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Abstract
With the recent advances in magnetic resonance (MR) labeling of cellular therapeutics, it is
natural that interventional MRI techniques for targeting would be developed. This review provides
an overview of the current methods of stem cell labeling and the challenges that are created with
respect to interventional MRI administration. In particular, stem cell therapies will require
specialized, MR-compatible devices as well as integration of graphical user interfaces with pulse
sequences designed for interactive, real-time delivery in many organs. Specific applications that
are being developed will be reviewed as well as strategies for future translation to the clinical
realm.
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Because of the limited regenerative capacity of many organs, the exogenous administration
of cells offers the promise of repair or renewal after an ischemic or destructive insult.
Another mechanism of cellular repair may be the release of cytokines and factors that recruit
native cells to the site of injury more robustly, leading to enhanced or accelerated repair or
decreased remodeling and/or native cell destruction. While the fate of stem cell therapeutics
in animal models may be determined using postmortem histology, patient trials will require
less invasive methods. The recent ability to label stem cells with conventional MR-visible
contrast agents can provide a method to initially localize the stem cell. Furthermore, serial
imaging provides the means to track stem cell persistence and migration over time.
Advances in interventional MRI over the last decade enable faster image acquisition and
reconstruction for more advanced applications. In addition, both custom and conventional
devices for the delivery of therapeutics have been tested for targeting of stem cells by MRI.
These advances in interventional hardware and software for the MR-guidance of labeled
stem cell therapeutics are examined in this review.

AGENTS FOR MR LABELING
A wide variety of MR contrast agents have been used with varying success for labeling stem
cells (1–14). Several good review articles are available that provide detailed descriptions of
potential contrast agents for molecular imaging (15) and stem cell labeling (16–19). In
general, iron oxide-based contrast agents are favored over conventional paramagnetic agents
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because a small number of these nanoparticles can create strong disruptions in the local
magnetic field and subsequently produce detectable susceptibility-based image artifacts.
Moreover, if the iron oxide label is lost from the cell, it can be eliminated through normal
iron recycling mechanisms. However, new formulations of paramagnetic agents have
recently been developed with enhanced relaxivity that may partially overcome issues of
sensitivity to the label (8–10,20,21). The advantage of paramagnetic contrast agents over
iron oxides is that they can be used to shorten T1 and, thereby, create a hyperintense signal
rather than a hypointense signal. Nonetheless, the development of paramagnetic agents for
stem cell labeling are also hindered by concerns about gadolinium toxicity should
dechelation occur either due to breakdown within endosomes or after stem cell death. A
possible alternative is to create positive contrast with iron oxide by imaging the off-
resonance effects (Fig. 1) (22–25).

Most stem cell-labeling techniques to date have used direct labeling techniques. Because
nearly all stem cells are nonphagocytic, the efficiency of cellular uptake of the contrast agent
is enhanced by coating the contrast agent with a transfection agent, such as protamine sulfate
or poly-L-lysine (2,4). The cells are incubated with the contrast agent-transfection agent
complex for ≈24 hours ex vivo prior to implantation. The use of transfection agents not only
leads to more efficient cellular labeling, but also enhanced viability of the cells (26,27). A
more recent method to shuttle contrast agents into the cell without the requirement of long
incubation times is magnetoelectroporation (MEP) (28). MEP uses small, pulsed voltages to
perturb the cell membrane, promoting endocytosis of the contrast agent. The primary
advantage of direct labeling techniques is their simplicity. The primary disadvantage of
direct labeling techniques is that the label may become dissociated from the cell with cell
death or cell fusion. Thus, the inference that the detection of signal intensities associated
with the label implies the presence of stem cells may be incorrect (16). However, in practice
the contrast agent typically cannot be taken up by cells other than phagocytic cells.
Moreover, it is unlikely that the appearance by MRI of the label in phagocytic cells will
either be sufficient for detection or will appear similar to ex vivo labeled stem cells (3).
Direct labeling techniques may also be complicated by label dilution with cell division.
Thus, if stem cell therapies are successful at regenerating tissue, then it can be anticipated
that the label dilution with cell replication may impair the ability to detect the stem cell.

Recently, fluorine nanoparticles have been introduced for direct cell labeling (29). These
particles can be readily phagocytized by stem and progenitor cells (30). While 19F MRI and
MR spectroscopy have the advantage that there is no native fluorine signal in the body, they
do require specialized coils and hardware for broadband spectroscopy. At present, stem cells
labeled with 19F have not yet been demonstrated in vivo.

Stem Cell Tracking
The first in vivo studies demonstrating the ability to label fetal tissue or stem and progenitor
cells with iron nanoparticles and track them over time using MRI were performed in the
brain (31–37). In one study, iron oxide-labeled oligodendrocyte progenitor cells were
injected bilaterally into the ventricles of the demyelinated rat brain. Migration to the
surrounding parenchyma was observed using a 4.7T MR scanner (35). In another study,
migration of iron oxide-labeled embryonic stem cells from the nonischemic hemisphere to
the ischemic hemisphere in a rat model of stroke in as little as 3 weeks was also
demonstrated using a 7T MR scanner (36).

Cardiac MRI tracking of stem cells labeled with iron oxide nanoparticles that were blindly
delivered to the heart using conventional x-ray fluoroscopic delivery techniques quickly
followed the initial neurological studies (38,39). MRI tracking in the heart was performed at
clinical field strengths in large animals with acute myocardial infarction, demonstrating
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promise for future clinical cardiovascular applications (Fig. 2) (38,39). In another study,
electromechanical mapping systems in combination with x-ray fluoroscopy was used to
guide iron-labeled stem cells to specific regions of the myocardium in a swine acute
myocardial infarction model (40). While many studies have been performed demonstrating
tracking of labeled stem cells in rodents, one study of note involved iron oxide-labeled
mesenchymal stem cells (MSCs) delivered into the renal artery of healthy rats and into the
portal system of a rat model of liver necrosis and inflammation (41). This study found that a
significant number of mesenchymal stem cells were trapped in the renal cortex and sinusoids
of the liver. This finding was determined to be due to the large size of the MSCs. Recently,
iron oxide-labeled MSCs have been seeded into tissue scaffolds (42) and tracked in vitro
over 1 month (43). These engineered tissues with labeled stem cells could ultimately play a
role in tissue grafts or whole-organ transplants.

Sex-mismatched organ transplantation has supported the idea of stem cell “homing” to sites
of tissue injury (44,45). Recently, this concept was tested using MR-labeled stem cells. A rat
model of nephropathy has shown homing of iron oxide-labeled MSCs injected intravenously
to the kidney using ex vivo MRI but failed to visualize the cells in vivo (46). A canine study
that used intravenously administered MSCs dual-labeled with a radiotracer and iron oxide
nanoparticles demonstrated homing of the cells to the heart after myocardial infarction using
radionuclide imaging but not using MRI (47). These studies point to the detection threshold
of ≈105 iron oxide-labeled stem cells for MRI in practical applications in the thorax and
abdomen (17,39). This detection threshold is dependent on the spatial and temporal
resolution as well as the magnetic field strength. In theory, single-cell detection is possible
under ideal conditions, especially in organs where motion can be minimized, such as the
brain (48–50). It has further been suggested that the administration of paramagnetic contrast
agents prior to imaging can improve the detection of hypointensities from iron oxide-labeled
stem cells (51).

Clinical translation of iron oxide labeling of cellular therapies has now been performed.
Adoption of iron oxide labeling by regulatory agencies for use in patients was aided by the
common use of magnetic bead cell selection in transplant patients, which has been shown to
create weak hypointensities on MRI (52,53). In the first study, dendritic cells were colabeled
with a clinical formulation of a radiotracer and an iron oxide (Endorem, Guerbet, France)
(54). This study demonstrated the power of MRI tracking by revealing that cellular
injections into lymph nodes under ultrasound guidance failed in 50% of the patients (54).
Furthermore, this study demonstrated the advantage of the higher spatial resolution and soft-
tissue detail of MRI compared to SPECT imaging. In a second study, MRI was used to track
iron oxide-labeled autologous neural stem cells transplanted in the brain of two patients
(55). While these early applications of MR-labeled cellular therapies are promising, the
ability to combine cell tracking with MR-guided cell delivery provides the promise of
enhanced targeting of stem cell therapeutics.

TARGETING CELL THERAPEUTICS WITH INTERVENTIONAL MRI
Stem Cell Delivery Devices

The most efficacious method of therapeutic stem cell delivery remains unknown.
Intravenous delivery is advantageous for ease of delivery, but the concentration of cells that
reach the target site can be quite limited. Intraarterial delivery has been used extensively,
particularly for treating myocardial infarction, in order to deliver therapeutic cells to the
target vessel region. Targeted organ injections are the most direct method of stem cell
delivery and could benefit from MRI guidance.
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In general, interventional MRI-guided procedures have taken their lead from x-ray
fluoroscopic delivery approaches where a variety of devices have been approved specifically
for the administration of gene, protein, and stem cell therapeutics (56). At present,
modifications to these catheters for MR-compatibility or custom-made devices have been
developed primarily for cardiovascular transmyocardial applications in academic centers
(38,57–59). The present lack of commercial interest in MR-compatible device development
represents a major obstacle to interventional MRI translation into the clinics.

Transmyocardial delivery devices that have been developed for interventional MRI
applications have fallen into two classes of devices: passive and active catheters (60–62).
The simplest passive catheter system was comprised of an introducer sheath, a stainless steel
needle, and a conventional polyethylene catheter, and the catheter was guided to the
endocardial surface based on hypointensities created by the needle (63). Another passive
catheter implementation involved adding three gadolinium-oxide markers to a prototype,
steerable injection catheter with a nitinol needle (Bio-heart, Sunrise, FL) (59). Left
ventricular catheterization was performed with this catheter using both x-ray and MR-
guidance in a hybrid x-ray/MR fluoroscopy suite. A more elegant combination active/
passive system was developed using an FDA-approved active MR loopless antennae
(Intercept, Surgi-Vision, Columbia, MD) and a custom guide catheter (AGA Medical,
Plymouth, MN) to catheterize the left ventricle. The active guidewire was then replaced with
a FDA-approved conventional injection needle (Stiletto, Boston Scientific, Natick, MA)
composed of nitinol, which creates a signal void in the images during targeting (64). While
the hypointensities created by passive devices may be acceptable in these proof-of-principle
demonstrations using injections of paramagnetic contrast agents, the ability to distinguish
the needle tip from hypointensities created by iron-labeled cells may be problematic.

Several active catheter systems have been developed. One approach involved modifying a
steerable guide catheter with an injection needle (Stiletto, Boston Scientific) to contain
active receive-only coils (57). Hardware modifications allowed the combination of this
active injection catheter with conventional surface coils to enable imaging the full thoracic
anatomy rather than just imaging the localized anatomy around the active catheter. Further
enhancements to this device included additional receiver coils to allow both the injection
needle and guide catheter to be easily localized (Fig. 3) (58,65). Another active catheter
design included an active needle consisting of a loopless antenna that was also combined
with conventional surface coils (66). Tuning and matching circuitry were placed at the distal
end of the device to minimize device size. Enhanced steerability was created by the use of a
pull-wire mechanism. One advantage of this design was that a long length of the device was
visible during guidance. The disadvantage of this design, as in some x-ray injection devices,
is that the needle lumen could not accommodate a guidewire.

While active devices produce a high signal intensity for tracking, there are always concerns
about heating of the device (67). However, preliminary studies of specific absorption rates
using a custom, active loopless antennae injection device have only shown excessive heating
associated with extension of the needle beyond the catheter (66). With insulation of the
needle, the heating observed in this active catheter system could be significantly reduced. A
possible solution to these heating concerns has been demonstrated by Weiss et al (68) using
an optically detunable resonant marker on the catheter tip. However, steerable catheters for
stem cell injections will require several markers to adequately track the catheter length and
tip.

Imaging Sequences
For rapid real-time imaging, most interventional vascular MR applications have used steady-
state free precession (SSFP) techniques (69). SSFP imaging is amenable to real-time
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imaging because it yields high signal-to-noise, fast image acquisition rates, high spatial
resolution, and high contrast between tissue and blood due to T2/T1 weighting (70). SSFP
acquisitions have been performed using traditional rectilinear, radial (71), and spiral (72) k-
space trajectories. In addition, keyhole imaging and view-sharing have been used to enhance
temporal resolution during MR fluoroscopy (73–75). While parallel imaging techniques
(76,77) offer another means to increase temporal resolution, the reduction in signal-to-noise
may impart too severe a penalty for many real-time stem cell applications. Inversion
recovery, saturation recovery, and fat saturation prepulses can also be useful for T1-
weighted images of test gadolinium injections prior to stem cell injections during targeting
(57). Typically, images are acquired without cardiac or respiratory gating to obtain the
highest possible frame rate. More details about imaging sequences for interventional MRI
are covered by Elgort and Duerk (78).

For serial interrogation of the efficacy of the stem cell therapy, a variety of conventional
MRI examinations can be performed. In the heart, cine MRI for the calculation of
measurements of global function as well as tagged or DENSE imaging for the determination
of regional myocardial function may be performed (79–83). Also, first-pass contrast-
enhanced MRI to determine local myocardial perfusion and delayed contrast-enhanced MRI
for the evaluation of infarct size are typically performed (84,85). Serial tracking of the stem
cells will depend on the labeling methodology. For iron oxide-labeled cells, T2*-weighted
image sequences, which magnify the blooming artifact from the label, are most commonly
used to serially track cells in the brain, kidneys, tumors, liver, and heart (38,39,41,86–92).

Imaging Platforms and Interfaces—The interventional MRI platform requires the
coordination of MR-compatible devices, real-time imaging sequences, graphical interfaces,
scanner controls, and physiological monitoring into one efficient package for stem cell
delivery applications. For example, previously acquired delayed contrast-enhanced MRI for
infarct localization can be used to target cellular injections to regions surrounding the
infarction while watching physiological monitors for the development of arrhythmias during
needle advancement and injections. Additional useful features include: 1) the ability to
colorize the active catheter and needle components and overlay them on grayscale
anatomical images; 2) the display of road map images with real-time images; 3) interactive
scan plane manipulation; and 4) pulse sequence parameter manipulation during real-time
scanning (93–95). All three major MR scanner vendors are developing graphical interfaces
to accommodate many of these features. A representative screen-shot of an interface is
shown in Fig. 4 (96,97). Some advanced features may include the ability to perform
automatic image plane updating based on tracking catheter locations, tip tracking, and image
field-of-view determination dependent on the speed of catheter motion (98–101). Other
useful features that have been incorporated into some packages include physiological
monitoring and temperature from optical sensors or using advanced MRI methods
(102,103). At present, manipulation of the catheter probes by robotic devices has not yet
been used in stem cell applications, but has been used for needle-based procedures in other
parts of the body (104).

Role of Interventional MRI in Stem Cell Therapy
The earliest applications of interventional MRI for targeted injections did not inject stem
cells, but rather determined the accuracy of stem cell targeting using injections of MR
contrast agents with visible dyes for validation in phantoms and postmortem (Fig. 5)
(57,59,63–66,105,106). These studies documented the ability to determine the immediate
success or failure of injections into the myocardium with failure rates ranging from 0%–
19%. However, due to the wash-out of the gadolinium-based agents from the tissue, the MRI
enhancement patterns from multiple injections persisted for only 10–20 minutes (Fig. 6) and
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could potentially be confounded by hyperintensities due to delayed contrast- enhanced
imaging.

A significant advantage of interventional MRI combined with iron oxide labeling of cells is
the ability to have immediate feedback concerning the success and localization of the
injection. Under x-ray fluoroscopy, confirmation of successful transmyocardial delivery of
stem cells is essentially impossible. In fact, injection failure rates of 30%–35% under x-ray
guidance have been reported using MRI detection of the injections (38,89). The voluntary
suspension of a gene therapy trial delivered transmyocardially with a Stiletto catheter has
raised concern about the quantity of injectate that should be delivered. Thus, more recent
studies have concentrated on delivery of stem cells without test contrast injections (38,58).
With MR delivery, soft-tissue detail is enhanced, the injections can be targeted to specific
tissues or pathologies based on conventional MR imaging, and the success of the injections
can be ascertained in real-time. This has been demonstrated in the heart after acute
myocardial infarction (Fig. 7) (38,58). Furthermore, exposure of the naïve stem cells to
ionizing radiation can be avoided. Additionally, the efficacy of the stem cell therapy can
often be determined using conventional MR imaging protocols with intrinsic registration to
the images used for cellular tracking.

Some of the first clinical cardiovascular trials using unlabeled cells were delivered using an
intracoronary route via traditional x-ray interventional techniques (107–119). Despite the
suggestion by an experimental study of higher cellular retention and engraftment using a
transmyocardial delivery route (120), only a limited number of trials have been performed in
patients using this delivery route (121–124). Since cardiovascular MRI can identify viable
myocardium (125,126), areas that may be preferred for stem cell engraftment can be
specifically targeted using interventional MRI and labeled stem cells (127). Several groups
have been actively involved in large animal studies on clinical scanners to develop protocols
that will assist this effort (58,65,128,129). An x-ray injection system for gene, protein, and
cellular therapeutics has been modified for use as an active injection catheter and used for
cellular therapeutic injections in a swine model of acute myocardial infarction (58).
Tracking and localization of the injection catheter can be enhanced by color coding the
receiver from the injection catheter while sequentially obtaining images in multiple planes.
Representative still frames from a screen capture movie of an MRI-guided left ventricular
catheterization are shown in Fig. 8. The custom, active injection catheter (66) is guided from
a carotid artery approach to the infarcted myocardium in a dog using the Siemens Interactive
Front End (IFE) graphical interface and interactive real-time SSFP pulse sequence (Fig. 8).
Within the graphical interface, one can vary the gain from the active catheter to make it
more or less prominent (Fig. 8e–g). In these studies, SSFP imaging was performed during
catheter guidance and transendocardial stem cell injection, typically using a frame rate of
≈3–8 frames/sec with a slice thickness of 8–10 mm (Fig. 9) (58,129). Hypointensities appear
in real-time as the iron oxide-labeled stem cells are injected in the myocardium and confirm
the success of individual injections (Fig. 9). Documentation of the stem cell injection sites
can be performed using cardiac gated and breath-hold images acquired with a high spatial
resolution either as a 2D stack of images or a 3D volume (Fig. 7).

Stem Cell Efficacy Determined Using MRI
Beyond anatomical imaging, MRI has the added benefit of being able to examine organ
functionality and perfusion. In the simplest case, anatomical imaging can be performed to
assess organ mass as a surrogate for stem cell tissue regeneration. The functional effects of
the stem cells can be assessed using MRI techniques that measure changes in tissue
perfusion, tissue oxygenation, or tissue function. In the central nervous system, functional or
diffusion MRI, in concert with anatomical imaging, may be used to complement clinical
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tests of neurological function to determine whether stem cell therapy resolves or slows the
progression of disease.

The effect of stem cell type and route of delivery has been tested most extensively using
MRI in acute ischemic disease and chronic heart failure. Of all the noninvasive imaging
modalities, MRI is considered superior for assessing myocardial function and myocardial
viability. In particular, the high repeatability and accuracy of MRI allow one to demonstrate
a statistically significant treatment effect with a much diminished sample size (130).

Several preclinical studies using labeled and unlabeled stem and progenitor cells have used
serial MRI to determine efficacy. In a swine model of reperfused myocardial infarction,
Amado et al (90) have shown that infarct size by delayed contrast-enhanced MRI was
reduced in animals receiving intramyocardial injections of iron oxide-labeled mesenchymal
stem cells, but not in animals that did not receive cells. These results run contrary to
classical studies of infarct remodeling where infarct expansion in the first week is followed
by infarct remodeling and wall thinning (131). Conversely, in a reperfused swine infarction
model, Moelker et al (132) were able to demonstrate reductions in infarct size over 4 weeks
in both treated and untreated animals with a slight increased reduction in infarct size in those
animals that received intracoronary injections of bone-marrow-derived stem cells, but global
left ventricular function was not improved by cellular therapy. A representative example of
regional myocardial function based on tagged MRI showing little improvement in function
despite mesenchymal stem cell therapy is shown in Fig. 10.

In a rat model of permanent coronary occlusion, Limbourg et al (133) showed that
intravenous administration of 7500 bone marrow mononuclear cells resulted in
improvements in wall shortening and ejection fraction by MRI as early as 3 days
postadministration, but only sporadic cells could be detected at 4 weeks postadministration.
Infarct size, however, was not different between sham and treated rats (133). Zeng et al
(134) have also shown in a rat model of permanent coronary occlusion with a ≈10% loss of
left ventricular mass that high-energy phosphates, as measured by PCr/ATP ratios from 31P
MRS, were improved in animals that received allogeneic pMultistem cells (135), a class of
bone marrow stem cells whose origin has been the subject of much recent controversy (136).
Interestingly, 0.35% of these cells were still detected by histology at 4 weeks postinjection,
which suggests a poor retention of stem cells whether given by intracoronary or intravenous
delivery (134). In a direct intramyocardial injection study of 500,000 iron oxide-labeled
MSCs delivered in four injections to the border zone of a nonreperfused infarcted rat,
Stuckey et al (89) showed retention at 16 weeks postinjection and suggested that retention of
stem cells was higher in the infarcted myocardium. However, more detailed studies in large
animals are expected to further elucidate the best location for stem cell injections (88,137).
Overall, these data support radiotracer studies of increased stem cell retention with direct
intramyocardial injections (120).

Numerous clinical cardiovascular cellular trials have been performed but the vast majority
have relied on echocardiographic assessment of left ventricular function. Of the recent
randomized clinical trials using MRI, global left ventricular function and/or viability was
assessed after treatment with bone marrow mononuclear treatment by intracoronary
injection (111,113–116). While most studies were powered primarily to demonstrate safety
and not efficacy, provisional efficacy based on sustained improvements in left ventricular
ejection fraction was only shown in one study (113). The transmural extent of infarction also
appeared to be critical in determining outcomes in another study (114). The enrollment
criteria in many of these trials included patients with moderate disease such that the studies
were underpowered to demonstrate an effect of the therapy, even using MRI.
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In summary, MRI results from both preclinical animal studies (90,132–134) and clinical
trials (109,111–116,138–140) have demonstrated that these therapies are safe, but have
failed to reach a consensus as to whether stem cell therapy in cardiovascular disease is
efficacious. While these results may appear to be contradictory and inconsistent, many
variables, such as stem cell type, therapeutic dose, timing of dose, etc., may be the
underlying confounders. Thus, while the vast majority of studies have not used labeled stem
cells or interventional MRI delivery, it is anticipated that the addition or combination of
these techniques will lead to a better understanding of the cellular therapy, targeting, and
assessment of stem cell therapies with the end result of optimized therapeutic protocols.

LIMITATIONS
Several limitations still exist in the translation of preclinical interventional MRI studies with
labeled stem cells to the expanding number of clinical trials. While two studies have been
performed with direct labeling of cells with iron oxide compounds in patients, the potential
for the iron oxide to become uncoupled from the exogenously labeled stem cell can lead to
inaccurate tracking results after serial delivery. Another concern with iron oxide-labeled
stem cells is the ability to distinguish hypointensities associated with the cells from changes
in T1 and T2 due to edema, inflammation, and hemorrhage secondary to acute ischemia
(141). Kustermann et al (142) have shown that the area of hypointensity on proton density
and T2* images is dissimilar where iron oxide-labeled progenitor cells have been delivered,
whereas areas without cells show no such variation in hypointensity. Whether this simple
method to distinguish cells from other causes of hypointensities will succeed in clinical trials
remains to be tested. Thus, direct labeling is simple, has been developed with clinical grade
compounds, and is amenable to clinical trials.

Another area of concern is the lack of commercial testing and development of MR-
compatible devices for interventional MRI. Without such industry support, the future of
interventional MRI will remain tenuous. Despite the numerous advantages of MRI delivery,
concerns about the ability to monitor patients in the MRI environment, the potential for
active device heating leading to either loss of stem cell viability or patient burns, and the
frequent placement of MRI facilities away from traditional interventional and surgical suites
have also limited the rapid expansion of these techniques. Thus, it is likely that in the near
future labeled stem cell therapies will move into clinical trials with interventional MRI
delivery of labeled stem cells following at a less rapid pace.
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Figure 1.
Fast spin echo image of one million iron oxide-labeled mesenchymal stem cells, which
appear hypointense in an agarose phantom (left). Using a positive contrast imaging
technique (25) the iron oxide-labeled stem cells appear hyperintense in a typical dipole
pattern (right).
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Figure 2.
Long-axis MR images (left) of the left ventricle with magnified view (right) showing
hypointense lesions (arrow) caused by iron oxide-labeled mesenchymal stem cells injected
under x-ray fluoroscopy acquired within 24 hours (top) and 1 week (bottom) of injection.
Expansion of the hypointense region at 1 week is indicative of local migration of the stem
cells. Adapted from Kraitchman et al (38), which contains expanded contiguous image data
and histological validation.
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Figure 3.
Long-axis MR images (4.0 msec repetition time, 2.0 msec echo time, 70° flip angle, 240
mm2 field of view, 160 × 160 matrix, 8 mm section thickness, 2 frames per second) acquired
in water bath containing nitinol catheter and different active coil elements. a: Only the
external surface coil elements were active. b: Only the catheter coil was active. c: Only the
catheter tip microcoil was active. d: Both surface coil elements and active catheter coil are
contributing to the image. Reprinted with permission from Saeed et al (65).
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Figure 4.
Screen capture of the Siemens prototype Interactive Front End (IFE) graphical interface that
enables real-time scan plane manipulation and serial acquisition of up to three imaging
planes. The image is reconstructed with the active injection catheter colored green for
enhanced visibility. Representative pseudo long- and short-axis images are shown acquired
in real-time in vivo in a canine reperfused myocardial infarction. Bookmark images (small
images at bottom) facilitate rapid return to previous scan plane position using a simple drag-
n-drop of the image plane into one of three image acquisition planes.

Kraitchman et al. Page 20

J Magn Reson Imaging. Author manuscript; available in PMC 2011 April 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
High-resolution, ECG-gated, breath-hold steady-state free precession short-axis images prior
to contrast injection (left), and after transmyocardial gadolinium-based contrast injection
with tissue vital dye (middle) under MR fluoroscopy. Postmortem digital image (right)
demonstrates a high concordance of the spatial location and extent with in vivo MRI.
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Figure 6.
a: The distal tip of a custom, MR-compatible active injection catheter (66) that was used for
injections of 10% gadolinium with a tissue vital dye. b: ECG-gated, breath-hold long-axis
image prior to injection. c: Long-axis image after first gadolinium injection mixed with a
blue dye. d: Long-axis image after second gadolinium injection with green dye.
Unfortunately, injection sites can only be appreciated for a short period of time due to wash-
out of the gadolinium contrast agent. e: Postmortem image demonstrating distinct injection
sites. Adapted from Karmarkar et al (66).
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Figure 7.
Targeting of the iron oxide-labeled stem cell injections to the peri-infarction area was
performed based on delayed contrast-enhanced short-axis MRI (left) in which hyperintense
signal represents myocardial infarction (MI) in this acute, reperfused canine model. Short-
axis, high-resolution fast gradient echo image (right) of the left ventricle demonstrating
multiple hypointensities (arrows) from iron oxide-labeled mesenchymal stem cells that were
injected under MR fluoroscopy. Adapted from Bulte and Kraitchman (17).
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Figure 8.
Still-frame captures of three-plane view from the Siemens interactive graphical interface
demonstrating guiding an active catheter into the left ventricle from a carotid artery
approach. Images were acquired with a nongated steady-state free precession pulse
sequence. The needle of the injection catheter is colored yellow. In frame (f) the gain from
the active catheter is reduced to enable better determination of the catheter position.
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Figure 9.
Top: A single pseudo-long axis-plane (left) and three-plane view (right) with an injection
catheter shown in green prior to labeled stem cell injection. The catheter is steerable and
flexible to enable access to many portions of the left ventricular endocardial surface.
Bottom: During injection of iron oxide-labeled stem cells the active catheter gain is no
longer colored to enhance detection of hypointensities in the myocardium to document stem
cell injection success.
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Figure 10.
Three representative short-axis images at end-diastole (top row) and end-systole (bottom
row) in a dog with a reperfused left anterior descending coronary artery myocardial
infarction that received transmyocardially administered mesenchymal stem cells under MR
fluoroscopy. Prior to injection at 72 hours postinfarction (images on left), tagged MRI with
circumferential strain shown as a color overlay where less shortening is green and more
shortening is blue demonstrates a mild functional defect in the anteroseptal wall (12 o’clock
to 2 o’clock) that shows little functional improvement or slight worsening of function at 2
weeks posttransmyocardial mesenchymal stem cell delivery (images on right).
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