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Technology Insight: in vivo cell tracking 
by use of MRI
Walter J Rogers, Craig H Meyer and Christopher M Kramer*

INTRODUCTION
Cell transplantation is currently an area of 
intense investigation in cardiovascular medicine. 
The use of stem cells has potential for treating 
heart failure, mitigating postinfarction ventric-
ular remodeling, and treating vascular injury. A 
need exists to serially image cells weeks to months 
after intravenous administration or direct injec-
tion into tissues, in order to track migration 
into the target tissue. Currently, cardiovascular 
cell-tracking studies are at the preclinical stage, 
whereas the number of clinical trials of stem cell 
therapies is increasing rapidly. Some success has 
been seen in preliminary human trials of stem 
cell therapy for left ventricular dysfunction after 
myocardial infarction with use of MRI to assess 
outcomes,1 although other studies have been 
less positive.2 In addition to allowing changes in 
left ventricular size and function after stem cell 
therapy to be followed, MRI offers the potential of 
tracking cells in vivo using innovative approaches 
to cell labeling and image acquisition.

MRI provides regional contrast based on differ-
ences in proton density, flow and biochemical 
structure, which alter regional signal intensity 
within acquired images, seen as either negative 
(dark) or positive (bright) signal. In order to 
improve contrast further, contrast agents, such as 
gadopentate dimeglumine, are used in most clin-
ical cardiovascular examinations. In myo cardial 
examinations, gadolinium-based contrast agents 
highlight regions of reduced perfusion, allowing 
identification of regions of ischemia in patients 
with coronary artery disease3 or myocardial 
necrosis due to infarction.4 In vascular exami-
nations, contrast agents are used to increase the 
signal from blood and thus improve vessel visual-
ization, and are commonly used for angiographic 
applications.5 These low-molecular-weight agents 
are extravascular and distribute with blood flow, 
but provide no cell-specific or process-specific 
information; therefore, such agents are not 
useful for cell tracking. Despite these contrast 
agents’ lack of specificity, however, they are useful 
clinically for the applications mentioned above.

Animal studies have shown some success in the use of stem cells of diverse 
origins to treat heart failure and ventricular dysfunction secondary to 
ischemic injury. The clinical use of these cells is, therefore, promising. In 
order to develop effective cell therapies, the location, distribution and long-
term viability of these cells must be evaluated in a noninvasive manner. 
MRI of cells labeled with magnetically visible contrast agents after either 
direct injection or local or intravenous infusion has the potential to fulfill 
this goal. In this Review, techniques for labeling and imaging a variety of 
cells will be discussed. Particular attention will be given to the advantages 
and limitations of various contrast agents and passive and facilitated 
cell-labeling methods, as well as to imaging techniques that produce 
negative and positive contrast, and the effect on image quantification of 
compartmentalization of contrast agents within the cell.
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REVIEW CRITERIA
The articles on which this Review is based were selected through searches carried 
out in MEDLINE and PubMed for original articles focusing on cell tracking 
and published between 1990 and 2006. The search terms used were “stem cells”, 
“tracking”, “therapy” and “MRI”. All papers identified were English-language, 
full-text papers. We also searched the reference lists of identified articles for 
further papers.

SUMMARY
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Polysaccharide-coated iron oxide nano-
particles have been investigated because of 
their good inherent signal differentiation when 
studied with typical MRI pulse sequences and 
ability to be internalized by cells with phagocytic 
capacity. Although current limits of spatial reso-
lution preclude direct visualization of individual 
unlabeled cells, methods of signal amplification 
with internalized contrast material increase the 
ability of MRI to detect small numbers of cells. 
This Review of cell tracking will address poten-
tial contrast agents, methods of cell labeling, and 
MRI methods for sensitive cell detection.

POTENTIAL MAGNETIC RESONANCE 
LABELS
For a cell of interest to be distinguished from 
complex background signal, it must contain a 
label capable of producing significant positive or 
negative contrast when imaged with the appro-
priate pulse sequence. As described by Frangioni 
et al.,6 in addition to strong signal-altering prop-
erties (T1, T2 relaxation), labels have additional 
‘ideal’ characteristics, including biocompatibility, 
lack of genetic modification or perturbation to the 
target cell, single-cell detection, ability to quantify 
cell number at a given locus, minimum label dilu-
tion with cell division, minimum transfer to non-
target cells, and the ability to image target cells 
over a period of months to years. 

Two classes of contrast material are currently 
used and include gadolinium chelates and iron 
oxide nanoparticles or microparticles with various 
surface modifications. Gadolinium chelates, such 
as gadopentate dimeglumine, are the most widely 
used paramagnetic contrast material. These 
chelates are effective contrast agents because of 
their seven unpaired electrons. Unpaired electrons 
produce a magnetic moment that increases relax-
ivity and thus alters signal intensity in the region 
near the contrast material. At low concentrations, 
the electrons primarily shorten the longitudinal 
relaxation rate (T1) and appear bright on T1-
weighted imaging, whereas at higher concentra-
tions they reduce T1 and the transverse relaxation 
rate (T2). The ability of gadolinium to increase 
proton relaxation is a fraction of that of any 
member of the iron oxide group. 

Iron oxide particles are part of a class of super-
paramagnetic MRI contrast agents. These particles 
range in size from tens of nanometers in dia meter, 
termed ultrasmall super paramagnetic iron oxide 
(USPIO), to 100 nm (superpara magnetic iron 
oxide [SPIO]), to some larger than 1 μm, known 

as micrometer-sized iron oxide particles (MPIOs). 
These compounds consist of magnetite (iron 
oxide) cores, which are coated with dextran7 or 
siloxanes8 encapsulated by a polymer,9 or further 
modified to facilitate internalization. Such parti-
cles function as contrast agents by creating a large 
dipolar magnetic field gradient that is experienced 
by protons in close proximity to the particle. One 
effect is to cause signal dephasing because of the 
local field inhomogeneity induced in water mole-
cules near the particle or cell-containing particle. 
This effect is seen as hypointensity or negative 
contrast on T2-weighted and T2*-weighted 
images due to shortening of T2 and T2* relax-
ation times. Alternative approaches have been 
developed that exploit a frequency shift in the 
region near the particle, which can produce posi-
tive contrast in that region.10,11 Both the negative 
and positive contrast effects act to extend the 
signal change well beyond the particle or cell. This 
form of signal amplification increases sensitivity 
in detecting the labeled cells within a complex 
image background. With the use of signal amplifi-
cation, potential future applications of iron oxide 
particles include ‘doping’ of therapeutic stem cell 
preparations with a small fraction of labeled 
cells, to allow cell tracking without altering the 
majority of cells.

NONSPECIFIC CELLULAR LABELING
A variety of cells have the natural ability to inter-
nalize material located outside their membrane 
that might then be able to act as a label for that 
particular cell. The size of material and the rate at 
which it is internalized is dependent on the specific 
transmembrane mechanism. White blood cells, 
including macrophages, neutrophils and eosino-
phils, are capable of rapidly phagocytosing large 
particles and, along with other cells, are capable of 
specific receptor-mediated endocytosis. Finally, a 
wider range of cells are able to ingest fluid and very 
small particles through pinocytosis. Other non-
blood-derived cells have been shown to be capable 
of various nonfacilitated internalization; these cells 
include fibroblasts, immortalized rat progenitor 
cells, human hepatocellular liver carcinoma cells,12 
and human hematopoietic progenitor cells.13 
The majority of nonspecific cellular labeling has 
so far involved macrophages. As key players in 
the innate immune response, macrophages are 
important markers of local inflammation. Figure 1 
shows receptor-mediated endocytosis14 of the 
commercially available SPIO Feridex® (Advanced 
Magnetics, Inc., Cambridge, MA) in J744A.1 
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murine macrophage-like cells,15 before and after 
4 h incubation with 112 ng/ml iron. 

Nanoparticle coating is important in deter-
mining the route of macrophage internalization, 
as shown by Fleige et al.16 in a murine macro-
phage cell line P388D1. Intracellular uptake was 
highest for particles coated with the monomer 
citrate (hydrodynamic diameter of 8 nm), and 
the particles were determined to enter via phago-
cytosis. By comparison, USPIO particles coated 
with the polymer carboxydextran, although 
considerably larger (31.3 ± 15.8 nm), were shown 
to enter by pinocytosis. This finding is impor-
tant, because particles of similar composition 
are generally internalized by macrophages at a 
rate and mode proportional to their size.17 The 
coating design could, therefore, be used to control 
the rate of internalization, thereby affecting the 
optimum timing for imaging the contrast agent.

The relation of particle size to the rate of 
endocytosis was shown for in vitro human 
monocytes by Metz et al.18 by simple incuba-
tion of particles with the target cells. The SPIO 
Endorem® (Guerbet, Villepinte, France) reached 
an intra cellular concentration of 50 pg/cell iron 
compared with a peak concentration of 7.8 pg/cell 
iron for the USPIO Sinerem® (Guerbet). A 
method of ex vivo macrophage labeling was used 
by Zelivyanskaya et al.19 to track the migration 
of SPIO-labeled macrophages from the injec-
tion site in the basal ganglia of the left hemi-
sphere through the corpus callosum by day 1, 
to the ventricular system by day 7, in a severe 
combined immunodeficient mouse at a field 
strength of 7 T. The particle size-to-uptake ratio 
has important implications for clinical applica-
tion, in that intracellular concentration defines 

the lower limit of cell detection in magnetic 
resonance images. 

Interest has grown in the use of MPIOs.20 In the 
study by Shapiro et al.,20 cells labeled with MPIOs 
had iron levels of approximately 100 pg/cell, 
which is three times greater than values seen with 
smaller particles. These MPIO-labeled cells were 
easily detected by MRI spin echo techniques. 
Wu et al.21 have used these particles to detect 
myocardial transplant rejection in a rat model 
as the MPIOs were endocytosed by macrophages 
in circulation and then tracked to the rejecting 
heart. The large MPIO particles were seen on MRI 
as punctate regions of low signal, and the label 
was stable over time. The authors suggested that 
several MPIO particles are incorporated into each 
macrophage and that one labeled macrophage 
can cause signal loss over a much greater area 
than the size of the cell, with an MRI- detectable 
radius of 1–2 mm in diameter.

Dendritic cells are another cell type that can 
endocytose SPIO labels. Dentritic cells are of 
particular interest because of their ability to 
induce an immune response.22 de Vries et al.22 
demonstrated labeling of autologous dendritic 
cells in humans with SPIO (Endorem®) as well 
as indium-111-labeled oxine. These cells were 
then injected into lymph nodes of melanoma 
patients and the nodes were later resected for 
ex vivo imaging and correlation with scintigraphy 
and histopathology. MRI provided more-accurate 
localization of dendritic cell delivery than scinti
graphy. These techniques provide proof in principle 
of the potential for monitoring of cell therapies in 
humans by cell labeling with iron oxides. Further 
work is necessary to translate these approaches 
into practice in the cardio vascular system.

PARTICLE SURFACE MODIFICATION 
AND CELLULAR INTERNALIZATION
To facilitate labeling of cells that lack substantial 
phagocytic capacity, modifications have been 
developed involving specific surface receptors 
and nonspecific means of penetrating the cell 
membrane. One such receptor-mediated approach 
involves the use of internalizing monoclonal anti-
bodies. Bulte et al.23 used a previously identified 
monoclonal antibody to the mouse transferrin 
receptor, OX26,24 to induce internalization of 
this receptor and the attached nano particle by 
means of receptor-mediated endocytosis. A 
rat oligo dendrocyte progenitor cell line (CG4) 
was labeled with mono crystalline iron oxide 
nanoparticles (known as MION-46L) and OX26 

A B

Figure 1 Cultures of J744A.1 macrophage-like murine cells stained with 
acridine orange (3,6-dimethylaminoacridine) for cytoplasm (pale orange) and 
nucleus (dark orange) visualization then counterstained with Prussian blue 
for iron visualization. (A) Cells unexposed to superparamagnetic iron oxide. 
(B) Cells incubated for 4 h with 112 ng/ml iron; substantial cytoplasmic iron 
staining can be observed.
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to determine the immediate dispersion, migratory 
capacity and long-term survival of labeled oligo-
dendrocyte progenitor cells grafted into the spinal 
cord of myelin-deficient rats. With this construct, 
these researchers observed an excellent agreement 
between the areas of magnetic resonance contrast 
enhancement and histopathologic staining for 
iron and newly formed myelin. 

Nanoparticle surfaces might also be modified by 
use of synthetic structures that aid in the perme-
ation of cell membranes. Dendrimers, members 
of a class of transfection agents, are large, complex 
molecules with well-defined chemical structures. 
These molecules are nearly perfect monodisperse 
(i.e. of consistent size and form) macro molecules 
with a regular and highly branched three-
 dimensional architecture. Dendrimers consist 
of three major components: core, branches and 
end groups. Magnetodendrimers are iron oxide 
particles coated with highly branched carboxyl-
ated structures instead of dextran or other tradi-
tional USPIO or SPIO surface coatings.25 The 
highly charged nature of dendrimers results in 
binding to the cell membrane with induction of 
membrane bending and eventual endocytosis 
of the dendrimer and the attached particle.26 The 
major advantage of this system is that it does not 
rely on a specific receptor and, therefore, has 
application in the labeling of a wide variety of 
cells, although success with dendrimer labeling 
has been limited.

Anionic maghemite nanoparticles are a class of 
surface modified particles that interact strongly 
and nonspecifically with the cell plasma membrane 
because of strong negative surface charges.27 After 
surface adsorption, particles are efficiently inter-
nalized by a wide range of cell lines. Riviere et al.28 
used this particle to label rat smooth-muscle cells 
and monitor cell engraftment in a rat model of 
myocardial ischemic injury. Figure 2 shows uptake 
of anionic maghemite nanoparticles in cultured 
smooth-muscle cells, and the absence of uptake 
in cells incubated with dextran-coated SPIO parti-
cles. Cell proliferation was unaffected by particle 
internalization, but dilution of the iron load per 
cell was observed in subsequent daughter cells. 
Further research is necessary before testing of 
these agents in humans can begin. 

TRANSFECTION AGENT–(U)SPIO 
COMPLEXES
Transfection agents are highly charged macro-
molecules that have been used to transfect DNA 
into cells via electrostatic interaction, which 

results in endosome formation.29 These agents 
include proteins, lipids, dextrans, phosphonates, 
and dendrimers. By themselves, transfection 
agents are toxic to cells, with the toxic effect being 
proportional to the transfection agent concentra-
tion.30 When USPIO or SPIO is added to create 
complexes through electrostatic interaction, 
however,31 transfection agents can become an 
effective way in which to internalize the magnetic 
resonance label into cells. The ratio of USPIO or 
SPIO to trans fection agents is crucial to provide 
a stable, nontoxic complex that can be efficiently 
internalized. For example, Arbab et al.32 showed 
the HeLa cell uptake of the SPIO Feridex® for 
a group of eight transfection agents at 1 μg and 
5 μg concentrations, as shown in Table 1. The 1 μg 
concentration of poly-L-ornithine resulted in 
the highest level of intracellular SPIO loading at 
nearly 10 pg/cell iron. Increases in the concentra-
tion of this transfection agent resulted, however, in 
a reduction in loading (5.74 ± 0.54 pg/cell iron). At 
the 5 μg concentration, the dendrimer SuperFect® 
(QIAGEN GmbH, Hilden, Germany) showed the 
highest level of SPIO loading compared with all 
other transfection agents at either concentra-
tion (15.18 ± 0.87 pg/cell iron). The same group 
has shown long-term (28-day) viability of cells 
transfected with two FDA-approved agents 
(Feridex® and protamine sulfate, also known 
as Fe–Pro), including mesenchymal stem cells, 
hematopoietic (CD34+) stem cells, macrophages, 
lymphoblast cells and splenocytes.33 Studies have 
demonstrated the safety of stem cell labeling with 

A B

Figure 2 Micrographs showing uptake of iron oxide particles in cultured 
rat smooth-muscle cells. (A) Cells incubated for 2 h at 37 ºC with anionic 
maghemite nanoparticles. Maghemite particles appear blue within the 
cytoplasm after Perls’ Prussian staining (arrows). Original magnification 
×200; inset ×400. (B) Cells incubated for 2 h at 37 ºC with dextran-coated 
superparamagnetic iron oxide at a concentration of 1.0 mmol/l. No iron uptake 
was detected. Magnification ×200. Permission obtained from the Radiological 
Society of North America © Riviere C et al. (2005) Radiology 235: 959–967.
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these agents.34 Arbab and colleagues showed 
that Fe–Pro-labeled mesenchymal and hemato-
poietic stem cells had preserved expression of 
surface phenotypic markers and chondrogenic 
differentiation capacity.34 

This approach has been applied to the tracking 
of endothelial precursor cells in angiogenesis. 
The Fe–Pro complexes were used to monitor 
the migration and incorporation of endothelial 
precursor cells in a rapidly growing flank tumor 
model in mice.35 Anderson and colleagues36 
labeled murine Atxn1+ (Sca1+) cells with ferum-
oxides complexed to poly-L-lysine and infused 
them in a mouse glioma model, demonstrating 
low MRI signal consistent with labeled cells in 
tumor neovasculature. Ferumoxides complexed 
to poly-L-lysine have shown no short-term or 
long-term toxic effects on tumor or stem cells,37 
and when infused in rats did not alter any 
biochemical or hematologic laboratory values.38 
Similar labeling approaches could in theory be 
used to track angiogenesis in cardiovascular 
disease using stem cells. Fe–Pro has potential 
translational applications, as both Feridex® 
and protamine sulfate are FDA-approved agents. 
The combined drug will, however, need to 
undergo substantial testing of toxic effects and 
other features in preclinical tests before being 
submitted to the FDA.39 Investigators will need 

to demonstrate reproducibility of labeling and 
that the labeled cells have preserved viability, 
function, and capacity to differentiate.39

A translocation method not dependent on a 
receptor involves the use of HIV-1 Tat peptide 
conjugation of cross-linked SPIO nano particles.40 
This peptide carries both a transmembrane and a 
nuclear localization signal within its sequence41 
and has the ability to translocate exogenous 
molecules into a wide variety of cells.42 In addi-
tion to internalizing magnetic resonance labels 
alone, a similar approach can be used to inter-
nalize constructs with magnetic, fluorescent, 
and radioactive labels.43 This approach permits 
determination of magnetic resonance sensitivity 
with previously well- established probes. Lewin 
et al.43 demonstrated that there was substantial 
internalization of cross-linked SPIO Tat parti-
cles in human hematopietic CD34+ cells, mouse 
neural progenitor cells (C17.2), human CD4+ 
lymphocytes and mouse splenocytes, ranging 
from 10 pg/cell to 30 pg/cell iron. Importantly, 
these researchers showed that cellular uptake is 
exponentially related to the number of Tat groups 
per cross-linked SPIO, suggesting multivalency in 
cellular uptake.40 

Myoblasts have the potential to treat 
damaged or dysyfunctional myocardium. 
Intracardiac transplantation of myoblasts has 
shown promise in preliminary animal and 
human applications.44,45 Zhang et al.46 used 
the transfection agent Lipofectamine™ 2000 
(Invitrogen, Carlsbad, CA) complexed to the 
SPIO Endorem® to label pig skeletal myoblasts. 
This group showed that for this cell line the trans-
fection agent increased individual cell labeling to 
nearly 100%, compared with a mean individual 
cell labeling of 70% without the transfection 
agent. Cell viability, which is a concern when 
using transfection agents, was never less than 
96% from day 1 to day 10, which was the same 
as for untreated cells. Signal amplification in this 
in vitro study showed that using T2*-weighted 
imaging produced signal voids of up to four 
times the cell size.

OTHER NOVEL LABELING METHODS
Walczak et al.47 recently demonstrated the use of 
magnetoelectroporation to label cells instantly 
without using additional agents or cell culture. 
This approach has promise clinically as it will 
not require clinical approval of additional agents, 
although FDA approval of the electroporation 
device and good clinical manufacturing practice 

Table 1 Uptake of superparamagnetic iron oxide in HeLa cells for a group of 
transfection agents.

Transfection agent Mean (±SD) transfection agent concentration

1.0 μg 5.0 μg

SPIO alone 1.08 ± 0.11 ND

PLL 388 kDa 2.76 ± 0.98 10.25 ± 0.21

PLL 23 kDa 5.59 ± 0.23 8.89 ± 0.37

PLL 0.5–2.0 kDa 1.26 ± 0.05 1.14 ± 0.11

PLO 39 kDa 9.92 ± 0.45 5.74 ± 0.54

PLA 141 kDa 2.54 ± 0.22 1.90 ± 0.11

SuperFect®a (QIAGEN GmbH, 
Hilden, Germany)

3.40 ± 0.18 12.18 ± 0.87

Lipofectamine™ 2000b 
(Invitrogen, Carlsbad, CA)

1.21 ± 0.06 4.09 ± 0.14

FuGENE® 6c (Fugent LLC, 
Madison, WI)

1.12 ± 0.08 3.06 ± 0.24

aHeat-activated dendrimers. bLipid-based transfection agent. cMulticomponent lipid-based 
(nonliposomal) transfection reagent for research. Abbreviations: ND, not done; PLA, poly-
l-arginine; PLL, poly-l-lysine; PLO, poly-l-ornithine; SPIO, superparamagnetic iron oxide. 
Permission obtained from the Society for Molecular Imaging © Arbab AS et al. (2004) Mol 
Imaging 3: 24–32.
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will be required. Another emerging method for 
labeling cells with iron involves use of a transgene 
reporter that causes the cell to construct the MRI 
contrast agent using endogenous iron.48

IMAGING METHODS
Most of the magnetic resonance labels currently 
used in cell tracking are USPIO or SPIO because 
of their potent negative contrast effects and 
inherent lack of cell toxicity. Billotey et al.49 
showed that the intracellular confinement of 
maghemite nano particles within micrometric 
endosomes results in significant changes in 
signal on MRI compared with those of the 
dispersed isolated nanoparticles. The signature 
of endosomal magnetic labeling consists of a 
negative contrast on T1-weighted images in 
the whole ferrite concentration range, whereas the 
presence of extracellular isolated nanoparticles 
can result in positive enhancement.49 These iron 
oxide agents cause significant signal dephasing 
related to magnetic field inhomo geneity, which 
is notable as signal loss or negative contrast on 
T2-weighted and T2*-weighted images. Figure 3 
shows reduction in T1 and T2 associated with 
increasing concentrations of SPIO in a gel 
phantom. Iron oxide relaxation characteristics 
differ substantially when compartmentalized 
within cells compared with when they are within 
regions of freely diffusible water.50 Specifically, 
Bowen et al.50 showed that T2* sensitivity to 
iron-oxide-loaded cells was 70 times greater than 
for T2, and 3,100 times greater than for T1. At 
lower concentrations of SPIO, T2 changes are the 
first to be observed, with T1 changes becoming 
significant at higher SPIO concentration. MRI 
detection of cells labeled with USPIO and SPIO, 
it should be noted, is an indirect technique. As 
such, signal change is due to the amount of 
USPIO and SPIO and not the number of cells. As 
cells proliferate and the iron is divided between 
daughter cells, the total iron content and the 
signal from each cell decreases. Furthermore, 
the iron from cells undergoing apoptosis or cell 
lysis can be internalized by macrophages resi-
dent in local tissue, resulting in signal falsely 
attributable to cells. 

Negative contrast agents suffer from three 
fundamental drawbacks. The first is that MRI 
cannot distinguish the void from the agent from 
other signal voids, for example those from arti-
facts or imaging metals such as calcium. Second, 
these agents are limited by partial volume 
effects, in which void detection is dependent on 

the resolution of the image. If the void created 
by the agent is too small, it could be at the limits 
of MRI detection. Third, tracking cells in vivo 
can be difficult with a negative contrast tech-
nique.11 Although USPIO can be imaged in 
such a way as to produce positive contrast, this 
approach is limited because positive T1 effects 
are being countered by T2* signal-loss mecha-
nisms.51 Cunningham et al.10 have described a 
method for producing positive contrast for iron 
oxide particles regardless of size. The method 
employs spectrally selective radiofrequency 
pulses to excite and refocus the off- resonance 
water surrounding the iron-containing cells 
while suppressing the on-resonance signal. Only 
the water and tissue immediately adjacent to the 
contrast material produce signal and, therefore, 
are seen on the acquired image (Figure 4). 

Other researchers have previously described 
methods with the potential for producing posi-
tive contrast with iron oxide particles. Posse52 
proposed a spin-echo-based method that 
extracts local phase-gradient information by 
k-space filtering. Seppenwoolde et al.53 proposed 
a method for creating positive contrast around 
paramagnetic intravascular device markers used 
in magnetic-resonance-based inter ventional 
procedures. A similar technique has been used 
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Figure 3 Plot of T1 and T2 relaxation times versus superparamagnetic iron 
oxide concentration when uniformly distributed in agar gel with concentrations 
of iron ranging from 0 μmol/l to 0.273 μmol/l. Imaging was performed at room 
temperature using a 1.5 T MR scanner. At lower concentrations T2 effects 
dominate, whereas at higher iron concentrations T1 is also reduced.
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by Mani et al. to detect positive contrast in 
superparamagnetic particles.11 This technique 
produces positive contrast in superpara magnetic 
particles by dephasing of the background signal.

MRI is well suited not only for delineating 
the infarct zone using extravascular gadolinium 
agents,4 but also for combination with iron-
oxide-labeled cells, which produce signal voids, 
noninvasive registration of administered cells to 
the infarct, as well as serial tracking of cells.54–56 
Kraitchman et al.54 studied administration of 
mesenchymal stem cells after infarction and 
demonstrated focal regions of signal void asso-
ciated with the intramyocardial iron-loaded 
cells within the bright signal seen in late gado-
linium enhancement in infarction (Figure 5). 

At the current time, the SPIO-labeled cell-
detection limit experienced with clinical MRI 
scanners is often less that that of nuclear-based 
cell-tracking techniques. Kraitchman et al.57 
tracked mesenchymal stem cells co-labeled with 
Feridex® and indium-111-labeled oxine in a 
canine model of infarct reperfusion. At 72 h after 
reper fusion, animals were intra venously admin-
istered 1.6 × 108 ± 2.1 × 107 co-labeled cells. 
Single-photon emission CT or CT imaging was 
performed immediately after stem cell adminis-
tration and serially for up to 8 days and showed 
cell uptake 24 h and 1 week after injection; 
MRI, on the other hand, was unable to detect 
cells because of its lower sensitivity. The use of 
MPIOs might improve the MRI findings.20 In a 
clinical study of dendritic cell tracking, however, 
MRI was found to be at least as sensitive 
as scintigraphy.21

Several reports have been published on the 
imaging of single-labeled cells in vitro58 and 
in vivo.59,60 Zhang et al.58 showed that single, 
living, human endothelial cells can be imaged 
over time using a 3.0 T scanner. Heyn et al.59 
showed that single cells labeled with SPIO 
particles and injected into the circulation of 
mice could be imaged with a modified 1.5 T 
clinical MRI scanner after they were trapped 
in the microcirculation of the brain. Shapiro 
et al.60 showed that primary mouse hepa-
tocytes could be labeled and that single cells 
could be detected in the liver 1 month later. 
These studies show that, under some condi-
tions, MRI cell tracking could actually be more 
sensitive than nuclear techniques, which have 
a sensitivity of a few hundred cells.59 No other 
modality with whole body imaging capability 
has shown single-cell in vivo cell-tracking 
ability, according to Heyn et al.59 

LIMITATIONS
There are a number of potential limitations 
to the use of MRI for these applications. The 
patients who stand to benefit most from 
the potential applications of stem cells might be 
those with significant left ventricular dysfunc-
tion. Many of these patients are candidates for 
devices that reduce mortality in this subgroup—
specifically defibrillators and biventricular pace-
makers—which are presently contraindicated in 
the magnetic resonance environment. Studies 
suggest, however, that the guidelines might be 
changed in the coming years as more information 
about safety becomes available.61,62

A B

Figure 4 Test of positive-contrast imaging in vivo. A short-axis section of 
porcine myocardium injected with superparamagnetic-iron-oxide-labeled 
embryonic stem cells is shown. (A) Gradient-echo images show voids at each 
injection site of 1 million labeled cells. (B) The off-resonance projection at 
–800 Hz clearly shows the four injections of labeled cells as regions of bright 
signal (arrow). Permission obtained from John Wiley & Sons © Cunningham 
CH et al. (2005) Magn Reson Med 53: 999–1005. 

A B C

MI

Figure 5 Representative hypointense or hyperintense lesions after myocardial 
infarction at injection sites (arrows) within 24 h of administration of mesenchymal 
stem cells labeled with superparamagnetic iron oxide, seen with various imaging 
methods. (A) Fast spin echo shows hypointense regions. (B) Fast gradient-
recalled echo shows hypointense regions. (C) Delayed-enhancement MRI shows 
a hyperintense region. Abbreviation: MI, myocardial infarction. Permission 
obtained from Lippincott Williams & Wilkins © Kraitchman DL et al. (2003) 
In vivo magnetic resonance imaging of mesenchymal stem cells in myocardial 
infarction. Circulation 107: 2290–2293. 
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CONCLUSIONS
Therapeutic use of stem cells will more than 
likely impact clinical practice, although it will be 
directed by availability, angiogenic or myogenic 
affect, transdifferentiation potential, mechanism 
of engraftment, and potential toxic effects. Some 
success has been seen in preliminary clinical 
trials in which stem cells have been administered 
to improve function in infarcted myocardium. 
A notable need exists for noninvasive tools to 
increase our mechanistic understanding of the 
benefits of stem cells. Therapeutic cells labeled 
to permit cell tracking by MRI techniques hold 
promise for answering various questions about 
the optimum timing of administration, cell 
location, and cell viability over time. MRI is well 
suited as an imaging modality for noninvasive 
cell tracking because of its tissue characteriza-
tion, excellent image quality, and high spatial 
resolution, although presently nuclear imaging 
is a more sensitive technique. In addition to an 
existing equipment base, MRI benefits from 
lack of ionizing radiation, high spatial resolu-
tion, flexible image contrast and the ability to 
assess regional function, perfusion, and necrosis. 
The development trajectory of this technique is 
favorable for clinical practice inasmuch as the 
availability and use of high field (3 T) clinical 
scanners has increased, which might allow 
increased sensitivity for labeled therapeutic cell 
detection. New ways of transfecting existing 
agents, the use of MPIOs, and new mechanisms 
for generating contrast with MRI might help to 
overcome the limitations of MRI and are creating 
excitement in the field. With further research and 
development, the promise of clinical trials using 
these novel labels to track cells will probably 
be realized.

KEY POINTS
■ Local transplantation of stem cells has 

the potential to treat many cardiovascular 
diseases

■ Noninvasive tracking of labeled therapeutic 
cells will permit assessment of local 
engraftment

■ The labeling of therapeutic cells with imaging 
labels while maintaining cell viability requires 
use of both passive and facilitated transfection 
methods

■ MRI labels such as iron oxide nanoparticles 
provide strong MRI signal alteration while 
imparting low cellular toxic effects
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