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Purpose: To use magnetic resonance (MR) imaging and positron
emission tomography (PET) dual detection of cardiac-
grafted embryonic stem cells (ESCs) to examine (a) sur-
vival and proliferation of ESCs in normal and infarcted
myocardium, (b) host macrophage versus grafted ESC
contribution to serial MR imaging signal over time, and (c)
cardiac function associated with the formation of grafts
and whether improvement in cardiac function is related to
cardiac differentiation of ESCs.

Materials and
Methods:

All animal procedures were approved by the institutional
animal care and use committee. Murine ESCs were stably
transfected with a mutant version of herpes simplex virus
type 1 thymidine kinase, HSV1-sr39tk, and also were la-
beled with superparamagnetic iron oxide (SPIO) particles.
Cells were injected directly in the border zone of the
infarcted heart or in corresponding regions of normal
hearts in athymic rats. PET and MR imaging were per-
formed longitudinally for 4 weeks in the same animals.

Results: ESCs survived and underwent proliferation in the in-
farcted and normal hearts, as demonstrated by serial in-
creases in 9-(4-[18F]fluoro-3-hydroxymethylbutyl) guanine
PET signals. In parallel, the hypointense areas on MR
images at the injection sites decreased over time. Double
staining for host macrophages and SPIO particles revealed
that the majority of SPIO-containing cells were macro-
phages at week 4 after injection. Left ventricular ejection
fraction increased in the ESC-treated rats but decreased in
culture media–treated rats, and border-zone function was
preserved in ESC-treated animals; however, cardiac dif-
ferentiation of ESCs was less than 0.5%.

Conclusion: Dual-modality imaging permits complementary informa-
tion in regard to cell survival and proliferation, graft for-
mation, and effects on cardiac function.
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Coronary heart disease accounts
for 36% of all cardiovascular
death and is the leading cause of

heart failure in the United States (1).
Although postinfarction survival rates
have been improved, congestive heart
failure caused by a large infarction or
progressive unfavorable ventricular
remodeling remains a major problem
(2). Despite that cardiac transplanta-
tion is currently the most effective
therapy, the disparity between organ
demand and supply limits its applica-
bility. A treatment strategy often re-
ferred to as “cellular cardiomyoplasty”
is an attempt at cardiac repair through
local (intramyocardial, intracoronary)
or systemic (intravenous) delivery of a
variety of cells, including fetal or neo-
natal cardiomyocytes, cardiac cells de-
rived from adult atrial appendages,
skeletal myoblasts, embryonic stem
cells (ESCs), or bone marrow–derived
mesenchymal and hematopoietic stem
cells. The strategy is based on the po-
tential of these cells to differentiate into
cardiomyocytes to repopulate the dam-
aged myocardium or to secrete cyto-
kines (eg, growth factors) that promote
the growth of existing cardiomyocytes
and/or blood vessels in the border zone.

Monitoring the fate (eg, survival, dif-
ferentiation, and distribution) of grafted
cells noninvasively would permit investi-
gation of factors that may enhance the
survival and/or the cardiac differentiation
of these cells. Reporter gene (3–5) and
superparamagnetic iron oxide (SPIO)-
based direct cell labeling approaches (6–
12) have been used to track transplanted
cells in the heart. However, the issue of
whether the SPIO labels remain with the
stem cells or are transferred to the scav-
enger cells has not been directly investi-
gated because of the lack of a marker for
cell survival. A combination of the two
approaches would provide a true survival
marker independent of SPIO labels in ad-
dition to a submillimeter magnetic reso-
nance (MR) imaging description of cell
distribution, integration of grafts with the
myocardial wall, and changes of left ven-
tricular (LV) function in response to graft
formation. Therefore, we used MR imag-
ing and positron emission tomography
(PET) dual detection of cardiac-grafted
embryonic stem cells (ESCs) (5,13) to ex-
amine (a) survival and proliferation of
ESCs in normal and infarcted myocar-
dium, (b) host macrophage versus grafted
ESC contribution to serial MR imaging
signal over time, and (c) cardiac function
associated with the formation of grafts
and whether improvement in cardiac

function is related to cardiac differentia-
tion of ESCs.

Materials and Methods

Double Labeling of ESCs with Herpes
Simplex Virus Type 1 Thymidine Kinase
Reporter Gene and SPIO Particles
Murine ESCs were stably transfected
with HSV1-sr39tk, a mutant form of
herpes simplex virus type 1 thymidine
kinase, and were labeled with SPIO par-
ticles (Feridex; Berlex Laboratories,
Montville, NJ). Details of stable trans-
fection and SPIO labeling including com-
positions of labeling media, intracellular
iron content, labeling efficiency, and cell
viability are provided in Appendix E1
(http://radiology.rsnajnls.org/cgi/content
/full/250/3/821/DC1).

Experimental Groups
All animal procedures were approved by
the local institutional animal care and use
committee. A total of 62 female athymic
rats (age range, 7–9 weeks; weight range,
200–250 g) purchased from a supplier
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CNR � contrast-to-noise ratio
ESC � embryonic stem cell
ESV � end-systolic volume
FHBG � 9-(4-[18F]fluoro-3-hydroxymethylbutyl) guanine
FS � fractional shortening
ID � injected dose
LV � left ventricle
MI � myocardial infarction
SPIO � superparamagnetic iron oxide
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Advances in Knowledge

� Embryonic stem cells (ESCs) dou-
ble labeled with a PET reporter
gene and superparamagnetic iron
oxide (SPIO) particles permit se-
rial noninvasive evaluation of
stem cell fate by using PET and
MR imaging techniques.

� Direct injection of ESCs in bor-
der-zone myocardium improves
left ventricular (LV) ejection frac-
tion after myocardial infarction
(MI) and preserves regional (bor-
der-zone) myocardial function.

� Grafting ESCs in either normal or
infarcted hearts leads to teratoma
formation, within which less than
0.5% of the cell population differ-
entiated into cardiomyocytes.

� Most (94%) of the SPIO-containing
cells in the graft are host macro-
phages at week 4 after injection.

Implications for Patient Care

� The ability to noninvasively track
stem cell fate and to evaluate
their effect on global and regional
LV function may have a major ef-
fect on patient care and manage-
ment.

� ESC-mediated improvements in
LV function after MI seem unre-
lated to the low incidence of car-
diac differentiation of ESCs.

� Because of the risk of teratoma
formation, predifferentiated ESCs
should be used for myocardial
repair and potential clinical appli-
cations.

� The double-labeling approach
should be translatable to study
ESC-derived cardiac progenitor
cells to refine strategies for stem
cell–based treatments.
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(Frederick Cancer Center, Frederick,
Md) were used in this study.

In a pilot study, 24 rats were used to
determine the earliest time when in vivo
PET signals from grafted cells could be
detected in the heart (Appendix E1
[http://radiology.rsnajnls.org/cgi/content
/full/250/3/821/DC1]). In the dual-modal-
ity imaging study, a total of 35 rats were
used: eight in group 1, eight in group 2, and
seven in group 3; four rats did not survive
the surgery, and one died after imaging;
seven failed to meet the specified range of
infarct size. To evaluate for the presence of
free SPIO particles and macrophage infil-
tration early after injection, an additional
three rats (not infarcted) were injected
with 1 million cells and were euthanized 4
hours later (Appendix E1 [http://radiology
.rsnajnls.org/cgi/content/full/250/3/821
/DC1]).

Myocardial Infarction and Transplantation
of Double-labeled ESCs
The control group was composed of eight
rats that did not undergo infarct surgery
(group 1) and that received double-la-
beled cells: Four rats received 1 million
cells and four rats received 5 million cells
suspended in 50 and 100 �L Dulbecco’s
modified Eagle’s medium, respectively,
and the cells were injected at the mid-
anterior wall.

Surgical procedures were performed
in 27 rats to induce myocardial infarction
(MI) by a physician with 7 years of expe-
rience in animal surgery, with 45-minute
left anterior descending coronary artery
ligation followed by reperfusion and in-
tramyocardial injection of cells, according
to a previously published protocol (14). If
the rat survived and had an infarct size of
10%–30% LV volume estimated by using
MR imaging, it was placed in group 2 or 3.
Because multiple imaging sessions were
required for each animal, a staggered
scheme was used to achieve the targeted
number of data sets. Two of the rats that
had undergone surgery but did not have
MI, as determined by using MR imaging,
were used to provide the normal myocar-
dial wall thickness. Rats in group 2 (n �
8) received double-labeled cells in the
same surgical session as the infarct sur-
gery. Four rats received 1 million cells
and four rats received 5 million cells sus-

pended in 50 and 100 �L Dulbecco’s mod-
ified Eagle’s medium, respectively, in-
jected at the border along the pale
(blanched) infarct region at the conclu-
sion of the ligation period. Rats in group 3
(n � 7) were infarcted but received 100
�L Dulbecco’s modified Eagle’s medium
without ESCs.

PET and MR Imaging
PET and MR imaging schedules are
listed in Tables 1 and 2. To monitor the
changes of SPIO signal over time, MR
imaging was performed in group 1 at
day 1 after injection and then weekly for
4 weeks. To compare ventricular func-
tion in ESC-treated and culture media–
treated hearts, MR imaging was per-
formed in groups 2 and 3 at day 1, at
which time infarct size was also quanti-
fied, and at 4 weeks after surgery.

PET imaging was performed with a
high-resolution (2-mm) dedicated small-
animal PET scanner, which was based on
a commercially manufactured unit (Mo-
saic; Philips Medical Systems, Cleveland,

Ohio) (15,16). To delineate the myocar-
dial wall, nitrogen 13 (13N) ammonia
(mean, 1.20 mCi � 0.33 [standard devi-
ation] [44.4 MBq � 12.21] in 0.5 mL
saline) was injected intravenously, fol-
lowed by immediate data acquisition for
15 minutes. To facilitate direct fusion of
13N-ammonia and 9-(4-[18F]fluoro-3-
hydroxymethylbutyl) guanine (FHBG) im-
ages, 30 minutes after injection of ammo-
nia while the animal remained anesthe-
tized, a mean of 1.34 mCi � 0.50 (49.58
MBq � 18.5) FHBG in 1 mL saline was
injected; data acquisition started 1 hour
later and lasted for 30 minutes.

MR imaging was performed with a
4.7-T horizontal bore magnet (Magnex
Scientific, Walnut Creek, Calif) inter-
faced with a console (Inova; Varian,
Palo Alto, Calif). To assess global func-
tion and SPIO-associated hypoenhance-
ment, a T2*-weighted fast gradient-
echo sequence (17) with a 20° flip an-
gle, 3-msec echo time (to minimize
cardiac motion), and effective repeti-
tion time equal to one heartbeat was

Table 1

PET Imaging Schedule in Groups 1 and 2

Time 1* Time 2† Time 3†

Factor
5 Million
Cells

1 Million
Cells

5 Million
Cells

1 Million
Cells

5 Million
Cells

1 Million
Cells

Days after injection‡ 4–7 7–10 14–17 14–17 28–30 28–30

* The first time for detection of 1 and 5 million cells is set differently, because on the basis of the pilot study, the earliest time
to detect 5 million cells in the heart was day 4 after injection, whereas the earliest time to detect 1 million cells was day 7
after injection (Appendix E1 �http://radiology.rsnajnls.org/cgi/content/full/250/3/821/DC1�).
† At the second and third times, PET was performed usually on 1 day, but could be 2 days, after MR imaging. The MR imaging
schedules corresponding to these times are presented in Table 2.
‡ The window in the schedule is to accommodate nonavailability of tracer or PET scanner during the long-term experiment.

Table 2

MR Imaging Schedule

Group Day 1 Week 1 Week 2 Week 3 Week 4

1 �48 h Days 6–8 Days 13–15 Day 21 Days 27–28
2 �24 h . . . Days 13–15* . . . Day 27
3 �24 h . . . . . . . . . Day 27

Note.—The data are the actual number of hours or days after cell injection when MR imaging was performed.

* Only those receiving 5 million cells in group 2 underwent MR imaging for coregistration at week 2.
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used to acquire short-axis cine images
with electrocardiographic and respira-
tory gating. The same sequence was set
up for T1 weighting with a 60° flip angle
and minimum echo time to acquire de-
layed hyperenhancement cine images
(18,19) at 15–20 minutes after intrave-
nous injection of 0.3 mmol/kg of gado-
diamide (Omniscan; Nycomed, Prince-
ton, NJ).

Analyses of PET and MR Images and
Coregistration
PET images were analyzed to derive a
tissue uptake index in percentage of in-

jected dose (ID) per gram of heart tissue
over time from groups 1 and 2. MR im-
ages were analyzed to evaluate the follow-
ing parameters: (a) Hypointense area and
contrast-to-noise ratio (CNR) at day 1
and week 4 were compared in group 1.
(b) Infarct size was estimated by using
delayed hyperenhancement images and
was presented as the percentage of LV
volume (18,19). (c) Global function, in-
cluding end-diastolic volume, end-systolic
volume (ESV), LV ejection fraction, and
LV mass (which includes the mass formed
by grafted ESCs [teratomas]) was deter-
mined. (d) Regional one-dimensional frac-

tional shortening (FS) of the wall was
measured at the anterior and poste-
rior border-zone and septum (remote)
regions in groups 2 and 3. Definition of
these regions is provided in Appen-
dix E1 (http://radiology.rsnajnls.org/cgi
/content/full/250/3/821/DC1), as are de-
tails of PET and MR image analyses and
coregistration.

Immunohistochemical Staining of
Macrophages, SPIO, Scars, and Teratoma
All animals were euthanized at week 4. Im-
munohistochemical staining was per-
formed for the following analyses: (a) To

Figure 1

Figure 1: Detection of double-labeled ESCs by using FHBG PET via reporter gene expression. Intramyocardial location of FHBG signal of 5 million cells injected in
normal heart is demonstrated by overlay of FHBG (color) and 13N-ammonia images (gray scale) in axial view. (a) Day 7 and (b) week 4 after injection. Over time, when
FHBG signal from cardiac regions became stronger, nonspecific FHBG signal was suppressed. Figure E4 (http://radiology.rsnajnls.org/cgi/content/full/250/3/821
/DC1) shows three orthogonal views of heart.

Figure 2

Figure 2: Time course of FHBG signal intensity in percentage ID per gram for (a) 1 million cells and (b) 5 million cells grafted in normal and infarcted hearts. At days
28 –30, percentage of ID per gram from rats receiving 5 million cells was significantly stronger than those receiving 1 million cells in normal (mean, 0.249 � 0.027 vs
0.092 � 0.012; P � .05) and infarcted (mean, 0.169 � 0.035 vs 0.043 � 0.002; P � .05) hearts.
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confirm the location of the grafts (tera-
toma) relative to the infarcted region, Mas-
son trichrome staining (20) was performed
to identify the fibrotic scar tissues. (b) Car-
diac differentiation of ESCs in the grafts
wasevaluatedbyimmunostainingofcardiac-
specific sarcomeric �-actinin. (c) The loca-
tion of SPIO particles at week 4 and their
association with macrophages were exam-
ined by using double staining for macro-
phages (CD68) and SPIO particles.

Statistical Analysis
Data were presented as the mean � stan-
dard deviation and were analyzed with

software (SigmaStat; SPSS, Chicago, Ill).
Changes of global and regional function
were compared between groups 2 and 3;
percentage of ID per gram and percent-

age of cardiomyocytes in the grafts (tera-
toma) were compared between 1 million
and 5 million cell doses in groups 1 and 2;
changes in hypointense area and CNR

Figure 3

Figure 3: Coregistration of PET and MR im-
ages. A, Short-axis cardiac MR image (section 4
from multisection series) of infarcted heart 14 days
after receiving 5 million double-labeled ESCs.
B, Corresponding FHBG image. C, Coregistered
color-scale PET images and gray-scale MR im-
ages obtained by using mutual-information–based
algorithm. Figure E5 (http://radiology.rsnajnls.org
/cgi/content/full/250/3/821/DC1) shows coregistra-
tion of multiple short-axis sections.

Figure 4

Figure 4: MR imaging detection of double-labeled ESCs. Two diastolic phases from cine long-axis images
at (a) day 1 and (b) week 4 after injection of 1 million ESCs. Arrow � SPIO-associated hypointense region.

Figure 5

Figure 5: Changes of hypointense area and CNR over time on MR images. Hypointense area measured
from group 1 rats decreased significantly at week 4 compared with measurement at day 1, whereas decrease of
CNR was not significant. � � P � .05 between day 1 and week 4.
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were compared between day 1 and week
4 in group 1. A Mann-Whitney rank-sum
analysis test was performed when the two
groups were compared, whereas a one-

way analysis of variance was used when
more than two groups were compared. A
difference with a P value of less than .05
was considered to be significant.

Results

Cell viability, iron content, and labeling
efficiency are provided in Appendix E1
(http://radiology.rsnajnls.org/cgi/content
/full/250/3/821/DC1).

ESC Survival and Graft Morphology
Detected with PET and MR Imaging
In our pilot study, FHBG signal was de-
tected earlier in rats receiving 5 million
cells compared with rats receiving 1 mil-
lion cells (day 4 vs day 7, Appendix E1
[http://radiology.rsnajnls.org/cgi/content
/full/250/3/821/DC1]).

In our myocardial ESC infarct study,
FHBG signal was shown to localize to
the myocardium (Fig 1). Over time, the
FHBG signal expanded in this region
and increased in intensity, suggesting
proliferation of grafted cells. There was
also nonspecific FHBG signal in the rib
cage and spinal region at an early time,
the nature of which was not clear al-
though it has been noted by others
(3,4). A trend toward greater (but not
significant) percentage of ID per gram
was observed in the normal versus in-
farcted heart at the same dose (Fig 2).
FHBG signal was significantly stronger
at days 28–30 in rats receiving 5 million
cells than it was in those receiving 1
million cells. Fourteen days after injec-
tion of 5 million ESCs, the mean end-
diastolic myocardial wall thickness in
the anterolateral quadrant was 2.8
mm � 1.5 from group 2, representing an
87% increase compared with a normal
mean wall thickness of 1.5 mm � 0.2 in
the anterolateral quadrant, and this quad-
rant was almost isointense with the neigh-
boring quadrants; however, strong FHBG
signal was detected in the correspond-
ing territory, and coregistration dem-
onstrates that the regions containing
FHBG signals correspond to the thick-
ened quadrant (Fig 3).

Contributions of Grafted ESCs versus Host
Macrophages to the MR Imaging Signal
over Time
A distinct hypointense region was ob-
served at day 1 on MR images, and al-
though over time this area became
smaller, the residual contrast persisted
for at least 4 weeks (Fig 4). The hypoin-

Figure 6

Figure 6: FS of myocardial wall measured from MR images. Short-axis views of (a, b) control and
(c, d) ESC-treated hearts illustrate method of measurement of anterior (border1 [b1] ) and posterior (border2
[b2] ) border-zone and septal (s) regions for use in quantification of FS. Detailed definitions of border zones
are provided in Appendix E1 (http://radiology.rsnajnls.org/cgi/content/full/250/3/821/DC1).

Table 3

Changes in Global Cardiac Function over 4 Weeks

Treatment Group �EDV (�l) �ESV (�l)
�LV Ejection
Fraction (%) �LV Mass (mg)

�Heart Rate
(beats/min)

Group 2 (n � 8) 60 � 43 	14 � 7 12 � 8 264 � 26 	58 � 23
Group 3 (n � 7) 138 � 44 117 � 80 	15 � 15 	16 � 93 	32 � 42
P value �.05 �.03 �.02 �.001 NS

Note.—For each parameter, change was measured by subtracting value at day 1 from value at week 4. P values represent a
significant difference except where otherwise indicated. EDV � end-diastolic volume, NS � not significant.
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tense territory was significantly smaller
at week 4 compared with the hypoin-
tense territory at day 1 and was accom-
panied by a trend of decreasing (not
significant) CNR (Fig 5). Histologic anal-
ysis revealed that early after injection (4
hours), Prussian blue–positive ESCs,
which were small and round with a large
nucleus-to-cytoplasm ratio, distributed
among cardiac muscle fibers; there
were neither free (uninternalized) SPIO
labels nor infiltrating macrophages (Fig
E6 [http://radiology.rsnajnls.org/cgi
/content/full/250/3/821/DC1]) at the
injection site. At week 4, fewer Prussian
blue–positive cells were observed in the
graft (teratoma), and the blue signal be-
came aggregated and more intense. In
addition, infiltration of host macro-
phages into the teratoma was revealed
by means of positive CD68 staining.
Counting of the double-positive cells
versus total Prussian blue cells demon-
strated that most of the Prussian blue–
positive cells were host macrophages
(mean, 93% � 2 in the infarcted hearts
and 94% � 4 in the normal hearts); the
rest (�6%) were CD68 negative.

Assessment of Cardiac Function and
Cardiac Differentiation
Mean infarct size determined by using
MR imaging was 19.4% � 4.4 of the LV

volume in group 2 and 18.6% � 6.9 in
group 3 (P � .8). MR imaging–based
quantification of global LV function re-
vealed a reduction in ESV in group 2 at
week 4 compared with that at day 1
(�ESV � 	14 �L), whereas an increase
in ESV (�ESV � 117 �L) was found in
group 3 (P � .05, Table 3). End-diastolic
volume was increased in both groups, but
the increase was much smaller in group 2
versus 3 (P � .05). These changes led to
a 12% increase in LV ejection fraction in
group 2 versus a 15% reduction in group
3 (P � .05). The heart rate decreased in
both groups and no difference was
found in heart rate between the groups
(P � .49).

Over the time course of 4 weeks,
changes in FS measured at the anterior
(border 1) and posterior (border 2) bor-
der-zone and remote regions in groups 3
(Fig 6a, 6b) and 2 (Fig 6c, 6d) are sum-
marized in Figure 7. At day 1 in both
groups, the FS in border zone 1 signifi-
cantly decreased compared with the nonin-
farcted septal regions because of infarction-
related events. At week 4 for group 2, FS
recovered in border zone 1 (P � .05),
whereas it was maintained in border zone 2
and in the septum; for group 3, however,
FS remained suppressed in border zone 1
and deteriorated in border zone 2 and sep-
tal regions (P � .05). The teratomaappears

to form in the infarcted territory and grow
toward the lumen; this growth pattern was
confirmed by means of trichrome staining
(Fig E2 [http://radiology.rsnajnls.org/cgi
/content/full/250/3/821/DC1]): Teratoma
grew primarily from the infarcted region
and penetrated approximately 2 mm into
the border zone on both sides, thereby
physically linking the residual myocardial
wall in the infarcted zone to the border
zones. This growth pattern leads to an ap-
parent increase in wall thickness in the in-
farct region that is observed by using MR
imaging.

The prevalence of teratoma forma-
tion at week 4 was 100% in both nor-
mal and infarcted hearts receiving 1
million or 5 million ESCs. The per-
centage of cardiomyocytes estimated
from cardiac-specific �-actinin stain-
ing (Fig E3 [http://radiology.rsnajnls
.org/cgi/content/full/250/3/821/DC1]) is
summarized in Table 4. Less than 0.5%
of the cells in teratomas were cardio-
myocytes, and although characteristic
striations were clearly visualized,
these muscle fibers were not well or-
ganized. Although no difference in car-
diac differentiation was seen between
teratomas formed in the normal ver-
sus the infarcted hearts, the percent-
age of cardiomyocytes in the teratoma
was inversely dependent on the dose

Figure 7

Figure 7: Changes in FS over 4-week time course. (a, b) FS in border 1 and 2 and septum regions were plotted from (a) ESC-treated and (b) control hearts at day 1 and
week 4 (W4). � � P � .05.
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of ESCs: In hearts injected with 1 mil-
lion cells, 0.46% cell populations in
the teratomas were cardiomyocytes
versus 0.27% in hearts injected with 5
million cells (P � .05).

Discussion

We demonstrated the feasibility of dou-
ble labeling ESCs with a PET reporter
gene and MR imaging–detectable SPIO
particles to evaluate their distribution,
survival, and effects on remodeling after
MI. We found the following results:
(a) ESCs can be localized early after
injection and their survival and/or pro-
liferation can be followed for at least 4
weeks after MI. (b) At week 4, most
SPIO labels are contained in infiltrat-
ing macrophages, not ESCs. (c) De-
spite teratoma formation, ESC-treated rats
have improved global, and preserved
regional, LV function as a result of fa-
vorable ventricular remodeling after
MI, which seems unrelated to the low
incidence of cardiac differentiation of
ESCs.

SPIO labeling permitted visualiza-
tion of detailed cell distribution by using
MR imaging at day 1, a few days before
the FHBG signals became detectable.
This information is important to confirm
the success of injection and location of
cells. The reporter gene, on the other
hand, provides an authentic marker of
cell survival. The combination of the two
allowed the overcoming of a common lim-
itation of current cell labeling methods
(ie, label dilution caused by cell prolifera-
tion) and led to findings not possible with
either technique individually. First, when
a significant reduction of the SPIO-related
hypointense area occurred between day 1
and week 4, the sharp increase in PET

signal revealed rapid proliferation of
grafted cells. These data suggested that
the reduced hypointense MR imaging sig-
nal might be less sensitive in detecting the
surviving ESCs because SPIO labels
would be substantially diluted in rapidly
proliferating cells. Detailed immunohisto-
chemical analysis demonstrated that the
majority of Prussian blue–positive cells in
the week 4 grafts were host macrophages
(via rat-specific CD68 antibodies), con-
firming that the residual hypointense sig-
nal originates from infiltrating macro-
phages rather than from stem cells that
have differentiated into macrophages.
Second, in some cases, MR signals from
the grafted cells become isointense with
the surrounding myocardium. Coregistra-
tion permits localization of the surviving
cells (FHBG positive) to the anterolateral
myocardial wall, which became thicker
than normal. The link between the surviv-
ing cells and the morphology of the graft
formed by these cells is achieved through
the dual-modality approach. Without the
knowledge of cell survival, abnormal wall
thickness could be associated with hyper-
trophy of residual myocardium stimu-
lated by ESC-secreted growth factors in-
stead of grafts formed by proliferating
ESCs.

Our study revealed an increased LV
ejection fraction and a preserved FS at
week 4 after MI in ESC-treated hearts
compared with culture media–treated
hearts. However, a lack of contractile
function in the teratoma region was re-
vealed by using tagged MR imaging (n �
4) (Movie 2 [http://radiology.rsnajnls.org
/cgi/content/full/250/3/821/DC1]) and
is consistent with immunohistochemical
analysis results that indicated that less
than 0.5% of the cell population in the
teratoma represented cardiomyocytes.

In regard to the underlying mechanisms
responsible for improvement in cardiac
function, it is possible that the presence
of any new cells (not necessarily cardi-
omyocytes) may reduce or redistribute
the wall stress in the infarcted and bor-
der-zone regions, leading to less unfa-
vorable ventricular remodeling after
MI. This hypothesis is supported by the
close integration of the teratoma with
the myocardial wall observed at
trichrome staining. However, a para-
crine effect (21) caused by the presence
and proliferation of ESCs could not be
excluded.

Our study had limitations. First, use
of ESCs led to teratoma formation,
which limited therapeutic evaluation in
a clinically relevant manner. Injection of
ESC-derived cardiac progenitor cells
rather than undifferentiated ESCs would
represent a safer approach for myocar-
dial regeneration (21–23). Second, the
potential for SPIO label dilution in rapidly
proliferating ESCs (mean doubling time,
23.5 hours � 5.8) (24) and label associa-
tion with infiltrating macrophages has
been clearly demonstrated in this study.
However, whether these properties are
applicable to other types of stem cells,
which are not as highly proliferative as
ESCs, needs further investigation. Third,
the protrusion of teratomas into the LV
lumen might have contributed to the in-
creased LV ejection fraction seen as a
consequence of technical factors in the
ejection fraction calculation and may also
affect proper delineation of the anterior
and posterior border zones. Fourth, we
performed PET and MR imaging on con-
secutive days. A unified PET/MR imager
would permit concurrent dual-modality
imaging and direct coregistration. Fifth,
group 3 did not undergo PET but did
undergo MR imaging for comparison of
ventricular function with group 2. How-
ever, prior data from our laboratory sug-
gest that the nonspecific uptake of the
FHBG tracer occurs primarily in the gas-
trointestinal tract instead of cardiac tis-
sues (25); therefore, this factor was un-
likely to affect our results.

In summary, ESCs double labeled
with a PET reporter gene and SPIO par-
ticles permit serial noninvasive evalua-
tion of stem cell fate by using PET and

Table 4

Percentage of Cardiomyocytes in Teratoma

Statistic
1 Million Cells
(n � 8)

5 Million Cells
(n � 8)

Normal Heart
(n � 8)

Infarcted Heart
(n � 8)

Mean � standard deviation 0.46% � 0.16 0.27% � 0.10 0.38% � 0.13 0.37% � 0.22
P value �.05* . . . NS† . . .

* For 1 million versus 5 million cells. P value represents a significant difference.
† For normal versus infarcted heart. NS � not significant.
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MR imaging techniques and have a fa-
vorable effect on remodeling after MI.
The double-labeling and dual-detection
technique is readily translatable to ESC-
derived cardiac progenitors and would
provide a useful tool to understand the
biology and evaluate the potential ther-
apeutic role of these stem cells in clini-
cally relevant cardiac repair.
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