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Non-invasive Longitudinal Tracking of Human Amniotic Fluid 
Stem Cells in the Mouse Heart
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Human stem cells from various sources have potential therapeutic applications. The clinical implementation of 
these therapies introduces the need for methods of noninvasive tracking of cells. The purpose of this study was 
to evaluate a high resolution magnetic resonance imaging (MRI) technique for in vivo detection and tracking 
of superparamagnetic micron sized iron oxide particle (MPIO)-labeled human amniotic fl uid stem (hAFS) cells 
injected in the mouse heart. Because of the small subject size, MR signal and resolution of the in vivo MRI were 
increased using strong gradients, a 7.0 Tesla magnet, and an ECG and respiratory gated gradient echo sequence. 
MRI images of mouse heart were acquired during a 4 week course of this longitudinal study. At the end of the 
study, histological analysis was used to correlate cell localization with the MRI results.

Introduction of MPIOs into hAFS had no signifi cant effect upon cell proliferation and differentiation. Results 
of fl ow cytometry analysis indicated that hAFS cells remained labeled for up to 4 weeks. MRI of MPIO-labeled 
hAFS cells injected in agarose gels resulted in signifi cant hypointense regions. Labeled hAFS cells injected into 
mouse hearts produced hypointense regions in the MR images that could be detected 24 hours and 7, 14, 21 and 
28 days post injection. The co-localization of labeled cells within the hypointense regions was confi rmed by 
histological analysis.

These results indicate that high resolution MRI can be used successfully for noninvasive longitudinal track-
ing of hAFS cells injected in the mouse heart. The potential utility of this fi nding is that injected stem cells can be 
tracked in vivo and might serve to monitor cell survival, proliferation and integration into myocardial tissue.

Introduction

Cell transplantation is an intense area of research 
and appears to be a promising fi eld for cell-based 

therapy of degenerative diseases. To further enhance the 
utility of this research, development of methods that track 
injected cells in vivo would play an important role for iden-
tifying the location, survival and cell integration over time. 
Currently, most cell tracking techniques involve histolog-
ical analysis, which requires invasive biopsy to evaluate 
cell integration [1,2]. Thus, there is a need to develop effec-
tive noninvasive methods for visualizing transplanted 
cells.

Presently, there are several available noninvasive imag-
ing methodologies capable of tracking cells in vivo, includ-
ing radionuclide tomographic imaging, specifi cally PET 
(Positron Emission Tomography) and SPECT (Single Positron 

Emission Computed Tomography), optical imaging, and 
MRI (Magnetic Resonance Imaging). The radionuclide 
tomographic imaging methods involve the use of radio-
active labeling agents, which have the potential to cause 
radiation damage to cells. Additionally, the labeling agents 
used for these methodologies have very short half lives, and 
therefore labeled cells can be only tracked on the order of 
only a few days [3–6]. Optical imaging methods, including 
luminescence and fl uorescence, have been used to label stem 
cells for tracking [7]. These methods rely on the transmis-
sion of visible light, which is very susceptible to attenuation 
in tissue and cannot pass through bone, limiting the use of 
optical methods to tracking cells that are near the surface of 
the skin.

In the past few years, the use of MRI for in vivo cell 
tracking has had signifi cant interest [7–9]. MRI has several 
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advantages: it does not involve the use of radioactive materi-
als; it relies on the transmission of radio frequency energy 
that can transmit through tissue; it allows repetitive non-
invasive tracking of cells in a whole-animal, and detailed 
depictions of the cells in the organs with near-microscopic 
anatomic resolution and soft-tissue contrast.

Two classes of materials (gadolinium chelates and iron 
oxide) are used to label cells for in vivo MRI tracking. 
Gadolinium provides positive contrast or increases MR sig-
nal by shortening the longitudinal relaxation time (T1) and 
creates a bright signal on a T1-weighted image. However, 
this approach generally requires a large number of labeled 
cells to be in a small volume in order to be detectable by 
MR. Iron oxide provides negative contrast, or decreases MR 
signal by shortening T2 and T2* relaxation times of protons 
near the iron and creates a hypointense region on T2 and 
T2* weighted images. A common criticism of using iron 
oxide to label cells is the fact that the contrast is negative. 
For example, there is concern that a hypointense region 
caused by the presence of an iron oxide labeled cell could be 
indistinguishable from a hypointense region due to signal 
decrease caused by anatomy. Still, the ability of iron oxide 
to affect proton relaxation is signifi cantly greater than that 
of gadolinium.

Recently, a new iron oxide particle has been investigated 
for cell tracking by MRI. In 2003, Hinds et al. showed that 
micrometer-sized iron particles (MPIOs) can be used for cel-
lular imaging in vitro and in vivo in developing embryos by 
MRI [10–12]. The iron oxide can disrupt the magnetic fi eld 
enough for MRI detectability up to 50 times its size. Further, 
the coating on MPIOs can include a fl uorescent agent, which 
allows MPIOs to be imaged both by fl uorescent microscopy 
and MRI. Currently, methods for successful MRI monitoring 
of transplanted stem cells in the heart are quite limited. 
Some large animal studies have been performed using ul-
trasmall dextran coated iron oxide particle-labeled mesen-
chymal stem cells [13,14], but there are very limited studies 
in smaller animals [15,16], particularly in the heart [17]. The 
importance of the mouse model is the ability to test non-
autologous cell-based cell therapies in genetically modifi ed 
mice. Further, the use of mice makes it important to success-
fully track labeled cells in a system with improved spatial 
resolution.

Recently, a novel source of stem cells from human amni-
otic fl uid (hAFS) has been isolated. These cells are easy 
to isolate and expand (no feeder layers needed), and are 
highly expansive (more than 300 population doublings in 
our experiments thus far). Further, hAFS cells are multi-
potent (differentiate into representative cell types of all 
3 germ layers). As such, these cells represent a potential 
source for several therapeutic applications [18], thus mak-
ing it important to fi nd methods for noninvasive tracking 
of hAFS cells.

In this study, we report that MPIOs can be incorporated 
into hAFS and imaged by MRI in the mouse heart over 28 
days without altering the ability of these cells to multiply or 
differentiate. The ability to non-invasively track and monitor 
stem cells in vivo, particularly in the live mouse heart, is of 
great importance and should open up new possibilities for 
cellular imaging.

Materials and Methods

hAFS cell labeling

A multipotent subpopulation of progenitor cells pre-
sent in the human amniotic fl uid was isolated as previously 
described [18]. hAFS cells were plated on non-treated plastic 
dishes in culture medium consisting of minimum essential 
alpha-medium, embryonic stem cell certifi ed fetal bovine 
serum (15%), L-glutamine (1%), antibiotics (1%) (Invitrogen, 
Carlsbad, California), and Chang Medium® B (18%) and 
C (2%) (Irvine Scientifi c, Santa Ana, CA). AFS cells were 
trypsinized, centrifuged at 1500 RPM, and counted to a den-
sity of 1.5 × 106 cells.

The MPIOs (Bangs Laboratories, Fishers, IN) (average 
size = 1.63 μm) containing magnetite cores encapsulated 
with styrene/divinyl benzene and coated with dragon 
green fl uorescent dyes (wavelength, 480-nm excitation, 
520-nm emission) were used for cell labeling. One million 
fi ve  hundred hAFS cells were mixed with 20 μL of 3 × 108 
MPIOs/mL and were incubated for 24 hours. After 24 hours, 
media was changed and a Zeiss Axiovert 200M fl uores-
cent stereomicroscope was used to confi rm the presence of 
MPIOs in the AFS cells in culture. To determine if the MPIO 
labeling had any effect on proliferation, we performed a 
proliferation assay. For this assay, both MPIO-labeled hAFS 
cells and unlabeled hAFS cells were trypsinized and seeded 
in a 24-well plate at a density of 8,000 cells/well. Cells were 
counted at day 1, 2, 3, 4, and 5 in triplicates using a Coulter 
Counter (Beckman Coulter, Fullerton, CA). This experiment 
was repeated three times. Counts were plotted for Days 2, 3, 
4, and 5 as the percent change for baseline (Day 1) on the raw 
and the log scale.

To determine the percent incorporation of MPIOs into the 
cells, and percent labeled over time, fl ow cytometry analysis 
was performed. hAFS cells were labeled with MPIOs as 
described above, using two different doses: 20 μL and 
50 μL of  3  × 108 MPIOs particles/mL in order to determine 
if there are signifi cant differences in MPIO incorporation 
and labeling effi ciency overtime with distinct concentra-
tions. Cells were plated in separate 10 cm tissue culture 
dishes. Media was changed every 2 days. At 1, 7, 14, 21 and 
28 days, cells were trypsinized in triplicates, washed with 
1 × Phosphate Buffered Saline (PBS), and analyzed by fl ow 
cytometry (Becton Dickinson FACSCalibur) using the FITC 
channel. The percentage of labeled cells at each time point 
was determined against the autofl uorescence of unlabeled 
hAFS cells using FlowJo 7.2.2 software from TreeStar, Inc. 
(Ashland OR, USA).

In vitro MR imaging

Agarose phantoms were made. One percent agarose gels 
were poured into 15 mL conical tubes. The agarose was 
allowed to cool until it was viscous. hAFS cells were labeled 
with MPIOs as described above. After 24 hours, hAFS cells 
were mixed with 20 μL PBS and injected using a gas tight luer 
Hamilton syringe (Hamilton Co., Reno, NV) into the slightly 
cooled agarose and then allowed to further cool slowly at 
room temperature. Control phantoms were made by inject-
ing only 20 μL PBS. The phantoms were imaged using same 

18_SCD-2008_0028.indd   1186 12/3/2008   3:00:15 PM



NON-INVASIVE LONGITUDINAL TRACKING OF hAFS CELLS IN THE MOUSE HEART 1187

parameters as described in the in Vivo MR Imaging Section 
below.

hAFS cell differentiation

hAFS cells were labeled with MPIOs as described above. 
hAFS cells were differentiated into two lineages to confi rm 
multipotentiality after MPIO labeling. The protocols for hAFS 
cell differentiation were followed as previously published 
[18]. For adipogenic differentiation, MPIO-labeled hAFS cells 
were seeded at a density of 3,000 cells/cm2 and were cultured 
in DMEM low-glucose medium with 10% FBS, antibiotics 
(Pen/Strep, Gibco/BRL), and adipogenic supplements (1 mM 
dexamethasone, 1 mM 3-isobutyl-1-methylxanthine, 10 mg/
mL insulin, 60 mM indomethacin (Sigma-Aldrich). For osteo-
genic differentiation, MPIO labeled hAFS cells were seeded at 
a density of 3,000 cells/cm2 and were cultured in DMEM low-
glucose medium with 10% FBS (FBS, Gibco/BRL), Pen/Strep 
and osteogenic supplements (100 nM dexamethasone, 10 mM 
betaglycerophosphate (Sigma-Aldrich), 0.05 mM ascorbic 
acid-2-phosphate (Wako Chemicals). Undifferentiated hAFS 
cells were used as a control for all experiments. To confi rm 
adipogenic differentiation, Oil-Red-O assay was tested at 16 
days. To confi rm osteogenic differentiation, Alizarin Red 
assay was tested at 23 days [19].

Cardiac model

All study procedures and imaging protocols were 
approved by the Wake Forest University Health Sciences 
Animal Care and Use Committee. The animals had free 
access to standard diet and water throughout the study. This 
study involved 4–6 week old male severe combined immuno 
defi cient (SCID-ICR) mice (Taconic, Rockville, MD) (n = 12). 
Briefl y, SCID mice were anesthetized with isofl urane and 
intubated. The heart was visualized through a midline ster-
notomy. One million MPIO-labeled hAFS cells were sus-
pended in 20 μL of PBS, and injected into the ventricular 
wall of the heart using a syringe gas tight luer tip Hamilton 
syringe. Cells were injected in one or two locations. The 
incision was closed that the mice monitored postopera-
tively as outlined in the Institutional Animal care and Use 
Committee Protocol approved for this study. Additionally, 
all procedures were performed in accordance with State and 
Federal Guidelines. Euthanasia was done using methods 
outline by the American Veterinary Medicine Association.

In vivo MR imaging

All MRI experiments were performed on a 7.0T hori-
zontal magnet small animal scanner (Bruker Biospin Inc., 
Billerica, MA), with an actively-shielded gradient set capable 
of a maximum gradient of 400 mT/m. A custom-made Litz 
volume coil with 25 mm ID (Doty Scientifi c, Inc, Columbia, 
SC) was used for both signal transmission and receiving. An 
ECG and respiration gated FLASH pulse sequence was used 
for image acquisition with the following parameters: repeti-
tion time (TR) = 53.6 ms, echo time (TE) = 2.6 ms, fl ip angle 
(FA) = 30 degrees, number of excitations (NEX) = 4, matrix 
size = 256 × 192, slice thinkness (thk) = 0.60 mm, and fi eld 
of view (FOV) = 3.0 cm, giving an in-plane resolution of 

117 × 156 μm. The respiration and ECG of the mice were 
monitored (SA Instruments Inc, Stoney Brook, NY). The ani-
mals were anesthetized with 3% isofl urane and oxygen at 
a fl ow rate of 3 L/min initially, and then maintained with 
a mixture of 1.5% isofl urane and oxygen at a fl ow rate of 1 
L/min. Mice were imaged at 24 hours, 7, 14, 21, and 28 days. 
Three of the twelve mice were harvested at 14 days, and 9 
mice were harvested at 28 days for histology.

MR image analysis

For characterization of the size and intensity of the hypoin-
tense regions surrounding the MPIO-labeled hAFS cells, con-
tiguous MRI slices that covered the entire discernable volume 
of the hypointense region were analyzed individually. ImageJ 
(NIH.gov) was used to measure the area of the hypointense 
region in each slice. The criteria for a pixel to be included in 
the hypointense area were: the pixel must have an intensity of 
less than 60% of the average signal intensity of nearby myocar-
dial tissue, the pixel must be located in the region of hypoin-
tensity (i.e. pixels that met intensity requirements but were 
not near the hypointense region were not included) and the 
pixel must be located inside the myocardial wall. The product 
of that area and the slice thickness equaled the contribution 
of that slice to the total volume of the hypointense region. The 
volumes of the hypointense regions measured ranged from 
0.6 mm3 to 3.4 mm3. The volumes of the hypointense regions 
were normalized and set equal to 1 at the fi rst time point. The 
subsequent volumes were expressed as the absolute volume 
at that time point divided by the initial absolute volume of 
that hypointense region.

To quantify the average intensity of a hypointense region, 
the same contiguous MRI slices covering the entire discern-
able region of hypointensity were analyzed using ImageJ 
to determine the average intensity of the area defi ned to be 
the hypointense region in each slice as described above. The 
average intensity was divided by the average intensity of 
the nearby myocardial wall tissue. This ratio was recorded 
along with the area of the hypointense region. This proce-
dure was repeated for each slice that included part of the 
hypointense volume. An average intensity for the entire vol-
ume was calculated by multiplying the area of each slice’s 
hypointense region by its average intensity, summing those 
products, and then dividing by the sum of the areas. To test 
whether or not the measured values for the volume and 
intensity would depend on the geometry of the MR slices, 
long axis and short axis MRI slices of the same hypointense 
region were obtained during the same scan and analyzed. 
Measured values of volume and intensity determined from 
differently oriented slices agreed.

Histology

Histology was performed on mice at 2 (n = 3) and 4 
weeks (n = 9) after MRI. Tissues were prepared for cryo-
sectioning by washing them in phosphate-buffered saline 
and then embedded in embedding medium (Tissue-Tek 
OCT compound; Miles, Elkhart, NJ), and cryofrozen. The 
tissues were cryosectioned at 7 μm section thickness in the 
short axis orientation corresponding to the short axis in vivo 
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hypointense regions in several adjacent slices detectable 
by MRI. Phantoms injected with PBS had no hypointense 
regions. Representative axial images of the labeled and PBS 
injected phantoms are shown (Fig. 1C, D).

In vitro analysis of MPIO-labeled AFS cells

Cell numbers were determined after 1, 2, 3, 4, and 5 days. 
The numbers were plotted as a function of percent growth 
relative to the cell count at day 1 (Fig. 2). The results of prolif-
eration assays indicated that the ability of AFS to divide was 
not affected by MPIO labeling.

MR images. The sections were immediately stained with 4’, 
6-diamidino-2-phenylindole (DAPI) and viewed under fl uo-
rescent microscopy for presence of cell-contained MPIOs. 
Sections were used for Prussian Blue staining to identify the 
iron in the MPIOs. Further, sections were immunostained to 
identify human cells using a human specifi c nuclear matrix 
antibody (Anti-NuMA) (Calbiochem # NA09L) to prove 
colocalization of MPIOs with injected AFS cells. In order to 
do this, the tissues were fi xed using 4% Paraformaldehyde, 
permeabilized, blocked, and incubated with Anti-NuMa for 
one hour at room temperature. Tissues were washed with 
Phosphate buffered saline, and incubated with the second-
ary antibody, TRITC-anti-mouse antibody (Jackson Immuno, 
West Grove, PA) for 45 minutes. Cells were mounted and 
viewed using multitrack high resolution confocal micros-
copy (Zeiss Axiovert 100M). Appropriate negative controls 
were done in parallel.

Statistical analysis

Statistical analysis was performed using Statistical 
Analysis Software (SAS). To examine whether the growth 
rates were different between the labeled and unlabeled 
groups, we compared the slopes for percent change in 
growth for each group, relative to their day one values. To 
do this, we fi t an analysis of covariance model, with group 
as a fi xed effect and day as the covariate. We then examined 
whether there was a group by day interaction which would 
test whether the slopes were different between groups over 
time. Using the raw data, the interaction test was nonsignif-
icant (p > 0.05). We then examined the model without the 
interaction to compare the groups for percent change and 
found no group effect (p > 0.40). Since there was evidence 
that the distribution counts were non-normal on several days 
(day 3 and 4 in particular), we repeated the analyses on the 
log scale. Here, we found the percent change (relative to base-
line) in each group for each day on the log scale. In these mod-
els the group by day interaction was still nonsignfi cant (p > 
0.14), and the main effect for group (when the interaction was 
removed from the mode) was also non-signifi cant (p > 0.16). 
These analyses suggest that there is no statistical evidence 
that there is a signifi cant difference in growth rates between 
groups on the raw (or log) scales and that the over all counts 
were similar across days (on the raw and log scale).

For the fl ow cytometry analysis, statistical analysis of 
the data was done using two tailed and two-sample equal 
variance Student’s t-tests. Statistical signifi cance was set at 
the 95% confi dence level. Data are presented as the mean ± 
standard error of the mean.

Results

Cell labeling

MPIO particles were successfully introduced into hAFS 
cells. Twenty-four hours after labeling, the cells were visu-
alized by fl uorescence microscopy to confi rm the presence 
of MPIOs in the hAFS cells (Fig. 1A, B). Agarose phan-
toms were prepared by injecting 1 million MPIO-labeled 
hAFS, and imaged by MRI. Phantoms of labeled cells had 

FIG. 1. MPIO labeling of human amniotic fl uid stem cells. 
Cells were imaged by fl uorescence microscopy to confi rm 
successful incorporation of the MPIOs in the cells (A and B). 
Agarose phantoms were made by injecting 1.5 × 106 MPIO la-
beled stem cells into 1% agarose in conical tubes and imaged 
by MRI. A clear hypointense region where the labeled stem 
cells were injected was imaged successfully by MRI (C). The 
control phantom demonstrated no hypointense region (D).

DC

FIG. 2. Proliferation analysis of MPIOs-labeled hAFS cells. 
8,000 hAFS cells were plated in each well of a 24 well plate. 
Cells were counted in triplicates using a Coulter Counter 
after 1, 2, 3, 4, and 5 days. Counts were plotted as a function 
of percent change in growth relative to Day 1. Results dem-
onstrated that the labeled stem cells do not differ in prolifer-
ation from the unlabeled stem cells.
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To track the stem cells in vivo, it was important that they 
remained labeled over a number of cell divisions. In vitro 
studies were done to determine the labeling decline over 
time. Cells were analyzed by fl ow cytometry after 24 hours, 
7, 14, 21 and 28 days. The hAFS cells labeled with 50 ul of 
MPIOs displayed a higher percentage of labeled cells over 
time than the cells labeled with only 20 ul of particles. At 1, 
21 and 28 days there were no statistical differences (p > 0.05) 
between the two used doses of MPIOs (Fig. 3A). Thus, the 
lower dose of MPIOs was suffi cient to effi ciently label (94%) 
and maintain labeled a signifi cant percentage of hAFS cells 
up to 4 weeks (15%) in vitro (Fig. 3B, C).

To test that MPIO labeling of AFS cells does not affect 
multipotentiality, cells were analyzed for adipogenic and 
osteogenic differentiation following previously established 
protocols [18]. Results indicated that both unlabeled and 
MPIO-labeled hAFS cells maintained their ability to differ-
entiate into adipogenic (Fig. 4A, B) and osteogenic (Fig. 4C, 
D) lineages.

In vivo MRI studies

To show that labeled stem cells could be imaged longitu-
dinally, we imaged the hearts of mice in vivo 1, 2 and 4 weeks 
post injection. The time-course of imaging done on hearts 
after injection is shown in Figures 5 and 6. Representative 
MRI images taken of the injected hearts after 1, 2, and 4 weeks 
are shown in both the short and long axis orientation. These 
images show clear hypointense regions at the location of the 
injections (Fig. 5A–F). Quantifi cation of the size/volume of 
the hypointense regions of the mice injected with labeled 
stem cells showed that the measured volumes of the hypoin-
tense region associated with the labeled cells did not change 
signifi cantly during the 4 weeks of the study (Fig. 6A). 

FIG. 3. Time course analysis of MPIO-labeled hAFS cells. 
The percentage of labeled hAFS cells was determined by 
fl ow cytometry at several time points up to 28 days after 
labeling (A). There are statistically signifi cant differences at 
7 and 14 days (*p = 0.0213 and **p = 0.0095, respectively), 
but at 21 and 28 days there are no statistical differences (p > 
0.05) between the two used doses of MPIOs. Histograms (B 
and C) represent the distribution of labeled hAFS cells with 
20 μL of MPIOs compared with unlabeled AFS cells after 24 
hours and 28 days, respectively.
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FIG. 4. Lineage differentiation of MPIO-labeled hAFS 
cells. The multipotentiality of MPIO-labeled hAFS cells was 
confi rmed after adipogenic and osteogenic differentiation. 
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location of the fl uorescent particles and the hypointense 
regions seen during MRI imaging. Further, we stained hAFS 
cells for a human specifi c marker, human specifi c nuclear 
matrix antibody (Anti-NuMA) and analyzed by confo-
cal microscopy (Fig. 7F), indicated that the hAFS maintain 
labeled in vivo. results were obtained for all timepoints 
(not shown). Together the results confi rm that hypointense 
regions seen by MRI are the MPIO-labeled hAFS stem cells 
injected into the mouse heart.

Discussion

This study describes the in vivo MRI identifi cation and 
tracking of MPIO-labeled hAFS cells in the mouse heart over 
time. The major fi ndings of this study are that: 1) hAFS cells 
can be labeled with MPIOs; 2) labeling does not interfere 
with the ability of the hAFS cells to proliferate or differen-
tiate; 3) ECG and respiratory gating produces MRI images 
of mouse heart that contain clearly defi ned areas of hypoin-
tensity; and 4) MPIO-labeled hAFS cells can be tracked in 
vivo for at least 4 week post injection without loss of image 
intensity or volume.

Quantifi cation of the average intensity of the hypointense 
regions over time of the mice showed that the average inten-
sity of the hypointense regions did not change signifi cantly 
during the 4 weeks of the study (Fig. 6B). The hearts were 
harvested and examined histologically to precisely localize 
the injected MPIO-labeled AFS cell. Cells were injected in 
two locations and are confi rmed by MR imaging of the two 
hypointense regions (Fig. 7A, arrows) in the wall of the left 
ventricle. Hypointense regions can be seen where the MPIO-
labeled hAFS cells were injected. Immediately after MRI, the 
mice were euthanized and the heart analyzed by histology 
to confi rm that the signal is due to the MPIOs incorporated 
into the heart. The heart was embedded, apex down, in 
order to match sections to the short axis slices of the MRI. 
Frozen sections were stained with the nuclear stain DAPI 
and imaged by fl uorescent microscopy to view the MPIO-
labeled hAFS cells in the heart (Fig. 7B, C). The locations of 
the fl uorescent MPIO-labeled hAFS cells in the heart closely 
match the location of the hypointense regions from the MRI 
images. Sections were further stained using Prussian blue 
and Nuclear red counterstaining (Fig. 7D, 7E). The locations 
of Prussian blue iron staining similarly correspond to the 

FIG. 5. MPIO-labeled cells are detectd in the 
live mouse heart by MRI. One million cells 
were injected in one location in the mouse 
heart. Multiple mice (n = 6) were imaged by 
MRI at the short and long axis images after 1 
day and after 1, 2, and 4 weeks, as indicated. 
In all scans, signifi cant hypointense regions 
are seen in the location of the MPIO-labeled 
hAFS cell injection sites. Size and intensity 
remains essentially unchanged.
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FIG. 6. Quantifi cation of the hypointense region. (A) Depicts the average of the normalized hypointense region volume 
over time. The average normalized hypointense region volume remained unchanged for the duration of the study. (B) 
Depicts the average signal intensity of the hypointense region/tissue intensity over time. The average signal intensity of the 
hypointense regions remained unchanged for the duration of the study.
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images. This ensures that no matter how many cell divisions 
occur, at least some daughter cells will retain enough iron to 
be detected in MR images. Nanoparticles, on the other hand, 
can be spread out during cell division into concentrations 
that are too small to be detected in MR images. It is gener-
ally accepted that it will be diffi cult to distinguish regions 
of hypointensity that are due to the presence of iron in cells 
from regions of hypointensity that are due to other causes 
such as background. Previously, it has been reported that 
MPIO labeled cells that died upon transplantation produce 
a less intense and grainy contrast, making it easy to distin-
guish from the noise-like signal profi les of free particles [23]. 
In our study, the hypointense regions caused by the labeled 
cells were clearly identifi able and easily discerned from the 
relatively homogeneous myocardial tissue.

The ability to successfully track labeled cells in the live 
mouse heart using MRI represents improvements in spatial 
resolution and gating/triggering protocol. There have been 
limited studies using labeled stem cells in the hearts of small 
animals [24]. In our study, the identifi cation and tracking of 
MPIO-labeled hAFS cells in the beating hearts of live mice 
required the elimination of motion artifacts associated with 
respiratory (~50 breaths/min under anesthesia) and cardiac 
motion (~375–450 beats/min under anesthesia). The elimi-
nation of motion artifacts was achieved by triggering MRI 
acquisition on the R-wave peak of the electrocardiogram 
(ECG) waveform and by stopping data acquisition during 
breaths. Several technical problems had to be solved in order 
for the triggering to function properly. The Radio Frequency 
(RF) pulses that generate the signal for the MR image also 
created noise in the ECG waveform that is received by the 
computer that monitors vital signs. The selection of a pulse 
sequence that was fast enough to allow the setting of TR to 
be less than 85% of the length of the cardiac cycle ensured 
that the subsequent R-wave peak was not obscured by noise. 
However, the noise caused by the RF could still generate 
false trigger signals during the fi rst part of the cardiac cycle. 
Therefore, the monitoring/triggering program was set to not 
look for a peak in the ECG waveform for a length of time 
that was 5 to 10 ms less than the length of the cardiac cycle. 
This prevented the RF noise in the ECG signal from initiat-
ing a false trigger during the RF pulse sequence. Our 7T fi eld 

Stem cells capable of differentiating to multiple lineages 
may be valuable for therapy. We reported the isolation of 
human amniotic fl uid-derived stem (AFS) cells that express 
embryonic and adult stem cell markers. Undifferentiated 
AFS cells expand extensively without feeders, double in 36 
hours, and are not tumorigenic. Clonal human lines can be 
induced to differentiate into cell types representing each 
embryonic germ layer [18]. The cardiac therapeutic potential 
for hAFS is not understood yet, however we are evaluating 
it at this time. The focus of this study was to evaluate nonin-
vasive MRI tracking of labeled hAFS in the mouse heart in 
order to use this technology in our future cardiac and other 
organ studies. We demonstrated that MPIO labeling of hAFS 
cells does not signifi cantly affect proliferation or differentia-
tion. Further we demonstrated that a signifi cant and detect-
able preparation of hAFS cells are maintained labeled for up 
to 4 weeks. Our results agree with previous studies showing 
that other types of cells readily incorporate MPIOs and that 
their function is not compromised [11,20–22].

Over the past years, other methods of labeling and track-
ing stem cells have been used. Nanometer-sized ultra-small 
dextran-coated iron particles (USPIOs) have been used 
commonly to affect MRI signal intensities. However, one dis-
advantage of using USPIOs is the fact that a cell must incorpo-
rate millions of USPIOs in order to have enough iron within 
the cell body to generate a detectable decrease in signal in 
a T2* weighted image. As the cell divides, it and its daugh-
ters each retain only some of the iron, and after several cell 
divisions, none of the cells have enough iron within them to 
be detectable in the MR image. One possible solution to this 
problem is to use particles that are large enough so that sin-
gle particles appear easily in MRI [10]. Iron oxide is a super-
paramagnetic material that distorts the magnetic fi eld in its 
presence. The resulting inhomogeneity in the magnetic fi eld 
can cause a localized decrease in signal in a T2* weighted MR 
image, provided that enough iron is present and the resolution 
of the MRI is high enough that the decrease is not washed out 
by the other signal in the voxel. The main advantage of using 
iron oxide to label cells is that the effect on the surrounding 
magnetic fi eld extends well beyond the iron oxide itself on 
the order of 50 times its size [10,12]. Because of this, individ-
ual micron sized iron oxide particles can be detected in MR 

FIG. 7. Localization of MPIO labeled hAFS 
cells in the live mouse heart by MRI and his-
tology. One million cells were injected in two 
different locations in the left ventricle of the 
mouse heart. The mice were scanned by MRI 
after 14 days (A). Cell integration was further 
confi rmed histologically by visualizing MPIOs 
using fl uorescence microscopy (B and C) and 
by Prussian blue Iron staining indicating that 
the labeled cells colocalize with the hypoin-
tense region seen by MRI (D and E). Further, 
it was confi rmed by immunostaining for a 
human specifi c nuclear matrix antibody (Anti-
NuMA) to prove colocalization of MPIOs with 
injected AFS cells (scale bar = 10 μm) (F).
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strength and 400 mT/m gradient coil strength allowed us to 
achieve in plane resolution of 117 × 156 μm. This was on the 
order of the spatial resolution reported to be necessary for 
the in vivo identifi cation of MPIO-labeled hAFS cells [11,12].

Quantifi cation of the size/volume of the hypointense 
regions of the mice injected with labeled stem cells showed 
that the measured volumes of the hypointense region associ-
ated with the labeled cells did not change signifi cantly dur-
ing the 4 weeks of the study. Quantifi cation of the average 
intensity of the hypointense regions over time of the mice 
showed that the average intensity of the hypointense regions 
did not change signifi cantly during the 4 weeks of the study. 
These results suggest that in vivo delivery of cells may lead to 
limited proliferation in contrast to continuous proliferation 
as shown in vitro (Fig. 3). There may be two possible mecha-
nisms to explain this fi nding. One, the injected cells could 
be lacking proliferation inductive signals from the tissue in 
contrast to the rich in vitro environment. On the other hand, 
the in vivo environment may provide differentiation signals 
which could lead to terminal differentiation of the cells and 
growth arrest. Taken together, this data demonstrates that 
we can image labeled stem cells over time, as well as a possi-
bility to quantify the amount of stem cells present at various 
times based on the hypointensity volumes. We are currently 
studying the correlation between the hypointensity volumes 
and cell numbers over time.

In conclusion, our results indicate that hAFS cells can be 
successfully labeled with micrometer sized iron particles 
(MPIOs) without affecting proliferation and differentiation, 
maintain labeled up to 4 weeks, and can be noninvasively 
tracked longitudinally in the mouse heart by a 7.0T MRI. This 
technique could provide biologic insight into stem cell hom-
ing and engraftment in the heart as well as other organs such 
as neurological stem cells in the brain tissue [25], homing of 
stem cells to specifi c organs [26], and tumor therapies [27]. 
We are currently investigating tracking MPIO-labeled hAFS 
cells after intravenous injection in the ischemic myocardium. 
Our results from this study further confi rms recently pub-
lished work by Ebert et al. where they noninvasively tracked 
embryonic stem cells using MPIOs in the mouse heart [22]. 
Developing methods for non- invasively tracking and moni-
toring stem cells in vivo will be of great importance for the 
future of clinical applications in cell therapy.
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