking, major
disadvantages of fluorescence imaging are the dilution of the agent with each cell division
and the possibility of uptake by non-stem cells following stem cell death (Frangioni and
Hajjar 2004; Zhang and Wu 2007).
Several studies have confirmed the effectiveness and practicability of reporter gene labeling
with bioluminescence and fluorescence markers to track the distribution and engraftment of
stem cells in animal experiments using optical imaging (Cao, Lin et al. 2006; Sheikh, Lin et
al. 2007; Zhang and Wu 2007; Li, Suzuki et al. 2008). Although the signals generated by these
techniques are more sensitive than those of other imaging modalities in small animals, their
emissions can easily be scattered within deep tissues. Hence, this current inability to
accurately determine cell depth is a major limitation (Zhang and Wu 2007).

6. Ultrasound
Regarding the wide availability and easy applicability of ultrasound and
echocardiography, tracking by these techniques would be extremely convenient. In these
techniques, contrast for echocardiography is generated by acoustic interfaces such as
water/gas (eg, microbubbles, perfluorocarbons) (Frangioni and Hajjar 2004; RodriguezPorcel, Gheysens et al. 2005). “Although a single unit of contrast is on the order of 0.25 to
1 µm in diameter, the generated acoustic perturbation appears much larger” (Frangioni
and Hajjar 2004). Therefore, theoretically ultrasound-based techniques have the potential
to detect a single cell loaded with a single unit of contrast (Frangioni and Hajjar 2004;
Klibanov, Rasche et al. 2004). However, techniques to intracellular ultrasound contrast
labeling are not yet robust, and more importantly, their possible effects on cell function
are not yet identified. Exactly similar to MRI and scintigraphic techniques of stem cell
tracking, contrast agents are subject to dilution during cell division and transfer to nonstem cells following leakage out of the cells or cell death. Another shortcoming of
echogenic contrasts is the possibility of casting acoustic "shadow" below the first unit of
contrast detected, which in conjunction with low spatial resolution of ultrasound and its
inaccessibility in many anatomic sites, theoretically precludes precise quantification of cell
number (Frangioni and Hajjar 2004).
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7. Scintigraphic tracking
Scintigraphic techniques represents the commonest method of human therapeutic cell
tracking and are better suited for whole-body biodistribution studies, as compared with iron
oxide labelling for MRI (Detante, Moisan et al. 2009; McColgan, Sharma et al. 2011).
- SPECT (Single Photon Emission Computed Tomography)
Two approaches for in vivo stem cell tracking by nuclear medicine technology (SPECT or
PET) have been described: 1) direct loading with a radiotracer, and 2) enzymatic conversion
and retention of a radioactive substrate or receptor-mediated binding (Frangioni and Hajjar
2004).
a. Direct loading: For direct loading, three well-established cell labeling
radiopharmaceuticals are 18F-FDG (discussed in the section of PET), 99mTc-HMPAO and
111In-Oxine, with short, intermediate and long half-lives, respectively. The time period
during which radiolabeled cell distribution can be tracked scitigraphically is limited by
the half life and decay of their label (Steindler 2007).
i. 99mTc-HMPAO: Technetium (99mTc) exametazime is a radiopharmaceutical
routinely used for the labeling of leucocytes to localize infections and inflammatory
bowel diseases (Weldon, Joseph et al. 1995). Because of its short half life (almost 6
hours) and its gamma ray energy well adapted to conventional gamma-cameras
(thus ensuring high image quality), 99mTc-HMPAO is well suited for short tracking
of stem cells in vivo (even better than 111In) (Meyerwittkopf, Bockisch et al. 1993;
Detante, Moisan et al. 2009). As a lipophilic complex that is reduced into a
hydrophilic complex by a glutathione-dependent mechanism following entrapment
in cells, 99mTc-HMPAO provides a stable labeling marker for in vivo cell tracking
(Neirinckx, Burke et al. 1988), and therefore it has been already used on different
cell types to study cell biodistribution over periods of up to 24 hours (Detante,
Moisan et al. 2009).
111
ii.
In-oxine: Indium-111 is an Auger electron emitter, which internalizes
nonspecifically into both normal and malignant cells (Bindslev, Haack-Sorensen et
al. 2006; Gholamrezanezhad, Mirpour et al. 2009). Thanks to the long half life of
Indium-111, serial tracking of cells over 10 days using single photo electron
computed tomography (SPECT) imaging is possible (Gholamrezanezhad, Mirpour
et al. 2011). Given that Indium-111 oxine was approved for clinical application for
labeling white blood cells to track sites of inflammation since more than 20 years
ago (Lavender, Goldman et al. 1977; Kraitchman and Bulte 2009), it was an
acceptable extension to label stem cells for noninvasive tracking of cells in human
biodistribution studies (Lavender, Goldman et al. 1977; Gao, Dennis et al. 2001;
Aicher, Brenner et al. 2003; Barkholt, Danielsson et al. 2003; Chin, Nakamoto et al.
2003; Barkholt, Danielsson et al. 2004; Brenner, Aicher et al. 2004; Maskali, Tran et
al. 2004; Maskali, Tran et al. 2005; Bindslev, Haack-Sorensen et al. 2006; Legrand,
Cougnenc et al. 2007). Based on the Andersson et al. study, the decline of
intracellular 111In concentration is most prominent during the first 6 hours postlabeling and appears to remain stable thereafter (Andersson, ForssellAronsson et
al. 1996). Hence, the radiotracer seems to be suitable for clinical imaging, regarding
its in vivo stability. In our experience in patients with liver cirrhosis, we found no
unexpected adverse events or complications during labeled stem cell infusion and
within one month follow up period (Gholamrezanezhad, Mirpour et al. 2011). The
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cells can be visualized in vivo up to at least 10 days after initial infusion and it is
possible to quantify and follow them using radio-labeling with 111Indium
derivatives (Gholamrezanezhad, Mirpour et al. 2011).
The main problem with application of 111Indium-labed chemicals for stem cell tracking is the
concern about its cytotoxic effects on stem cells which will adversely affect their possible
therapeutic potential for patients. As the first experiment on human stem cells, we designed
a study to continuously pursue the effect of Indium-111 labeling on stem cell viability
during the 2-week period of post-labeling. After culturing mesenchymal stem cells (MSCs),
we divided the cells into six samples, each of which contained 1x106 MSCs. The first sample
was considered as the control. The remaining five samples (samples 2-6) were labeled with
the following doses of 111In-oxine, respectively: 0.76, 1.64, 3.48, 5.33, and 7.16 MBq/106
MSCs. To evaluate the effects of 111In-oxine labeling on cellular viability and count, all
samples were examined immediately after labeling (2 h) as well as 24, 48 h, and 5, 7, and 14
days post-labeling (Gholamrezanezhad, Mirpour et al. 2009). Fortunately, no statistically
significant relationship was found between labeling efficiency and administered dosage of
radiopharmaceutical. In fact, the labeling efficiency showed no reduction with lower doses
of the radiotracer applied to the incubation media. However, a significant inverse
relationship was noted between radiotracer dose and viability of stem cells during the 2week period of follow-up. For example, with the specific activity of 4.98 MBq/106 MSCs,
more than 80% of the cells lost their viability within 2 weeks of follow-up. The cytotoxicity
feature with the lower doses was much less (between 20%–60%), but never was equal to
zero. Hence, in our opinion, one of the main disadvantages inherent to 111In-oxine labeling
of stem cells for the purpose of in vivo tracking is its time and dose dependent side effects.
Although it has been shown that radio-labeling is one of the most sensitive methods for
stem cell tracking, we recommended that the application of this tracking technique should
be treated with great caution, and if necessary, as little of 111In-oxine as possible should be
added to the cells (or only a limited fraction of the cells should be labeled) to minimize cell
loss. Such a conclusion is also confirmed by other similar reported experiments (Correa,
Mesquita et al. 2007). Hence, in our second experience to track stem cells after intravenous
infusion to patients with liver cirrhosis [3], we just labeled 50% of the stem cells. Labeled
cells were infused from one arm of patients and the non-labeled cells were infused from the
opposite arm to reduce any possible adverse effects. Also the labeling dose was kept to the
lowest possible, providing good-quality images [Fig. 1]. Such a concern also persists when
using technetium derivatives, although with much less severity. In Detante et al experiment,
99mTc labeling (even at low doses of 5 Bq/cell) induced a loss of stem cells’ ability to form
colonies. However, they found no deleterious effect on cell proliferation with HMPAO alone
and therefore they concluded that loss of stem cells’ proliferation seems to be due to the
99mTechnetium. Although their results of flow cytometry with 7-AAD demonstrated a good
cell viability over the 2 days of experiment, the authors emphasized that the alteration of the
ability of radiolabeled stem cells to proliferate must be carefully considered, as it may alter
their therapeutic benefit (Detante, Moisan et al. 2009).
It also should be stated that although nuclear medicine techniques to track stem cells
following injection or infusion to patients are highly helpful and lack some of the
remarkable disadvantages inherent to other modalities (such as low sensitivity of MRI), they
suffer from technique-specific shortcomings. These shortcomings seem to be more
prominent when the technique is applied in clinical and in vivo settings. It is possible that
stem cells labeled with radiotracers are phagocytosed by the reticuloendothelial cells. We
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Fig 1. After I.V. infusion, the radioactivity was first observed to accumulate in the lungs, and
gradually shifted to the liver and spleen. In this patient the initial hepatic accumulation of
radioactivity was visualized at the second-hour images. Also, the early images (2h)
demonstrated faint 111In activity in the spleen. During the following hours to days, the
radioactivity became more prominent in the liver and spleen.
cannot exclude the possibility that radionuclide signals are detected from the
reticuloendothelial cells, which theoretically are able to phagocytize nonviable stem cells
(for example, due to time-dependent cytotoxic effect of the 111In-oxine, after infusion, a
limited portion of stem cells will lose viability (Gholamrezanezhad, Mirpour et al. 2009). In
fact, no one can be sure that the observed radioactivity in vivo reveals the presence of viable
stem cells in the organs having radioactivity. However, it should be emphasized that this
limitation is not limited to scintigraphic tracking methods: MR tracking of stem or other
cells has a critical flaw that the ferromagnetic particles do not represent viable cells in vivo.
We simply do not know whether MR signals mean magnetic particles in the “live” cells or
“already dead” cells or even particles in the engulfed/digested cells. While label
detachment from the cell is a primary concern for direct labeling techniques, similar issues
exist with reporter gene imaging, where the reporter gene product may still be present after
the cell has died (Gilad, Winnard et al. 2007). In other words, direct loading is problematic
given the tradeoff between half-life and long-term exposure to inherently cytotoxic ionizing
radiation and given the possibility of transfer of the radiolabel from stem cells to nonstem
cells (Frangioni and Hajjar 2004).
Technical consideration: Region of Interest (ROI) analysis is a simple tool to measure the
percentage of cells homing to the target organ. Decay and background corrections and
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geometric mean calculation are techniques to improve the reliability and accuracy of the
data (Gholamrezanezhad, Mirpour et al. 2011). In animal studies, biodistribution analysis is
possible, in which, organ, blood, and urine activities of labeled stem cells are expressed as
count per minute (cpm), and then decay-correction to the time of injection, and
normalization to the tissue weight (gram) and to the injected dose is done. Simply, these
results can be expressed as percent of the injected dose per gram of sample weight (%ID/g)
(Detante, Moisan et al. 2009).
b. Enzymatic conversion/retention and Receptor-mediated targeting methods:
As fully explained by Zhang et al, these methods have been applied with both scintigraphic
[SPECT and PET studies] and MRI substrates (Zhang and Wu 2007). Hence, the following
features can be applied to both MRI and scintigraphic techniques: Receptor-mediated
targeting needs stable expression of a receptor not found elsewhere throughout the body
and intravenous injection of a labeling agent (Acton and Zhou 2005; Serganova and Blasberg
2005; Shah 2005; Belmar, So et al. 2007; Zhang and Wu 2007; Roelants, Labar et al. 2008;
Higuchi, Anton et al. 2009; Kraitchman and Bulte 2009; Nyolczas, Charwat et al. 2009;
Pomper, Hammond et al. 2009). For example, inducible promoters can be employed to
modulate the level of reporter and therapeutic gene expression. Sodium iodide symporter
gene for reporter gene imaging by I-124-PET has been also suggested (Higuchi, Anton et al.
2009). Tissue-specific promoters may also be employed as sensors of stem cell differentiation
(Klug, Soonpaa et al. 1996; Zhang and Wu 2007). The noteworthy advantages of this
technique are the ability to follow stem cells indefinitely after stable integration of the
transgene, no marker dilution by cell division, and the ability to destroy stem cells by
administration of a suicide drug specific for the enzyme. The disadvantages are the
necessity to genetically manipulate stem cells ex vivo and intravenous administration of
another dosage of labeling agent for each imaging session (Zhang and Wu 2007). Before
reporter gene imaging can fully and safely be applied clinically, several problems must be
solved, the main example of which are transfection stability, minimizing immunologic
response and minimizing the potential interference of stem cell function and differentiation
by vector transfection or transduction (Chung, Andersson et al. 2002; Li, Fehse et al. 2002;
Jakobsson, Rosenqvist et al. 2004; Zhang and Wu 2007; Olmer, Haase et al. 2009; Tran, Lair
et al. 2010).
Receptor-mediated targeting, which is briefly described previously, requires stable
expression of a receptor not found elsewhere throughout the body and intravenous injection
of a labeling ligand of the receptor.
- Positron Emission Tomography (PET)
Due to its high spatial resolution and high sensitivity, PET can be considered a high-quality
imaging tool for stem cell tracking (Kang, Kang et al. 2006). 18F-FDG has been considered a
candidate radiotracer for labeling stem cells. As glucose uptake is a physiologic process,
uptake by stem cells does not need any cellular modification and occurs in vitro in the same
manner as in vivo without specific manipulation (Tamura, Unno et al. 2004). Few studies
have indicated that stem cells labeled with 18F-FDG could be used to monitor cell homing
into the target tissues and to track the biodistribution of the injected cells (Hertenstein,
Wollert et al. 2004; Tamura, Unno et al. 2004; Wollert, Hofmann et al. 2004; Hofmann,
Wollert et al. 2005).
18F-FDG [2-deoxy-2-(18F)fluoro-D-glucose],
a glucose analog with the positron-emitting
radioactive isotope fluorine-18 substituted for the normal hydroxyl group at the 2' position
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in the glucose molecule, is the most widely used label for the purpose of stem cell tracking.
The radioactivity elimination half-life of 110 minutes.
Overall, PET has the advantage of the higher sensitivity than SPECT, which allows more
accurate quantification of cell number (Frangioni and Hajjar 2004). Although both strategies
mentioned above for SPECT stem cell tracking can be used for stem cell tracking with PET,
the most advanced by far has been stated to be the stable integration of a mutant herpes
simplex type 1 thymidine kinase (TK) into stem cells and periodic intravenous injection of
the TK substrate 18FHBG (Wu, Chen et al. 2003; Frangioni and Hajjar 2004). The main
advantage of the technique is its ability to track and quantify stem cells over the course of
months; however disadvantages such as necessity of genetic manipulation of stem cells, an
infrastructure for 18F chemistry, a PET scanner, and concerns about toxic effects of radiation
exposure to the stem cells and subject (albeit it intermittent) should be kept in mind
(Frangioni and Hajjar 2004).
Also other shortcomings inherent to both SPECT and PET-based tracking of stem cells,
which are comprehensively discussed by Frangioni and Hajjar, are: nonspecific uptake of
the radiotracer by normal tissue, relatively low efficiency of collimated SPECT cameras, and
photon attenuation by tissue (Frangioni and Hajjar 2004). Although tissue photon
attenuation correction is currently employed very easily and brings the advantage of
coregistering anatomic (CT) and physiologic (SPECT or PET) data, it can theoretically
reduce sensitivity, and prevents accurate quantification of stem cell number (Chin,
Nakamoto et al. 2003; Frangioni and Hajjar 2004) and also increases the radiation burden to
the subject and also the cost.

8. MRI
MRI and magnetic resonance spectroscopy are common imaging modalities for in vivo stem
cell tracking in both preclinical and clinical settings (Hoehn, Kustermann et al. 2002; Modo,
Cash et al. 2002; van den Bos, Wagner et al. 2003; Kustermann, Roell et al. 2005; Crowder,
Brant et al. 2006; Jansen, Shamblott et al. 2006; Au, Lam et al. 2007; Hsiao, Tai et al. 2007;
Magnitsky, Walton et al. 2007; Partlow, Chen et al. 2007; Politi, Bacigaluppi et al. 2007;
Suzuki, Cunningham et al. 2007; Dash, Chan et al. 2008; Himmelreich and Hoehn 2008; Kim
and Song 2008; Terrovitis, Stuber et al. 2008; Wang, Wang et al. 2008; Wu, Hu et al. 2008;
Kedzioreik, Ouwerkerk et al. 2009; Kim, Huh et al. 2009; Lythgoe 2009; Reekmans,
Tambuyzer et al. 2009; Solanky, Chung et al. 2010; Tseng, Shih et al. 2010; Chien, Hsiao et al.
2011). Extraordinary three dimensional and anatomic resolution and high safety profile are
the main advantages. To be tracked in human body and the target organ, stem cells should
be enriched with a contrast agent producing a sufficient positive or negative signal to
distinguish them from the non-stem cell background (Zhang and Wu 2007). The three major
techniques to label stem cells for the purpose of MRI tracking are: (1) non-specific direct cell
labeling, (2) indirect specific (i.e., receptor-mediated) cell labeling, which is accomplished by
complexing an MR-visible contrast with a ligand that binds to a stem cell-specific receptor;
and (3) reporter gene probe labeling, which is transfection with a reporter gene that
expresses either an enzyme or receptor that can be detected using MRI (Gilad, Winnard et
al. 2007; Kraitchman and Bulte 2008). For MRI cell labeling, direct and receptor-based
labeling have been most extensively used. MRI imaging techniques are also can be divided
into two groups: those generating primarily T1 contrast and T2/T2* contrast (Frangioni and
Hajjar 2004).
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T1-weighted contrast agents are those that utilize the lanthanide gadolinium (Gd3+), loaded
via pino/endocytosis into stem cells. The main problem is that Gd3+-based contrast requires
50- to 500-µmol/L concentrations of low-molecular-weight Gd3+-containing molecules or
attachment to bulky scaffolds (e.g. dendrimers and dextrans) to augment the T1 effect
(Frangioni and Hajjar 2004). This methods permit stem cell tracking for up to 6 weeks (Bulte,
Douglas et al. 2001; Bulte, Douglas et al. 2002; Modo, Cash et al. 2002; Frangioni and Hajjar
2004).
T2/T2* contrast is by far the most commonly applied technique of stem cell imaging using
MRI. Since early 1990s, different superparamagnetic iron oxide nanoparticles and more
recent formulations to improve cell loading (Tat peptides) have been used (Lewin, Carlesso
et al. 2000; Daldrup-Link, Rudelius et al. 2003; Frank, Miller et al. 2003; Frangioni and Hajjar
2004). Most of them are biocompatible, safe, and nontoxic, and some already have been
approved by the FDA (Frangioni and Hajjar 2004). Because of the magnification effect at
high field strengths, superparamagnetic nanoparticles can be used to track extremely small
numbers of cells for up to several weeks.
Previous studies have confirmed that stem cell traffic throughout the body can be
noninvasively monitored in MRI by labeling cells with micrometer-sized iron oxide particles
or superparamagnetic iron oxides (Mancardi, Saccardi et al. 2001; Saiz, Carreras et al. 2001;
Daldrup-Link, Rudelius et al. 2003; Saiz, Blanco et al. 2004; Magnitsky, Watson et al. 2005;
Cheung, Chow et al. 2006; Brekke, Williams et al. 2007; Roberts, Price et al. 2007; Suzuki,
Yeung et al. 2007; Arbab and Frank 2008; Kraitchman and Bulte 2008; Kraitchman, Gilson et
al. 2008; Kustermann, Himmelreich et al. 2008; Mani, Adler et al. 2008; Wang, Wang et al.
2008; Chapon, Jackson et al. 2009; Sung, Hong et al. 2009; Yamada, Gurney et al. 2009; Yang,
Liu et al. 2009; Drey, Ewert et al. 2010; Nohroudi, Arnhold et al. 2010; Flexman, Cross et al.
2011; Jang, Ye et al. 2011; Liu, Wang et al. 2011). Yang et al have successfully tracked stem
cells following administration to animals with myocardial infarction (MI) and showed that
signal attenuation is observed at MI sites for the group of cases with MI (suggesting labeled
cells accumulation), while no remarkable signal attenuation is observed for the sham group
(Yang, Schumacher et al. 2011). Based on such observations, it seems that the
ferromagnetically labeled stem cells could provide a tool to determine whether the stem
cells reach the target organ and, if so, how long they remain there. Furthermore, tracking of
labeled stem cells with MRI can be used to ensure appropriate cell delivery and homing and
provide insight into the preferred sites of engraftment. From this information, application of
individualized stem cell therapy will be possible, as the most appropriate dosage and timing
of stem cell infusion can be determined to optimize the cell-based treatment based on the
clinical characteristics of each individual patient (Kraitchman and Bulte 2008).
Drawbacks of MRI
An important limitation of MRI is that it may not distinguish iron-labeled cells from free
iron particles. Transfer of iron oxide particles from originally labeled cells to macrophages
can lead to false interpretation of MRI data, which imposes additional disadvantage for in
vivo tracking of stem cells using MRI (Jang, Ye et al. 2011). Also, some authors claim that
MRI tracking of stem cells suffers from low sensitivity (Boersma, Tromp et al. 2005;
Kraitchman, Tatsumi et al. 2005). In fact, initial cell-labeling techniques were hampered by
limited concentration of internalized contrast agent, which lead to the limited sensitivity of
MRI to detect the labeled cells (Kraitchman, Tatsumi et al. 2005). To compensate for this
limited sensitivity, experimental cell-tracking studies were performed using MR imagers
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with very high magnetic field strengths of up to 14 Tesla (Weissleder, Cheng et al. 1997),
which are not routinely available for clinical purposes. Schoepf et al. asserted that with
clinical 1.5 Tesla MR and clinically applicable contrast agents, it is not feasible to trace the in
vivo biodistribution of intravenously infused cells to more than one final target organ, or to
depict the migration of the transplanted cells to several subsequent target organs over time
(Schoepf, Marecos et al. 1998). Other disadvantages of MRI tracking of stem cells is the
limited number of probes available (Boersma, Tromp et al. 2005) and concerns about toxic
effects of MRI contrast agents on stem cells (Crabbe, Vandeputte et al. 2010; Nohroudi,
Arnhold et al. 2010). It has been demonstrated that cell viability and migratory potential of
stem cells are negatively correlated with incorporated magnetic particles, presumably due to
interference with the actin cytoskeleton of the cells (Nohroudi, Arnhold et al. 2010). A
significant limitation of MRI is that presence of some implantable devices, such as
pacemakers and defibrillators, should be considered as contraindications to scanning.
Although some authors suggest that patients with pacemakers can be scanned safely at 1.5 T
(Martin, Coman et al. 2004), the role of MRI in clinical settings of stem cell tracking remains
questionable, as patients with cardiac devices are undoubtedly major candidates of stem cell
therapies, and cardiac MRI is not readily available at all institutions (Frangioni and Hajjar
2004).
B. In vivo experiences
Regarding the difficulties and serious complications inherent to invasive techniques of
administration or delivery of stem cells to the patients’ target organs, such as hemorrhage
or contrast nephropathy following angiography, stem cell delivery and administration via
intravenous infusion has been suggested (Detante, Moisan et al. 2009). However, there is a
remarkable concern that following peripheral vein infusion of stem cells, many of cells
may entrap in tissues other than the target organ, with no clinical benefit for the patient.
Thus, there is a need to track stem cells after peripheral vein infusion, and to provide
information about the bio-distribution of the cells delivered by such a route, in order to
confirm adequate homing of the injected cells to the target organ (Gholamrezanezhad,
Mirpour et al. 2011). Also these data are necessary to assess the risks of a systemic cell
therapy (Detante, Moisan et al. 2009). Both animal (Gao, Dennis et al. 2001; Kraitchman,
Tatsumi et al. 2005; Detante, Moisan et al. 2009) and human (Gholamrezanezhad, Mirpour
et al. 2011) experiences have shown that after intravenous infusion, the labeled stem cells
first accumulate in the lungs. Delivery by left ventricular cavity infusion results in
drastically lower lung uptake and better uptake in the target tissue (Barbash, Chouraqui
et al. 2003). During the following hours to days, the radioactivity gradually moves toward
and increases in the liver and spleen. In fact, over the next 48 hours, significant
proportions of cells escape from the lungs’ capillaries and migrate to systemic circulation.
Such an increase in spleen and liver is in contrast with the overall activity reduction
which is observed in all other organs and suggests that stem cells could be sequestered
in the spleen and liver (Detante, Moisan et al. 2009; Gholamrezanezhad, Mirpour et al.
2011).
Future outlook and conclusion
Although remarkable advances have been made in the development of clinically applicable
stem cell tracking techniques, given the inherent limitations of currently available
modalities, future investigation should focus on improving sensitivity and spatial
resolution, while decreasing patient exclusion and study complexity and cost.
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At this time, no imaging modality seems to be perfect in all aspects and each modality
presents its own set of advantages and disadvantages. X-ray techniques (plain radiography
and CT) suffer from inadequate contrast sensitivity for stem cell tracking in the clinical
setting (Frangioni and Hajjar 2004). Ultrasound/echocardiography shortcomings are mainly
due to their limited anatomic accessibility, resolution, and quantification, although they
have the potential for single-cell detection (Frangioni and Hajjar 2004). MRI, although has
the advantages of a safe profile and 3-dimensional capacity, has the lowest sensitivity (10–3
to 10–5 mol/L), has limited availability at some institutions and is contraindicated in
patients with implantable devices (Wu 2007). Scintigraphic techniques have a fair sensitivity
(10–8 to 10–9 mol/L), but are not suitable for long-term cell tracking in the case of labeling
with short half life tracers (limited by the radioisotope decay) and concerns about cytotoxic
effects limits the application of those radiopharmaceuticals with longer half life. Moreover,
long-term tracking using scintigraphic techniques requires genetic manipulation of the stem
cell, stable expression of a transgene, and multiple exposures to potentially hazardous
ionizing radiation (Frangioni and Hajjar 2004). Solid-state nanotechnology modalities and
reporter gene labeling, although far-flung at present, seem to be promising, as they could
potentially provide noninvasive, real-time monitoring of anatomic location of single stem
cells. However, concerns such as possible dispersals of QDs in the cytosol need to be
resolved. Near-infrared fluorescence (10–9 to 10–12 mol/L) and bioluminescence (10–15 to 10–17
mol/L) imaging techniques are the most sensitive among the available modalities, but both
are constrained to a relatively shallow tissue depth, which limits their efficacy in clinical
settings. In fact, they are most suitable for small animal studies and near-surface or
histological applications (Frangioni and Hajjar 2004). Reporter gene imaging, though able to
evaluate cell fate by assessing the viability and proliferation of the cells more accurately, will
need to concerns about its safety (because of the genetic modification) should be resolved
(Zhang and Wu 2007).
Therefore, one should ask what biologic questions need to be addressed before selecting an
appropriate imaging technique (Zhang and Wu 2007). As it is well summarized by Zhang,
if the exact location of cell homing must be identified, then MRI is the preferred method. If
only the short-term biodistribution of transplanted cells is to be determined, then
scintigraphic modalities are suitable. If knowledge of the long-term fate of transplanted
stem cells is sought, then reporter gene imaging is best available technique (Zhang and Wu
2007). As an alternative solution, multimodality imaging approaches with a tailored
combination of two or more imaging techniques have been suggested, which may minimize
the potential drawbacks of using each imaging modality alone and may provide the most
ideal information profile for clinical applications (Zhang and Wu 2007; Higuchi, Anton et al.
2009).
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