
   Pak J Med Sci   2014   Vol. 30   No. 4      www.pjms.com.pk   899

Open Access

INTRODUCTION

 Cardiovascular disease is a worldwide leading 
cause of mortality. In recent years interventional 
and surgical treatment of coronary heart disease 

using coronary artery bypass grafting (CABG) has 
made great progress. However, it’s mortality rate is 
still as high as 13%, while the five-year prevalence 
of heart failure remains as high as 50%.1 The current 
conventional treatment methods are unable to 
prevent the necrosis of myocardial tissue and cannot 
restore the function of infarcted myocardium. 
Currently, stem cell research has achieved many 
breakthroughs in transplantation therapy and its 
feasibility and effectiveness has been demonstrated 
in animal experiments as well as in small-scale 
clinical trials. 
 For myocardial infarction stem cell transplantation 
therapy, many issues remain unresolved: How 
are the optimal number of cells determined when 
performing cell transplantation therapy? How is the 
survival time of transplanted cells best monitored? 
Do the transplanted cells undergo differentiation 
(e.g. into cardiomyocytes, smooth muscle cells or 
endothelial cells)? Can transplanted cells produce 
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SUMMARY
Cardiovascular disease is the leading cause of mortality worldwide. Stem cell transplantation has become 
a new treatment option for cardiovascular disease because the stem cells are able to migrate to damaged 
cardiac tissue, repair the myocardial infarction area and ultimately reduce the role of the infarct-related 
mortality. Cardiac magnetic resonance imaging (MRI) is a new robust non-invasive imaging technique that 
can detect anatomical information and myocardial dysfunction, study the mechanism of stem cells therapy 
with superb spatial/temporal resolution, relatively safe contrast material and lack of radiation. This 
review describes the advantages and disadvantages of cardiac MRI applied in stem cells transplantation 
and discusses how to translate this technique into clinical therapy.
Sources of Data/Study Selection: Data from cross-sectional and prospective studies published between 
the years 2001-2013 on the topic were included. Data searches included both human and animal studies.
Data Extraction: The data was extracted from online resources of statistic reports, Pub med, THE MEDLINE, 
Google Scholar, Medical and Radiological journals.
Conclusion: MRI is an appealing technique for cell trafficking depicting engraftment, differentiation and 
survival. 
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electrochemical coupling of normal myocardial and 
cardiac cells and their functions change? What is the 
mechanism of cells transplantation in the treatment 
of myocardial perfusion and cardiac function after 
a short enhancement (myocardial cell regeneration 
or paracrine or other)? These are examples of the 
current key issues that cardiac stem cell therapy 
research must address.2

 Imaging methods allow us to trace and track 
stem cells in vivo and better evaluate the efficacy 
of cell therapy. Commonly, imaging methods in 
current usage include ultrasound imaging, PET/
SPET, magnetic resonance imaging (MRI), optical 
imaging and CT imaging. Among them, cardiac 
MRI is undoubtedly the most promising molecular 
imaging means in clinical transformation as it can 
provide anatomical information with relative safety 
and superior resolution and sensitivity without 
radiation.3,4

Stem cell transplantation treatment: Stem cell 
transplantation methods using adult stem cells, 
embryonic stem cells (ESC) or induced pluripotent 
stem cells (iPSC) have become a major research fo-
cus in the field of treatments for ischemic heart dis-
ease. For example, using an MRI detection method, 
Grajek and colleagues have reported that patients 
with acute anterior wall myocardial infarction show 
improved myocardial perfusion 12 months after in-
jection of bone marrow stem cells (BMCs), but that 
the left ventricular ejection fraction (LVEF) does not 
increase.5 Kraehenbuehl and colleagues have also 
reported that embryonic stem cell transplantation in 
a rat myocardial ischemia model can reduce the left 
ventricular expansion and the area of myocardial in-
farction after 3-6 weeks.6 Furthermore, Nelson and 
colleagues have shown that treatment with human 
stem cell factor, OCT3/4, SOX2, KLF4 and c-MYC 
is able to induce embryonic stem cells into iPSCs, 
form regenerative myocardial, smooth muscle or 
endothelial vascular cells in situ, repair myocardial 
infarction and increase ventricular wall thickness 
and electrical stability.7 In addition, a meta-analysis 
of randomised controlled clinical trials demonstrat-
ed that intracoronary adult bone marrow stem cell 
therapy in the setting of acute myocardial infarction 
(AMI) could improve left ventricular function and 
reduce the incidence of heart failure.8 Table-I shows 
the major cell types commonly used for autograft or 
allograft transplantation in myocardial repair.
Direct labelling of stem cells: It is difficult to produce 
ideal stem cell MRI contrast effects. Hence, a great 
deal of research into the MRI-tracing of transplanted 
stem cells has focused on the development and 

application of novel contrast agents. Commonly 
used stem cell MRI contrast agents are divided into 
two major categories. The first involves contrast 
agents based on gadolinium (Gd) and manganese 
(Mn), such as gadolinium chelating agents (Gd-
DTPA)9 and manganese chloride (MnCl2).10 These 
mainly provide T1 positive contrast effects. The 
second involves paramagnetic/super paramagnetic 
contrast agents based on iron oxide nanoparticles 
that produce strong T2/T2* negative contrast 
effects.11,12 
Strategies of iron oxide particle labelling: Iron ox-
ide nanoparticles are a family of paramagnetic/
superparamagnetic contrast agents, consisting of a 
ferrite (maghemite or magnetite) core and a poly-
meric coating. Depending on the diameter sizes 
(including both metal core and polymeric coat-
ing), the nanoparticles can be divided into the SPIO 
(diameter size 60nm-150nm), USPIO (diameter 
size 10nm-40nm) and MION (diameter size 10nm-
30nm) categories.13 Ferucarbotran (Resovist) and 
Ferumoxides (Endorem or Feridex) are MRI en-
hancement contrast agents approved by FDA, that 
have been widely applied in the clinical diagnosis 
of liver tumours and metastatic lymph nodes. High 
concentrations of ferromagnetic material can short-
en both the T1/T2 values as well as the effect of T2*, 
resulting in a significant reduction in MR relaxation 
and higher biological safety.14-16

 Most labelled cells do not spontaneously internal-
ise SPIOs and effective strategies are therefore need-
ed to promote endocytosis. For example, positively 
charged polymer transfection agents(TAs) can be 
coated on the surface of magnetic iron oxide parti-
cles resulting in negatively charged cells nonspecif-
ically uptaking the particles through the membrane 
surface. At present, composites of SPIO and polyca-

Table-I: Different cell types of cell transplantation
for myocardial repair.

Allogenic sources stem cells Autologous sources stem cells
           (Adult stem cell)
Embryonic stem cells Resident cardiac stem cells
Foetal cardiomyocytes Adipose-derived stem cells
Human umbilical Skeletal myoblasts
  cord-derived cells Bone marrow-derived 
 Mononuclear/
    CD34+ fraction
 Mesenchymal stem cells 
 Endothelial progenitor cells
 Multipotent adult 
   progenitor cell
 Induced Pluripotent 
   Stem cells
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tion TAs are the most commonly used method to 
enhance the endocytosis of iron oxide particles.17-19 
Due to the negatively charged membrane surface, 
the unmodified ferric oxide particles are unable to 
attach to the stem cells. Polycation TAs are macro-
molecular substances with positively charged sur-
faces that may include polylysine20 or protamine 
sulfate.18 With a strong positive/negative interac-
tion, SPIO/TA composites are able to adhere to the 
surface of cell membranes, improve the phagocyto-
sis of iron oxide particles and avoid aggregation of 
SPIO particles.21 For example, Frank and colleagues 
mixed Ferumoxides (Feridex) with USPIO (MION-
46 L) and added cationic TAs, successfully raising 
the concentration of intracellular SPIO particles. Af-
ter 4-48 h incubation with 25 µg Fe/ml TA-(USPIO), 
target cells demonstrated a significant reduction in 
T2 values.22,23 Subsequent work has optimized this 
method by mixing Ferumoxides with protamine 
sulphate (50:3) µg/ml. Following incubation with 
the human mesenchymal stem cells, hematopoietic 
CD34+ stem cells and other mammalian cells over-
night, the iron content of the cells was found to be 
1.47 pg/cell-17.31 pg/cell.24

 Besides cationic polymerization material coating, 
other iron oxide particle surface modifications can 
also enhance cellular endocytosis. Koyama and col-
leagues fused monoclonal antibodies of pancreatic 
cancer specific antigen (PAP2a) with dextran modi-
fied SPIOs. Due to the nature of antigen-antibody 
reactions, this represented a novel approach for 
targeting the iron oxide particles to pancreatic can-
cer cells and promoting receptor-mediated SPIO 
endocytosis.25 In addition, iron oxide particle sur-
faces can be modified by receptors such as vascu-
lar cell adhesion molecule-126 and membrane mu-
cin A527 resulting in the nanoparticle targeting of 
specific tissues or organs. These methods require 
specific target receptors in the membrane, which 
greatly limits their application in stem cell track-
ing. Another method for increasing the efficiency 
of nanoparticle endocytosis is known as magneto-
electric perforation. Toxicity testing of mesenchy-
mal stem cells, neural stem cells and adipose cells 
in vitro have all produced encouraging results with 
this method. Magnetoelectric perforation does not 
require a prolonged cell incubation time and the 
contrast agent for the target cells is safe and effec-
tive and approved by the FDA.28,29 However, from 
the perspective of biological safety considerations 
further research is still needed.
Biological safety of iron oxide particle labelling: 
Cell labelling with iron oxide provides the potential 

for a rapid translation from preclinical medicine 
to a clinical setting. However, intensive toxicity 
tests are necessary for every protocol and cell type 
before clinical application. SPIO agents approved 
by the FDA (Feridex, Resovist and Endorem) are 
mainly cleared by the reticuloendothelial system. 
Richards and colleagues isolated peripheral blood 
mononuclear cells from volunteers, labelled them 
with Ferumoxides in vitro and administrated 
these cells through intravenous injection. In T2* 
weighted images and R2* maps they observed 
that the labelled cells could efficiently migrate to 
the inflammation damage areas in tuberculin skin 
test.15 In spite of this result, many additional pre-
clinical experiments will be required to verify the 
bio-safety of paramagnetic contrast agents. 
Sensitivity of MRI detection in vivo: The MRI 
detection of labelled stem cells is affected by 
intracellular iron distribution, MRI sequence, 
spatial resolution, magnetic field intensity and 
surrounding tissue heterogeneity. A higher 
intracellular iron content results in a more obvious 
relaxation time shorten. The T2* weighted image is 
highly sensitive for iron oxide particle labelling and 
its sensitivity can reach 3000 times that of T1 WI or 
60 times that of T2 WI. 30 The most commonly used 
T2* sequence is the steady-state free precession 
(SSFP) and it is now the preferred sequence for 
detecting SPIO labelled cells. The T2* sequence is 
vulnerable to the influence of intracellular magnetic 
field inhomogeneity and the interference of the 
surrounding normal tissues, especially in high field 
MRI. However, conventional fast 3D gradient echo 
(GE) sequences are able to balance T2* sensitivity, 
spatial resolution and imaging time. In 2006, 
Fayad and colleagues reported an appealing MR 
sequence named ‘Gradient echo Acquisition for 
Superparamagnetic particles with Positive contrast’ 
(GRASP), which creates a positive rather than 
negative contrast of SPIO. The main advantage of 
this method is that it overcomes the interference of 
other sources of T2* effects and that the hyperintense 
signal may increase the sensitivity and specificity of 
cell tracking.31 Theoretically, when the quantity of 
the target cells is small, a smaller imaging voxel size 
should be chosen in the high field MRI. 
Limitations of SPIO direct labelling: Although 
the SPIO particle direct tracing method is the most 
commonly used cell labelling technique for MRI, 
it still has some shortcomings. For example, signal 
is usually found in areas of noninterest (e.g. the 
cardiopulmonary junction).32 Also, as a paramagnetic 
material accumulating in haemorrhagic infarction 
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disease, haemoglobin shows low signal on T2* 
weighted imaging.33 It is important to note that 
with the death and rupture of transplanted cells, 
targeted SPIO nanoparticles can be phagocytosed 
by surrounding tissue cells or reticuloendothelial 
cells and subsequently redistributed, deposited or 
differentiated. Considering these facts, direct iron 
oxide labelling is more appropriate for short-term 
cell tracing in vivo or in vitro. The reason for false 
positive signals may be due to phagocytosis by 
surrounding cells, such as macrophages, or simply 
iron oxide distributed extracellularly. Moreover, 
partial volume effects or low concentrations of cells 
in one imaging voxel can lead to false negative 
results and with every subsequent cell division 
intracellular iron content will be halved, thus 
leading to a gradual reduction in cell detection 
sensitivity. For example, it has been reported that 
after 6 weeks MRI is unable to detect the differences 
between visible and invisible cells after transplant 
stem cell were administrated to the heart.34 Despite 
these limitations and shortcomings, paramagnetic/
superparamagnetic iron oxide particles are still 
highly popular in the field of stem cell tracing 
largely because of their high sensitivity.
Reporter gene labelling: Reporter gene labelling 
is achieved through the fusion of an MRI reporter 
gene to a target gene. Transfection of a target cell 
can then produce reporter gene expression for in-
direct MRI detection in vivo. The products of re-
porter genes are only expressed in living cells be-
cause genes are incorporated into the cellular DNA 
via transgenic methods. Thus, with these important 
advantages, transgenic gene labelling strategies are 
highly valuable in long-term studies of labelled cell 
survival, proliferation and differentiation in vivo. 
The MRI reporter gene can be divided into two 
categories based on the product of its expression: 1) 
Intracellular enzymes 35 including β-galactosidase, 
cytosine deaminase, creatinine kinase, tyrosinase 
and arginine kinase; 2) Ferritin or transferrin 
receptors.36 Among MRI reporter genes, the ferritin 
receptor has attracted a great deal of attention. 
Ferritin is a metalloprotein composed of 24 subunits 
that can bind up to 4500 Fe3+ ions. Excessive 
expression of ferritin can increase the intake of iron 
and the redistribution of intracellular iron which 
leads to the accumulation of transverse relaxation 
rates and a reduction of T2 values. Genove and 
colleagues reported that following adenovirus-
ferritin reporter gene injection into murine corpus 
striatum, a robust contrast could be observed on T2 
and T2* weighted imaging from 5 to 39 days.37 

 Despite the advantages of MRI reporter 
gene imaging, there still remains a difficulty in 
avoiding potential damage to cell proliferation and 
differentiation. Additionally, apart from concerns 
regarding the sources and safety of cells, issues 
relating to gene mutation and sensitivity still need 
to be solved.

CONCLUSION

 The rapid development of in vivo imaging 
techniques has benefited the dynamic monitoring of 
stem cell therapies following myocardial infarction. 
CMR, which is safe, sensitive, lacks radiation and 
provides good resolution can produce accurate 
information regarding anatomy and changes in 
cardiac function. Currently, CMR is undoubtedly 
the most likely methodology regarding the clinical 
prospects of molecular imaging technologies. For 
researchers who study MRI, a major aim of future 
work is to develop new molecular probes and 
sequences in order to improve its sensitivity and 
specificity. At the same time the potential biological 
damage caused by reporter genes and immune 
responses needs to be limited. With the help of 
imaging technology, stem cell therapy will have 
a major part to play in the therapy of myocardial 
infarction.

REFERENCES
1. Mozid AM, Arnous S, Sammut EC, Mathur A. Stem cell therapy 

for heart diseases. Br Med Bull. 2011;98:143-159. DOI: 10.1093/
bmb/ldr014.

2. Ye Y, Bogaert J. Cell therapy in myocardial infarction: emphasis 
on the role of MRI. Eur Radiol. 2008;18(3):548-569. 

3. Sosnovik DE, Nahrendorf M. Cells and iron oxide 
nanoparticles on the move: magnetic resonance imaging of 
monocyte homing and myocardial inflammation in patients 
with ST-elevation myocardial infarction. Circ Cardiovasc 
imaging. 2012;5(5):551-554.

4. Ahmed N, Carrick D, Layland J, Oldroyd KG, Berry C. The 
role of cardiac magnetic resonance imaging (MRI) in acute 
myocardial infarction (AMI). Heart Lung Circ. 2012. DOI: 
10.1016/j.hlc.2012.11.016.

5. Grajek S, Popiel M, Gil L, Breborowicz P, Lesiak M, Czepczyński 
R, et al. Influence of bone marrow stem cells on left ventricle 
perfusion and ejection fraction in patients with acute myocardial 
infarction of anterior wall: randomized clinical trial: Impact of 
bone marrow stem cell intracoronary infusion on improvement 
of microcirculation. Eur Heart J. 2010;31(6):691-702. DOI: 
10.1093/eurheartj/ehp536.

6. Kraehenbuehl TP, Ferreira LS, Hayward AM, Nahrendorf M, 
van der Vlies AJ, Vasile E, et al. Human embryonic stem cell-
derived microvascular grafts for cardiac tissue preservation 
after myocardial infarction. Biomaterials. 2011;32(4):1102-1109. 
DOI:10.1016 / j. biomaterials. 2010. 10.005.

7. Nelson TJ, Martinez-Fernandez A, Yamada S, Perez-
Terzic C, Ikeda Y, Terzic A. Repair of acute myocardial 
infarction by human stemness factors induced pluripotent 
stem cells. Circulation. 2009;120(5):408-416. DOI: 10.1161/
CIRCULATIONAHA.109.865154.

Xi Lu et al.



8. Delewi R, Andriessen A, Tijssen JG, Zijlstra F, Piek JJ, Hirsch A. 
Impact of intracoronary cell therapy on left ventricular function 
in the setting of acute myocardial infarction: a meta-analysis of 
randomised controlled clinical trials. Heart. 2013;99(4):225-232. 
DOI: 10.1136/ heart jnl-2012 -302230.

9. Guenoun J, Koning GA, Doeswijk G, Bosman L, Wielopolski 
PA, Krestin GP, et al. Cationic Gd-DTPA liposomes for 
highly efficient labeling of mesenchymal stem cells and cell 
tracking with MRI. Cell Transplant. 2012;21(1):191-205. DOI: 
10.3727/096368911X593118. 

10. Sterenczak KA, Meier M, Glage S, Meyer M, Willenbrock 
S, Wefstaedt P, et al. Longitudinal MRI contrast enhanced 
monitoring of early tumour development with manganese 
chloride (MnCl2) and superparamagnetic iron oxide 
nanoparticles (SPIOs) in a CT1258 based in vivo model of 
prostate cancer. BMC Cancer. 2012;12:284.

11. Mamani JB, Pavon LF, Miyaki LA, Sibov TT, Rossan F, Silveira 
PH, et al. Intracellular labeling and quantification process 
by magnetic resonance imaging using iron oxide magnetic 
nanoparticles in rat C6 glioma cell line. Einstein (Sao Paulo). 
2012;10(2):216-221.

12. Vuong QL, Van Doorslaer S, Bridot JL, Argante C, Alejandro G, 
Hermann R, et al. Paramagnetic nanoparticles as potential MRI 
contrast agents: characterization, NMR relaxation, simulations 
and theory. MAGMA. 2012;25(6):467-478. DOI: 10.1007/s10334-
012-0326-7.

13. Ruggiero A, Thorek DL, Guenoun J, Krestin GP, Bernsen MR. 
Cell tracking in cardiac repair: what to image & how to image. Eur 
Radiol. 2012;22(1):189-204. DOI: 10.1007/s00330-011- 2190-7.

14. Nejadnik H, Henning TD, Castaneda RT, Boddington 
S, Taubert S, Jha P, et al. Somatic differentiation and 
MR imaging of magnetically labeled human embryonic 
stem cells. Cell Transplant. 2012;21(12):2555-2567. DOI: 
10.3727/096368912X653156.

15. Richards JM, Shaw CA, Lang NN, Williams MC, Semple SI, 
MacGillivray TJ, et al. In vivo mononuclear cell tracking using 
superparamagnetic particles of iron oxide: feasibility and safety 
in humans. Circ Cardiovasc Imaging. 2012;5(4):509-517. DOI: 
10.1161/CIRCIMAGING. 112. 972596.

16. Jasmin, Torres AL, Jelicks L, de Carvalho AC, Spray DC, 
Mendez-Otero R. Labeling stem cells with superparamagnetic 
iron oxide nanoparticles: analysis of  the labeling efficacy by 
microscopy and magnetic resonance imaging. Methods Mol 
Biol. 2012;906:239-252. DOI: 10.1007/978-1-61779-953-2_18.

17. Mcfadden C, Mallett CL, Foster PJ. Labeling of multiple cell 
lines using a new iron oxide agent for cell tracking by MRI. 
Contrast Media Mol Imaging. 2011;6(6):514-522. DOI: 10.1002/
cmmi.456.

18. Ramaswamy S, Schornack PA, Smelko AG, Boronyak SM, 
Ivanova J, Mayer JE Jr, et al. Superparamagnetic iron oxide 
(SPIO) labeling efficiency and subsequent MRI tracking of 
native cell populations pertinent to pulmonary heart valve 
tissue engineering studies. NMR Biomed. 2012;25(3):410-417. 
DOI: 10.1002/nbm.1642.

19. Lee JH, Jung MJ, Hwang YH, Lee YJ, Lee S, Lee DY, et al. 
Heparin-coated superparamagnetic iron oxide for in vivo MR 
imaging of human MSCs. Biomaterials. 2012;33(19):4861-4871. 
DOI: 10.1016/j.biomaterials.2012.03.035.

20. Ramaswamy S, Greco JB, Uluer MC, Zhang Z, Zhang Z, Fishbein 
KW, et al. Magnetic resonance imaging of chondrocytes labeled 
with superparamagnetic iron oxide nanoparticles in tissue-
engineered cartilage. Tissue Eng Part A. 2009;15(12):3899-3910. 
DOI: 10.1089/ ten.tea. 2008.0677.

21. Frank JA, Anderson SA, Kalsih H, Jordan EK, Lewis BK, Yocum 
GT, et al. Methods for magnetically labeling stem and other 
cells for detection by in vivo magnetic resonance imaging. 
Cytotherapy. 2004;6(6):621-625.

22. Bulte JW, Douglas T, Witwer B, Zhang SC, Strable E, Lewis 
BK, et al. Magnetodendrimers allow endosomal magnetic 
labeling and in vivo tracking of stem cells. Nat Biotechnol. 
2001;19(12):1141-1147.

23. Frank JA, Zywicke H, Jordan EK, Mitchell J, Lewis BK, Miller 
B, et al. Magnetic intracellular labeling of mammalian cells by 
combining (FDA-approved) superparamagnetic iron oxide MR 
contrast agents and commonly used transfection agents. Acad 
Radiol. 2002;9(Suppl 2):S484-S487.

24. Arbab AS, Yocum GT, Kalish H, Jordan EK, Anderson 
SA, Khakoo AY, et al. Efficient magnetic cell labeling with 
protamine sulfate complexed to ferumoxides for cellular MRI. 
Blood. 2004;104(4):1217-1223.

25. Koyama T, Shimura M, Minemoto Y, Nohara S, Shibata 
S, Iida Y, et al. Evaluation of selective tumor detection 
by clinical magnetic resonance imaging using antibody-
conjugated superparamagnetic iron oxide. J Control Release. 
2012;159(3):413-418. DOI: 10.1016/j.jconrel. 2012.01.023.

26. Aikawa E, Nahrendorf M, Sosnovik D, Lok VM, Jaffer FA, 
Aikawa M, et al. Multimodality molecular imaging identifies 
proteolytic and osteogenic activities in early aortic valve disease. 
Circulation. 2007;115(3):377-386.

27. van Tilborg GA, Vucic E, Strijkers GJ, Cormode DP, Mani V, 
Skajaa T, et al. Annexin A5-functionalized bimodal nanoparticles 
for MRI and fluorescence imaging of atherosclerotic plaques. 
Bioconjug Chem. 2010;21(10):1794-1803. DOI: 10.1021/
bc100091q.

28. Walczak P, Ruiz-Cabello J, Kedziorek DA, Gilad AA, Lin S, 
Barnett B, et al. Magnetoelectroporation: improved labeling of 
neural stem cells and leukocytes for cellular magnetic resonance 
imaging using a single FDA-approved agent. Nanomedicine. 
2006;2(2):89-94.

29. Walczak P, Kedziorek DA, Gilad AA, Lin S, Bulte JW. Instant 
MR labeling of stem cells using magnetoelectroporation. Magn 
Reson Med. 2005;54(4):769-774.

30. Bowen CV, Zhang X, Saab G, Gareau PJ, Rutt BK. Application of 
the static dephasing regime theory to superparamagnetic iron-
oxide loaded cells. Magn Reson Med. 2002;48(1):52-61.

31. Mani V, Briley-Saebo KC, Itskovich VV, Samber DD, Fayad 
ZA. Gradient echo acquisition for superparamagnetic particles 
with positive contrast (GRASP): sequence characterization in 
membrane and glass superparamagnetic iron oxide phantoms 
at 1.5T and 3T. Magn Reson Med. 2006;55(1):126-135.

32. Hill JM, Dick AJ, Raman VK, Thompson RB, Yu ZX, Hinds KA, 
et al. Serial cardiac magnetic resonance imaging of injected 
mesenchymal stem cells. Circulation. 2003;108(8):1009-1014.

33. Tallheden T, Nannmark U, Lorentzon M, Rakotonirainy 
O, Soussi B, Waagstein F, et al. In vivo MR imaging of 
magnetically labeled human embryonic stem cells. Life Sci. 
2006;79(10):999-1006.

34. Winter EM, Hogers B, van der Graaf LM, Gittenberger-de Groot 
AC, Poelmann RE, van der Weerd L. Cell tracking using iron 
oxide fails to distinguish dead from living transplanted cells in 
the infarcted heart. Magn Reson Med. 2010;63(3):817-821. DOI: 
10.1002/mrm.22094.

35. Lee SW, Lee SH, Biswal S. Magnetic resonance reporter gene 
imaging. Theranostics. 2012;2(4):403-412. DOI: 10.7150/
thno.3634.

36. Naumova AV, Reinecke H, Yarnykh V, Deem J, Yuan C, Murry 
CE. Ferritin overexpression for noninvasive magnetic resonance 
imaging-based tracking of stem cells transplanted into the heart. 
Mol Imaging. 2010;9(4):201-210.

37. Genove G, DeMarco U, Xu H, Goins WF, Ahrens ET. A new 
transgene reporter for in vivo magnetic resonance imaging. Nat 
Med. 2005;11(4):450-454.

Authors Contribution:

Xi Lu, Rui Xia, and Bing Zhang: Carried out the 
literature search and wrote the manuscript.
Fabao Gao: Reviewed and finalized the article.

   Pak J Med Sci   2014   Vol. 30   No. 4      www.pjms.com.pk   903

Stem cells transplantation for coronary heart disease


