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Background: The latest generation of interactive cardiac magnetic resonance (MR) scanners has made cardiac
interventions with real-time MRI possible. To date, cardiac MRI has been mostly applied to measure myocardial
perfusion, viability, and regional function, but now the application of cardiac MRI can be extended to cardiovascular
interventions. The purpose of this article is to illustrate the potential of MRI in stem cell therapy for cardiac
restoration.
Methods: We have applied MRI to (1) interactively target myocardial injections with a novel stem cell delivery
catheter, and to compare gadolinium/blue dye injections to pathology; (2) assess myocardial perfusion with MR
first pass imaging in an infarct model treated with stem cell therapy versus control animals; (3) measure regional
functional changes using myocardial tissue tagging in the same animals.
Results: We were able to demonstrate the feasibility and safety of myocardial injections under MR fluoroscopy. The
intramyocardial distribution of the blue dye at necropsy correlated well with the extent of gadolinium, as detected
with a three-dimensional inversion recovery MR pulse sequence for late enhancement immediately after contrast
injection. Preliminary results show that myocardial perfusion reserve and regional wall motion improved in the
stem-cell-treated group, compared to a control group.
Conclusions: These preliminary results suggest that (1) injections into the LV myocardium can be performed under
real-time MRI guidance using a directed catheter approach, and (2) regional myocardial perfusion and function,
measured with MRI, both improve after stem cell therapy. This ongoing study demonstrates the potential of MRI
for image-guided interventions, combined with detailed evaluation of anatomy, function, perfusion, and viability.
(J Interven Cardiol 2004;17:37–46)

Introduction

Stem cell therapy has been used as a stimulant for
cardiomyoplasty in acute ischemic models.1,2 Recent
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developments and improvements of cardiac MR scan-
ners, and ultrafast MRI sequences, have rendered it
feasible to acquire images within 80–200 ms, provid-
ing fluoroscopic image rates from 5 to15 images/s.3–19

Thus, MRI can be used for guiding interventional car-
diovascular procedures with close to real-time image
feedback. MR-guided catheter interventions benefit
from several advantages over conventional echocar-
diographic and X-ray-based techniques for monitoring
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cardiac stem cell therapy. As a tomographic imaging
modality MRI allows the investigator to image arbi-
trarily oriented cross sections, and to interactively steer
the image plane to target designated myocardial areas
for stem cell injections. Myocardial targeting is facili-
tated by the excellent soft tissue contrast achievable by
MRI, which is applied for high-resolution anatomical,
viability, and perfusion imaging, in the same setting as
real-time fluoroscopic imaging.

The purpose of this article is to illustrate initial ex-
periences with MRI for monitoring stem cell therapy
applied for cardiac restoration. Specifically, we applied
MRI to test a novel stem cell delivery catheter and to
demonstrate by injections of gadolinium contrast agent,
and blue dye, how one can target by real-time MRI
guidance select myocardial regions for injections of
therapeutic agents. MR images of the injections were
compared to pathology. The delivery method was sim-
ilar to other methods applied previously for catheter
tracking in MRI.20,21 Secondly, we determined myo-
cardial blood flow with MR perfusion imaging in a
large domestic animal infarct model treated with stem
cells, by comparison to sham-treated animals. Finally,
we also show how regional function measured with
MRI with myocardial tissue tagging demonstrates an
improvement in regional function as a result of stem
cell therapy.

Methods

This study consisted of two arms, namely (1) the in-
vestigation of MRI-guided myocardial injections, and
(2) longitudinal studies of stem cell therapy. The ani-
mals were treated according to the “Principles of Labo-
ratory Animal Care” of the National Society for Med-
ical Research and the “Guide for the Care and Use
of Laboratory Animals” (NIH publications, revised
1996). IRB approval was obtained for the study. The
experimental procedures were performed under sterile
conditions with continuous ECG and oxygen satura-

Figure 1. Experimental time line for large animal infarct model with stem cell treatment.

tion monitoring. General anesthesia was maintained in
the intubated animals with 1–2% isoflourane and 3–
4 L/min of oxygen at 15 cc/kg of tidal volume.

Animal Model for MRI-guided Myocardial Injec-
tions. For the investigation of MRI-guided myocardial
injections, we used four healthy adult animals, two
dogs, and two pigs (18–36 kg). Vascular access was
established via a cut or percutaneous arterial punc-
ture followed by vascular sheath placement into the
femoral artery. The animal was then transported to the
MRI unit.

Myocardial Ischemia Model. Stem cells have been
demonstrated to be present within various organ tissues
in the adult.21,22 Differentiation of adult stem cells into
myocyte occurs due to induct with in vitro exposure to
specific signal molecules.23,24 Recently, the ability to
induce in vivo transformation of bone marrow derived
mesenchymal stem cells into myocytes in the rat has
been reported.25,26

For the longitudinal MRI studies of stem cell ther-
apy, we used 13 healthy adult male mongrel dogs (24–
32 kg). Ten animals survived after surgery and were
randomized into two groups of five treated animals and
five untreated animals. Myocardial infarcts in the ante-
rior wall were induced by ligating the distal to the first
diagonal branch of the left anterior descending coro-
nary artery. For this procedure, the heart was exposed
by means of a left thoracotomy through the fourth and
fifth intercostals space.

The infarct was allowed to mature for 4 weeks,
and during this time cell culture was used to iso-
late stem cells by a process that has been described
previously.27,28 Four weeks after myocardial infarc-
tion, the animals were returned to the operating room
for a second thoracotomy. A series of direct myocar-
dial injections of autologous-labeled stem cells (∼1 ×
106 cells/injection) were performed in radial fashion,
beginning centrally in the area of ischemia. Similarly,
the control animals were injected with an equal amount
of stem-cell-free media.
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Figure 2. Stem cells before (left) and after (right) reporter gene incorporation (GFP-labeled MAPCs).

Cardiac function, perfusion, and viability were seri-
ally monitored by MRI at predetermined time points,
both pre- and posttreatment (Fig. 1). The animals were
sacrificed at the completion of the study to allow for
pathological evaluation and confirmation of stem cell
engraftment (Fig. 2).

Catheter Tracking and MRI-guided Myocar-
dial Injections. MR-guided tracking of the delivery
catheter and targeting of the infarct were performed on
a dedicated cardiac MRI scanner (Sonata, SIEMENS)
with a short-bore magnet, operating at field strength of

Figure 3. Snapshots of guidewire tracking under real-time MRI in
the aortic arch using a loopless miniature antenna wire. The short-
range receiver profile makes the vicinity of the wire visible.

1.5 Tesla. First, a series of scout images was acquired
under interactive user control of the image slice ori-
entation. For positioning of the delivery catheter dedi-
cated guidewires with MRI antenna (Surgi-Vision, N.
Chelmsford, MA) were used for high-resolution in-
travascular imaging. Due to the high signal intensity
in the immediate vicinity of the antenna guidewires
(Fig. 3),29–33 a relatively thick slice could be used for
catheter tracking by real-time imaging. Real-time MRI
was performed with a steady-state free precession pulse
sequence (“true FISP”; TR = 1.4 ms, TE = 1.15 ms,
flip angle = 40◦, 50–60 phase encodings, 128 by 128
image matrix, 7–15 frames/s, 1,400 Hz/pixel, 35 mm
slice thickness) (Fig. 4). With the real-time pulse se-
quence running under interactive user control, a cus-
tomized delivery catheter (AGA Medical, Golden Val-
ley) was advanced over the antenna guidewire toward
the LV and different myocardial regions could be tar-
geted. The antenna guidewire was then replaced with
the stem cell injection catheter (Boston Scientific, Ply-
mouth, Minnesota) (Fig. 5). A stable catheter position
was confirmed by MRI and myocardial injections of
gadolinium mixed with blue dye were monitored by
high-resolution real-time imaging (Fig. 6) (sequence

Figure 4. T1 weighted high-resolution short-axis images of the LV
for assessment of transmural gadolinium distribution after injection
(A) and catheter position. Image (B) shows the needle tip in the
myocardium as black artifact (B).
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Figure 5. The stem cell catheter is constructed of nitinol without any ferromagnetic parts. This design accounts for its
paramagnetic properties resulting in an artifact proportional to the catheter dimensions.

parameters: TR/TE = 2.3/1.8 ms, flip angle 60◦; 256
read-out points × 100 phase encodings; 260 mm field
of view; band with 900 Hz/pixel).

Cine Imaging and Delayed Enhancement. Gradi-
ent echo cine, as well as T1 and T2 weighted spin-echo
anatomical imaging was performed, before and after

Figure 6. Series of long-axis four-chamber snapshots using a “true FISP” real-time imaging sequence during gadolinium
blue dye injection. For real-time imaging the spatial resolution was reduced to increase the temporal resolution up to 8 frames
per second. The black artifact results from the high concentrated gadolinium content that was injected leading to signal void.

the intervention, to rule out any vascular or cardiac
damage, and to assess the extent of gadolinium dis-
tribution. Gradient-echo cine images for a short-axis
view were obtained to cover the entire cardiac cycle
with approximately15 phases (TR per k-space
segment/TE/flip angle = 1180 ms/4.8 ms/20

◦
). After
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Figure 7. High-resolution T1-weighted short-axis images of catheter position at the pappilary muscle (A) and at the apex
(B) under real-time fluroscopy. Long-axis images for pre- (C) and postinjection (D). Postmortem examination of the heart
showing the apex (E). The endocardial injected blue dye is also visible on the epicardial surface (F).

completion of the cine and spin-echo imaging, delayed
enhancement images were acquired 15–20 minutes af-
ter a bolus injection of 0.24 mmol/kg Gd-DTPA with a
T1-weighted three-dimensional FLASH sequence with
inversion recovery preparation (TR = 420–550 ms,

TE = 1.79 ms, TI = 180–220 ms, flip angle 52–65
◦
,

FOV = 300 mm, acquisition matrix = 256 × 168, slice
thickness 2 mm, total 20–26 slices to encompass the en-
tire LV. These images were later compared to pathology
(Fig. 7).
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For cine analysis (MASS software, Leiden, Nether-
lands) endo- and epicardial borders of the LV were de-
fined each in the end-diastolic and end-systolic frame in
contiguous slices and standard LV function parameters
were calculated to evaluate resting LV function.

Myocardial Perfusion Imaging. Perfusion imag-
ing was performed after the infusion of Gd-DTPA to
estimate the myocardial blood flow. The images were
acquired with a cardiac-gated, T1-weighted turbo-
FLASH sequence with a saturation-recovery magneti-
zation preparation (repetition time: TR = 2.4 ms; echo
time: TE = 1.2 ms; delay after saturation pulse: TI
= 10 ms; flip angle: α = 18◦; 80–90 phase encod-
ing steps × 128 read-out points with over-sampling;
rectangular field of view = 300 mm; receiver band-
width = 100 kHz; 10 mm slice thickness). Contrast
agent dosages of 0.04 mmol/kg of Gd-DTPA (Mag-
nevist, Berlex, Wayne, NJ) were bolus-injected through
a venous line at a rate of 7 mL/s. The contrast injection
with power injector was performed after starting ECG-
gated imaging and coincided approximately with the
acquisition of the 5th or 6th image in a series of 50–60
images. Imaging was performed at rest and after the
infusion of adenosine (Dosage: 200 µg/mg/min).

Region-of-interest signal intensity curves were gen-
erated with the MASS cardiac MRI image analysis soft-
ware (Laboratory for Clinical and Experimental Im-
age Processing, Leiden University, The Netherlands)
by manually segmenting the endocardial and epicar-
dial borders of the images. The segmented myocardium
enclosed by the endo- and epicardial borders was then
subdivided into eight segments of equal circumferen-
tial extent along the myocardial centerline dividing the
two contours. The segments were adjusted to start at
the anterior junction of the left and right ventricles. Sig-
nal intensity–time curves were obtained by averaging
the signal intensity in each myocardial segment and
for every one of the 50–60 acquired images per slice.
The mean value of the signal in each curve prior to
the appearance of the contrast agent was subtracted to
obtain baseline-corrected signal curves. The baseline-
corrected signal curves were further scaled to com-
pensate for spatial inhomogeneities in the sensitivity
profile of the receiver radio frequency coil.

The individual tissue signal curves were decon-
volved from the intensity curve for the LV obtained
from the region encompassed by the endocardial bor-
der. A Fermi function model of the myocardial impulse
response was used for deconvolution of the myocardial
signal intensity curves with an arterial input, measured

in the center of the LV. A model trust region algorithm
is used for nonlinear estimation of the Fermi param-
eters.34 The initial value of the tissue impulse residue
represents the mean blood flow in mL/min/g.34–38

The ratio of the mean blood flow values for hyper-
emia and rest was obtained to assess the myocardial
perfusion reserve index (MPRI). The values of this in-
dex for the target region and a remote region diametri-
cally opposite to that of the target region are compared
to assess the perfusion in the infarcted zone.

Myocardial Tissue Tagging. The tagging prepara-
tion consisted of nonselective radio frequency pulses
separated by encoding gradients for spatial modula-
tion of magnetization, which resulted in a separation
of the tag lines of 6 mm. Three to four base-to-apex
short-axis cross sections were prescribed to assess re-
gional LV function. At each slice level, two sets of cine
images were acquired with tag lines in orthogonal di-
rections. The MR scanning parameters were 300 mm
field of view, 256 × 160 acquisition matrix, read-out
bandwidth = ±32 kHz, tagging separation of 6 mm,
8 mm slice thickness, TR = 6.5 ms, TE = 2.1 ms, flip
angle 15◦, and a minimum of 15 cardiac phases. Tagged
cine images were only acquired for resting conditions
in this study.

Tagged data were analyzed using a custom written
analysis package (HARP version 2.0, Nael Oesman,
Johns Hopkins Medical School). The technical aspects
of HARP have been described in detail elsewhere.39,40

Two-dimensional myocardial strains were assessed off-
line in 12 pie-shaped myocardial segments. Trans-
mural strains were assessed between the reference
(end-diastole) and the deformed state (end-systole) as
fractional change in length in the circumferential (Ecc)
and radial directions (Err) in the subendocardial, mid-
wall, and subepicardial layers. A negative value stands
for compression of line segment between two material
points (shortening or thinning), while positive values
reflect elongation (stretching or thickening), depend-
ing on the direction of deformation (circumferential or
radial, respectively).

Results

Catheter Tracking and MR-guided Myocardial
Injections. MR fluoroscopy with a fast gradient echo
sequence with steady-state free precession (“true
FISP”) could be performed at a sufficiently high frame
rate to steer the antenna-guiding catheter in the aorta
and the left ventricle. The real-time interactive user
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interface allowed interactive specification of the image
plane and rapid image reconstruction with a delay of
less than 1 s between image acquisition and image dis-
play. The spatial in-plane resolution was high enough
to see the stem cell delivery catheter (Fig. 3). With in-
teractive control of the slice position, it was possible
to continuously verify the anatomical position of the
guidewire and/or the sheath with the stem cell delivery
catheter in place, a procedure that would have been very
cumbersome without interactive slice prescription.

The real-time fluoroscopy technique is currently be-
ing further improved to allow interactive road mapping.
The injection of the Gd/blue dye could be monitored
in all animals. Delayed contrast enhancement imaging
with an inversion recovery sequence and high resolu-
tion (matrix: 256 × 256; FOV 180), showed the trans-
mural distribution of the gadolinium postendocardial
injection. These findings were confirmed by necropsy
(Fig. 7).

Myocardial Perfusion. At baseline, the measured
myocardial perfusion reserves (MPR) for the target re-
gion in the control and treatment groups did not show
statistically significant differences. The control group
exhibited a moderate decrease of MPR in the ischemic
and/or infracted area at the 1-month time point, while
there was no significant decrease in the case of the
treatment group. Based on the preliminary date of 4
animals (2 treated and 2 control), at the 2-month time
point, the treatment group showed a marked improve-
ment with the MPRs (Fig. 8) improving to the levels
of normal myocardium, while the MPRS of the control
group remained the low.

Myocardial Tissue Tagging. Two-dimensional
(2D) myocardial strain assessment was completed for
all time points using HARmonic Phase (HARP) im-

Figure 8. Mean perfusion reserve in chronic domestic large animal
infarct model. The preliminary results are reported for regions of
remote (noninfarct) and target (ischemic) myocardial segments for
two stem-cell-treated and to control animals.

age analysis. Mean circumferential shortening in the
infarct region reveals significant and sustained long-
term improvement in regional function following stem
cell therapy in this myocardial ischemia model (Fig. 9).
We note that the LV infarct size, measured by delayed
contrast enhancement, was not significantly different
between groups at baseline (8.56% ± 4.59% exp.;
6.74% ± 2.66% Con.).

Discussion

The latest generation of interactive cardiac MR scan-
ners capable of applying ultrafast and high-resolution
MR imaging techniques have made it possible to per-
form MR-guided cardiovascular procedures. Real-time
imaging with interactive control of the tomographic
imaging planes can be used to steer catheters and de-
vices during MRI-guided interventional procedures, as
previously demonstrated.18–21

In this in vivo study, we demonstrated the feasi-
bility of MR-guided myocardial gadolinium/blue dye
injections with a nonferromagnetic stem cell delivery
catheter that was used in combination with a newly
developed miniature antenna guidewire.20 In a my-
ocardial infarct model we applied MR perfusion and
myocardial strain imaging to investigate the therapeu-
tic effects of myocardial stem cell injections in com-
parison with sham-treated animals. The preliminary
results from this study suggest that myocardial stem
cell therapy leads to improvements in both regional
function and myocardial perfusion. Myocardial func-
tion was only assessed during resting conditions, and
this study therefore leaves open the question of whether
the improvement of the perfusion reserve is matched
by an improvement of the contractile reserve. Myocar-
dial perfusion was measured both at rest and during
maximal vasodilation with adenosine. The increase of
the myocardial perfusion reserve in the treated animals
could be indicative of an improved collateral circula-
tion as a result of stem cell therapy.

Catheter Tracking and Myocardial Stem Cell In-
jections. Guidewire and catheter tracking are a pre-
requisite for MRI-guided targeting of myocardial in-
jections. We used a novel loopless miniature antenna
guidewire for active tracking in the aorta and the
heart.20 The very high signal intensities from tissue
and blood in close vicinity to the antenna resulted in
a projection-type image (Fig. 5). The principles of ac-
tive and passive tracking methods have been described
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Figure 9. Circumferential shortening (A) in the infarct region for control versus stem-cell-treated animals followed serially
by MRI HARP Imaging demonstrates a significant (P < 0.01) improvement at 4 months of treatment (B).

in detail elsewhere.16 Once the delivery sheath was
placed in a stable position in the left ventricle, the
antenna guidewire was taken out and a newly devel-
oped stem cell delivery catheter (Boston Scientific) was

pushed into the LV. This catheter with its nitinol com-
position has paramagnetic properties resulting in sus-
ceptibility artifacts ideally suited for passive tracking
(Fig. 4).

44 Journal of Interventional Cardiology Vol. 17, No. 1, 2004



APPLICATIONS OF MRI FOR CARDIAC STEM CELL THERAPY

Before the myocardial injection was performed,
high-resolution imaging to identify the position of the
catheter was performed (Fig. 3). Following these steps,
an injection of gadolinium/trypan blue was performed
under real-time MRI (Fig. 6). We were able to contin-
uously verify the anatomical position of the catheter
using a real-time imaging frame rate of 5–8 images/s.
After the injection, the gadolinium distribution was im-
aged using T1 and T2 weighted turbo spin-echo se-
quences (Fig. 7A and B) and an inversion recovery
pulse sequence for late enhancement (Fig. 7C and D).
These results correlated well with gross pathology find-
ings (Fig. 7E and F).

Effects of Stem Cell Therapy. Within the same
MRI set-up used for the MRI-guided intervention we
followed the effects of stem cell therapy by quantifica-
tion of myocardial perfusion measurement (Fig. 8) and
tissue tagging (Fig. 9). Both these MRI protocols indi-
cate improvements in the infarcted myocardial tissue
as a result of stem cell therapy. By combining images
from multiple slice positions in the heart it is possible
to generate a three-dimensional model of the heart with
surface rendering of the delayed contrast enhancement
to visualize the infarcted region (Fig. 10) and to guide
the effect of stem cell therapy.

These initial results from animal studies support the
rationale for further improvements of MR-guided car-
diac stem cell injections, both in terms of develop-

Figure 10. Three-dimensional modeling of myocardial wall mo-
tion quantification from late enhanced images showing the infarcted
region.

ing improved MRI-compatible catheters and catheter
antennas, and in terms of optimizing the stem cell
therapy protocol. The minimally invasive nature of
MRI-guided stem cell injections should facilitate the
optimization of stem cell injection protocols, including
repeated stem cell injections, an approach that would
impose a formidable burden on patients if requiring
repeat thoracotomies.

Current experience with myocardial stem cell ther-
apy has not yet established optimal dosages and time-
courses for this very promising therapeutic regimen.
Cardiac MRI may play a unique role in elucidating the
value of stem cell protocols. Furthermore, cardiac MRI
allows a multifaceted evaluation of anatomy, function,
perfusion, and regional contraction, in the same set-
ting as the MRI-guided stem cell injections, and this
may ultimately lead to a better understanding of my-
ocardial pathophysiology, as well as the effects of stem
cell therapy. Our results indicate that stem cell therapy
in a chronic ischemia model may induce improvement
in cardiac function and perfusion, which are the ba-
sis of ongoing experimental trials in cardiac stem cell
therapy.

Conclusions

In this in vivo study, we demonstrated the feasi-
bility of MR-guided myocardial gadolinium/blue dye
injections using a nonferromagnetic stem cell deliv-
ery catheter in conjunction with a newly developed
miniature antenna guidewire. These pilot animal stud-
ies will serve as templates for future studies with MR-
guided cardiac stem cell injections. Furthermore, we
demonstrated that cardiac MRI allows a mulitcatego-
rial approach of evaluating anatomy, function, perfu-
sion, and regional contractile parameters in one exami-
nation, which may lead to a better understanding of the
myocardial pathophysiology as well as the effects of
stem cell therapy. These results, not previously repor-
ted, suggest that stem cell therapy in a chronic ischemia
model may induce improvement in cardiac function
and perfusion. In the future, this technique may offer
a combined approach of interventional and diagnostic
cardiac imaging for stem cell therapy in humans.
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