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Abstract
Objective—The purpose of this review is to describe the principles of MRI cell tracking with
superparamagnetic iron oxides and the four clinical trials that have been performed.

Conclusion—Clinical MRI cell tracking is likely to become an important tool at the bedside
once (stem) cell therapy becomes mainstream. The most prominent role of this technique probably
will be verification of accurate cell delivery with MRI-guided injection, in which interventional
radiologists will play a role in the near future. All clinical studies described as of this writing have
been performed outside the United States.
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Molecular and cellular MRI has rapidly become a field of intense research effort. Although
there is overlap, molecular MRI is aimed at specific visualization of molecular structures,
most commonly proteins expressed on the cell surface that can be indicative of disease.
Cellular MRI is aimed at visualization of the cell in its entirety, without differentiation of
subcellular structures and molecules. Metallic MRI contrast agents are used in both
techniques, but an experimental technique has been introduced that relies on endogenous
bioorganic contrast enhancement [1].

Gadopentetate dimeglumine was the first MRI contrast agent approved by the U.S. Food and
Drug Administration and is without question the most widely used compound. It is clinically
safe because more than 99% of the dose is rapidly cleared and excreted along the renal
pathway. It would therefore seem logical to use gadopentetate dimeglumine off label for
clinical MRI cell tracking, but it has not for various reasons and will likely not be anytime
soon.

The first reason for not labeling cells with gadopentetate dimeglumine is that doing so
would result in long-term retention of gadopentetate dimeglumine in the body; the clearing
mechanism is uncertain and may not be renal. Although the pH of blood plasma is nearly
neutral, assuring sufficient stability of the chelate complex gadopentetate dimeglumine for
its current clinical applications, the low pH in the lysosomes and endosomes of cells may
lead to rapid dechelation once cells are labeled with paramagnetic agents. A potential
toxicity concern about the existence of free Gd3+ ions does exist and has been further
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emphasized by the recognition of the occasional manifestation of nephrogenic systemic
fibrosis [2], possibly as a result of contact between fibrocytes and the agent [3–7].

The second reason for not labeling cells with gadopentetate dimeglumine is that on the basis
of the inherent physical principles of MR relaxation, intracellular gadopentetate
dimeglumine has much reduced T1 relaxivity owing to differential water exchange and inner
sphere relaxation. In addition, compartmentalization leads to local magnetic susceptibility
effects that can produce ambiguous (e.g., positive vs negative) contrast enhancement,
particularly at higher field strengths.

Superparamagnetic iron oxide (SPIO) particles are a different class of MRI contrast agent
that endow the cells of interest with straightforward hypointense contrast enhancement after
proper labeling [8]. One SPIO formulation, ferumoxides (Feridex, Bayer HealthCare), was
approved by the U.S. Food and Drug Administration in 1996 and is sold in Europe under the
name Endorem (Guerbet). It was originally developed as a liver contrast agent because it is
taken up by Kupffer cells but did not live up to its promise and has been taken off the market
because of lack of sales. Nevertheless, ferumoxides is the only pharmaceutical-grade MRI
contrast agent that has been used for clinical cell tracking and is featured in this review.

Strategies for SPIO Labeling of Cells
Several strategies exist for SPIO labeling of cells. The easiest and safest method is
spontaneous uptake of particles by phagocytic cells such as macrophages, microglia, and
immature dendritic cells. This uptake usually depends more on the net surface charge than
on the size of the particles. Both negatively charged (anionic) SPIO and positively charged
SPIO can be taken up by nonphagocytic cells. Much smaller, neutral particles, such as
monocrystalline iron oxide nanoparticles and ultrasmall superparamagnetic iron oxide, are
designed for longer blood half-life applications, such as lymph node imaging, and are much
less efficient than SPIO in being taken up by cells after simple incubation.

For nonphagocytic cells that do not spontaneously imbibe ferumoxides, several tricks can be
used to ensure intracellular uptake and magnetic labeling. The most widely used strategy is
use of cationic (positively charged) transfection agents to coat the anionic (negatively
charged) ferumoxides particles through electrostatic interactions [9]. Transfection agents
have been widely used to shuttle DNA molecules into cells, and this method has been
adapted to do the same for ferumoxides. One transfection agent, protamine sulfate, exists as
a clinical formulation [10], so both compounds can be used clinically off label. Depending
on the relative ratio of transfection agent to ferumoxides, oligomers or precipitates form, and
at the appropriate dilutions, macropinocytosis occurs (Fig. 1).

Other methods of magnetic labeling have been described but are not widely used. One
strategy, also translated from DNA transfection, is electroporation. The advantage is that
electroporation is an instant method. Because the electrical pulses used enable temporary
membrane permeability without an additional compound, off-label approval for use in
transfection is not required [11,12].

Is SPIO Labeling Safe?
Unlike gadolinium, iron is a naturally occurring metal present in the human body, at a dose
of approximately 4 g in the average adult. Studies have shown that in Kupffer cells
(professional macrophages or scavenger cells), ferumoxides is completely biodegraded in
approximately 2–4 weeks, the iron being recycled into the normal blood pool, including
hemoglobin [13]. The total dose that would be introduced into the human body in MRI cell
tracking would be approximately 1 mg, or 0.025% of total body iron, calculated for a dose
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of 1 × 108 cells and 10 pg Fe/cell. Because iron has been central to the emergence of life in
terms of mitochondrial assimilation through reversible oxidation and reduction of Fe2+ and
Fe3+, respectively, mammalian cells are well adapted to regulation of iron homeostasis.
Thus the use of ferumoxides appears clinically safe. Many studies of potential cytotoxicity
and cell function have shown no adverse effects at doses of approximately 10 pg Fe/cell.
Results of a few studies indicate that for specific scenarios, caution still must be exercised.
Although no effect on cell viability, growth, or downstream differentiation into other cells
was found, for unknown reasons chondrogenesis was blocked when mesenchymal stem cells
were induced into the chondrogenetic pathway after labeling with ferumoxides [14]. A
second study showed immunomodulatory effects of SPIO on labeled macrophages that
interact with T cells [15]. Finally, after ferumoxides labeling of glia-restricted precursor
cells and intraspinal transplantation of these cells, marked macrophage–microglia influx was
observed that was absent when cells were transplanted but not labeled with ferumoxides
[16].

Toxicity studies have been focused on the effect of ferumoxides labeling on the labeled cell
of interest. Few if any studies have been conducted to investigate the potentially toxic
effects on host tissue. What effects do biodegraded iron or released free intact ferumoxides
particles have on the surrounding host tissue? Which adjacent host cells are in first contact
with the particles and at risk? Do the host cells take up these intact particles? If they do, how
do the host cells cope with excess iron? Although this hypothesis is difficult to model and
investigate in detail (live individual cells would have to be isolated from host tissue), the
issue of taking up and coping with excess iron will eventually be of paramount importance
for widespread safe clinical implementation of ferumoxides-based MRI cell tracking.

Proof-of-Concept Preclinical Studies
The first preclinical studies and the concept of MRI cell tracking were introduced in the
early 1990s [17–19]. Several studies were conducted over the years, mostly on the use of
SPIO-labeled immune cells in immunotherapy. It was not until the results of the first serial
in vivo studies of cell migration were reported [20] and the use of transfection agents for
efficient intracellular labeling was introduced [20–22] that the growth of MRI cell tracking
exploded when results of preclinical studies showed proof of concept in many cell migration
and homing scenarios [23,24]. Because of the emergence of stem cell therapy and the need
for high-resolution noninvasive tracking methods of clinical translation, MRI cell tracking
became a robust method and entered the clinic.

Initial Clinical Studies
It is remarkable that the first four clinical studies of ferumoxides were performed outside the
United States (two in Europe, one in Asia, and one in South America) [25–28]. In the first
study [25], performed in The Netherlands, investigators examined the use of ferumoxides-
labeled dendritic cells. The first injection into a patient was performed on April 26, 2004.
The following specific aspects of the study facilitated fast approval by the local institutional
review board to initiate the first clinical studies. First, a clinically approved contrast agent
(ferumoxides) was used, albeit off label. Second, no secondary (transfection) agent was
needed because immature dendritic cells are phagocytic by nature. Third, immature dendritic
cells had always been isolated from peripheral blood mononuclear cells with Miltenyi
superparamagnetic beads (Miltenyi Biotec) conjugated to specific antibodies for
immunomagnetoisolation. Unlike in the United States, removal of these beads from the
surface of the cell was not required. The dextran-coated beads are an excellent SPIO MRI
contrast agent [29,30] and resemble ferumoxides in many ways. Because clinical studies
with these beads had already been performed, the argument was made that rather than SPIO
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beads on the outside of the cell, SPIO inside these cells would be studied. Fourth, studies
of 111In-oxine radionuclide cell tracking [31] had been performed with the same dendritic
cells and melanoma patient population. Fifth, the participants in the study were patients with
advanced stage III melanoma, which has a poor prognosis and no other effective therapy.
Sixth, the entire draining lymph node bed into which the ferumoxides-labeled cells were
injected was resected after 2 weeks.

Two key findings were reported in that first study [25]. The first was that it is feasible with a
routine clinical setup to detect ferumoxides-labeled cells not only in the injected lymph node
but also in nearby lymph nodes to which they migrate (Fig. 2). This phenomenon occurred
when cells containing approximately 30 pg Fe/cell [32] were used in 3-T MRI performed
with conventional pulse sequences. With labeling with 111In-oxine in parallel, it was
estimated that the sensitivity with the coil setup used at a resolution of 0.5 × 0.5 × 3.5 mm
was approximately 15,000 cells [25]. It also became evident that because of its flexible 3D
multiplanar nature, MRI was superior to radionuclide imaging with regard to accurate
detection of the number of nodes that contained injected dendritic cells.

The second finding was surprising. Cells had been accidentally misinjected in four of the
eight patients who satisfied the end point criteria among the 10 patients enrolled in the study
[25]. This poor injection rate for procedures performed by experienced radiologists was not
known until the results of MRI cell tracking became available. On the radionuclide scans,
only a cloud of radioactivity was visible in the area of the draining lymph node bed. When
the radionuclide scans were cross-referenced with the MR images containing anatomic
information, it became clear that the cells had been injected into either surrounding muscle
or subcutaneous fat (Fig. 3). An important factor is that the cells were injected under
ultrasound guidance. Compared with MRI, ultrasound imaging has poor resolution, and
anatomic features sometimes are difficult to interpret. In the case of a particular lymph node,
it is common that the tip of the injection catheter pushes the node into the fatty bed without
puncture and that once the needle is in the node, it is relatively easy to puncture all the way
through.

In general, the clinical benefit of cancer vaccine therapy varies widely. Some patients
respond well and some not at all, according to immunostimulatory outcome measures [33].
When cells are misinjected, there is no response because intrafollicular T cells must form
rosettes with dendritic cells to become activated. The results of this first clinical MRI cell-
tracking study are testimony to the absolute need for a noninvasive technique that can be
used to assess the accuracy of cell injections and preferably to guide the injection itself in
real time. MRI-guided cell injections conform to this requirement.

A different approach to monitoring the efficacy of cancer vaccine therapy is to label the
tumor vaccine itself with ferumoxides rather than labeling the dendritic cells of interest. This
approach, called magnetovaccination [34], can be used to obtain serial images of sentinel
dendritic cells that have homed to draining lymph nodes and have activated T cells. The
difference is that the MR images depict dendritic cells that have captured antigen, and are
thus the specific immunostimulatory cells of interest, in the course of engulfing both the
tumor antigens and the ferumoxides inside the irradiated dying tumor cells used as vaccine
[34]. This process is illustrated in Figure 4. A gene-transduced autologous tumor vaccine
(GVAX, Cell-Genesys) is a clinical investigational cancer vaccine developed at my
institution [35]. In the spring of 2009, discussions began about initiating clinical trials of the
vaccine with magnetovaccination.

The second clinical MRI study, performed in Shanghai, China, is a report of two patients
with traumatic brain injury [26]. Autologous neural stem cells, isolated after removal of
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brain tissue during emergency surgery, were labeled with ferumoxides and a nonclinical-
grade unapproved lipofection transfection agent (Effectene, Qiagen). Cells were
stereotactically injected near the area of brain injury in one patient (Figs. 5A–5F), and
gradient-echo MR images were obtained at 3 T. Over time, dynamic changes in the
hypointensity were encountered that were attributed to movement of neural stem cells from
the injection site to the border zone of the lesion. The signal intensity had disappeared
completely 7 weeks after injection, possibly as a result of cell proliferation and dilution of
ferumoxides toward undetectable levels. A control case of a patient with brain trauma who
received unlabeled cells (Figs. 5G–5L) showed an absence of hypointense voids. This study
clearly showed that it is feasible, at higher field strength, to detect magnetically labeled stem
cells in the human brain.

The third clinical study [27] was performed in São Paulo, Brazil, and stands out from the
others in terms of the substance used as the MRI contrast agent: it was not designed as a
contrast agent. The magnetic particles used to label CD34+ bone marrow stem cells were
nonclinical, nonbiodegradable larger microspheres (Dynal Magnetic Beads, Invitrogen)
developed solely for magnetic cell separation and bone marrow stem cell purging of tumor
cells. Ten patients with chronic spinal cord injury received magnetic bead–labeled bone
marrow stem cells, and six patients acting as controls received beads without cells. All
injections were into the spinal cord by lumbar puncture.

Serial MR images were obtained at 1 T before and 20 and 35 days after injection (Fig. 6). As
in the patient with traumatic brain injury in the study performed in China, migration of
labeled cells toward the site of injury was observed over time, and the pattern was absent in
the images of the patients who received injections of unlabeled beads. Although these results
are significant in terms of ability to visualize cell migration noninvasively over time, there is
considerable concern about patient safety with use of unapproved non-clinical-grade,
nonbiodegradable contrast agents.

The fourth and last MRI clinical study [28] of cell tracking as of this writing was performed
in Geneva, Switzerland. In that study, human cadaveric islet cells were labeled with
ferucarbotran and transplanted intraportally according to the Edmonton protocol [36,37].
T2*-weighted MRI was performed before and at various times after transplantation (Fig. 7).
The viability and in vitro and in vivo functions of labeled islet cells were similar to those of
control islet cells. All patients became insulin-independent after transplantation. The liver
exhibited normal signal intensity on pre-transplantation images, and iron-loaded islet cells
were identified after transplantation as hypointense spots within the liver. Many diabetic
patients, however, experience spontaneous iron overload that interferes with detection of
labeled islets (Fig. 7A).

In the study performed in Geneva [28], all patients who received ferucarbotran-labeled islet
cells achieved insulin independence, confirming that SPIO labeling of islet cells appears to
have no harmful effects on islet cell function. In that study, islet cell–induced spots
continued to be identified 6 months after transplantation, but no correlation was found
between the number of transplanted islets and the number of spots within the liver. The total
number of hypointense spots was low in relation to the number of transplanted islet cells,
even though 300,000–600,000 islet cells were transplanted. It was postulated that the
sensitivity of detection may be too low for visualization of individual islet cells and that
actual visible spots represented multiple islets grouped together. One way to increase
sensitivity is to immunoprotect islet cells in semipermeable alginate capsules labeled with
ferumoxides. These magnetocapsules, each containing a single islet cell and approximately
80 ng of iron, can be detected at the level of a single capsule [38].
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Limitations
No technique is without limitations, and MRI cell tracking is no exception. The current
approach of prelabeling of cells with SPIO has several limitations. First, it is not possible to
discriminate live from dead cells. Once cells die, the SPIO particles remain in and around
dead cells until cleared away, primarily by cells of the macrophage lineages. Occasional
misinterpretation is possible. If macrophages or microglial cells phagocytize dying SPIO-
labeled cells and actively move away from the site of cell implantation, these host
macrophages can be mistaken for transplanted cells. Second, when cells divide rapidly after
transplantation, the SPIO label quickly is divided among daughter cells to undetectable
levels. The situation worsens in the case of stem cells that exhibit asymmetric cell division
[39]. There can be a sharp boundary of MRI-visible and non-MRI-visible cells that are
below the detection threshold.

The third limitation is that MRI cell tracking is difficult to perform in cases of traumatic
injury in which hemorrhage is present. The endogenous blood derivatives, including
methemoglobin, exhibit significant hypointensity, making detection of further SPIO-induced
loss of signal intensity difficult. These cases include, but are not limited to, spinal cord
(crush) injury, traumatic brain injury, stroke, and iron overload in the liver (Fig. 7A). The
fourth limitation is that areas of SPIO-induced hypointensity sometimes are difficult to
interpret because they obscure the normal anatomic features of underlying tissue. It is
believed, but not yet proved, that alternative positive contrast imaging techniques, such as
inversion recovery on-resonance, may be beneficial for MRI cell tracking [40,41].

An MR reporter gene that can serve as a beacon of cell survival and produce an even signal
from cells regardless of the number of divisions is currently the holy grail in molecular and
cellular MRI research. As of yet, no robust MR reporter system, that is, a transfected gene
product that has been widely used for cell tracking and independently verified by different
laboratories, has been developed. A few prototype candidates exist, and there is much
activity in the field [1,42–44]. One important feature is that MR reporter genes be used to
report on downstream lineage differentiation of stem cells when the actual reporter gene is
placed under a promoter specific for the cell type of interest [45].

As of this writing and to the best of my knowledge, only one clinical study has been
performed with a reporter gene. The resulting case report [46] described a glioma patient
who received autologous cytotoxic T cells transfected with the PET reporter gene herpes
simplex virus thymidine kinase [47].

Future Importance of Image-Guided Cell Injection
The accidental misinjections in four of eight patients in the first clinical MRI cell tracking
study [25] have set a precedent for the absolute necessity for monitoring in real time the
actual anatomic accuracy of cell depositions. MRI-compatible catheters have been
developed [48,49] that allow MRI-guided intramyocardial injection of stem cells [50–53]
and intraportal injection of encapsulated pancreatic islet cells [38], ensuring that the person
performing the procedure can feel confident about the outcome. An example is shown in
Figure 8.

Most cell injection procedures are performed with ultrasound imaging, and the poor
anatomic interpretation together with the lower spatial resolution is far from optimal. MRI is
likely to become the technique of choice for image-guided injections. In the medical device
industry, there is a growing interest in developing MRI-compatible catheters specifically
designed for cell therapeutic applications.
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Summary
It is anticipated that MRI cell tracking will be an integral part of future clinical cell therapy,
defining a new role and opportunity for interventional radiologists. One key aspect of
successful cell therapy is accurate injection into the target tissue. Without precise injection,
any therapy, no matter how sophisticated the approach, is guaranteed to fail. MRI-guided
real-time cell injection with SPIO-labeled cells is the technique of choice for precise
injection. However, because MRI does not yield information on cell survival and cell
differentiation, follow-up imaging studies, whether PET or MRI, with reporter genes as
beacons are needed. Reporter genes may be combined, producing a double or triple reporter
gene, and use of the genes may be combined with SPIO labeling. Molecular imaging
scientists and interventional radiologists must strive to make successful cell therapy,
including stem cells, a clinical reality.
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Fig. 1.
Schematic shows intracellular magnetic labeling with ferumoxides and polycationic
transfection agent. Ferumoxides solution is supplied as formulation containing dextran as
stabilizer (A). This bacterial polysaccharide has many terminal hydroxyl groups, which
endow particles with negative surface charge (zeta potential, approximately −41 mV [54]).
Commonly used (commercial) cationic transfection agents have zeta potential of +25 to +65
mV (B) and often contain multiple lysine or arginine residues and, as single agents, are
known as cell-penetrating peptides. When mixed at correct concentration and incubated for
approximately 60 minutes, A and B form complexes through electrostatic interactions, or
van der Waals forces (C). Bond is not covalent but strong enough to hold two compounds
together. Depending on ratio of ferumoxides to transfection agent, different sizes of
oligomers form. Excess of either one results in formation of precipitable aggregates
unsuitable for labeling. In this hypothetic example, oligomers consist of five individual
ferumoxides particles, but there can be fewer or more. When added to cell cultures,
ferumoxides–transfection agent complexes, which have net cationic charge due to outer
coating of transfection agent, bind to anionic outer cell membrane (D), again as result of
electrostatic interactions. As in macropinocytosis (big drinkers), membrane destabilization
occurs through multiple membrane bends and invaginations (E). Membrane bending and
cell-penetrating peptide properties of transfection agent ensure that ferumoxides complexes
enter cells, eventually ending up in endosomes (F), which can fuse with secondary
lysosomes.
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Fig. 2.
74-year-old man with stage III melanoma who had undergone intranodal injection of
autologous dendritic cells primed with synthetic melanoma antigens and labeled with
ferumoxides and 111In-oxine. In vivo migration of superparamagnetic iron oxide and 111In-
labeled dendritic cells was monitored (D–N) with MRI and scintigraphy after injection into
right inguinal lymph node. Overall, MRI had better accuracy for determining number and
location of lymph nodes that contained injected or migrating labeled dendritic cells.
(Reprinted with permission from [25])
A, Gradient-echo MR image before vaccination shows right inguinal lymph node (1, arrow)
with area of high signal intensity.
B, Spin-echo MR image shows lymph node (1, arrow) after vaccination.
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C, Gradient-echo MR image shows decreased signal intensity of lymph node (1, arrow)
after vaccination.
D, Scintigram obtained 2 days after vaccination shows migration of dendritic cells from
injection lymph node (1) to three nearby lymph nodes (2–4). Lymph node identified at
scintigraphy as injection lymph node (1) was found at MRI to consist of two distinct lymph
nodes (1 and 5, G–J).
E and F, Spin-echo (E) and gradient-echo (F) MR images show injection lymph node (1,
solid arrow) 2 days after vaccination. Open arrow indicates lymph node that does not
contain ferumoxides-labeled dendritic cells.
G–N, Paired spin-echo (G, I, K, and M) and gradient-echo (H, J, L, and N) MR images
show migration of dendritic cells from injection lymph node (1) to four nearby lymph nodes
(2–5, solid arrows). Open arrows (K–N) indicate lymph nodes that do not contain
ferumoxides-labeled dendritic cells; black solid arrows, lymph nodes positive for
ferumoxides-labeled cells that have lower signal intensity on gradient-echo than on spin-
echo images.
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Fig. 3.
35-year-old woman with stage III melanoma. Accuracy of delivery of ferumoxides
and 111In-oxine-labeled dendritic cells. (Adapted with permission from [25])
A, MR image obtained before vaccination shows inguinal lymph node (arrow) as target for
injection.
B, MR image obtained after injection shows site of accidental misinjection of labeled
dendritic cells into subcutaneous fat (white arrow). Black arrow indicates lymph node that
was intended target.
C, Scintigraphic image, because of lack of anatomic information, does not show accurate
injection (arrow).
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Fig. 4.
Experimental mouse model. Preclinical example of magnetovaccination for MRI tracking of
injected dendritic cells. Dendritic cells were labeled in vivo (in situ) after phagocytosis of
granulocyte–macrophage colony-stimulating factor (GM-CSF) tumor cell vaccine injected
into footpad of mouse. Open arrows indicate draining popliteal lymph nodes from footpads
with unlabeled GM-CSF vaccine; white arrows, draining popliteal lymph nodes from
footpads with ferumoxides-labeled GM-CSF vaccine. (Reprinted with permission from [34])
A and B, Gradient-echo MR image (A) and magnification of inset (B) on day 1 show neither
popliteal lymph node exhibits evidence of low signal intensity or dendritic cell homing to
lymph nodes.
C and D, Gradient-echo MR image (C) and magnification of inset (D) on day 3 show
decreased signal intensity in lymph nodes that corresponds to arrival of sentinel dendritic
cells that have captured antigen from ferumoxides-labeled vaccine.
E and F, Gradient-echo MR image (E) and magnification of inset (F) show low signal
intensity of lymph nodes persists on day 4.
G and H, Gradient-echo MR image (G) and magnification of inset (H) on day 8 show
increase in signal intensity with dynamic anatomic change suggesting redistribution of
dendritic cells from lymph node cortex to medulla.
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Fig. 5.
34-year-old man with traumatic brain injury (A–F) who received stereotactic injection of
ferumoxides-labeled neural stem cells and 42-year-old man with traumatic brain injury (G–
L) who received unlabeled autologous neural stem cells. MRI performed at 3 T. (Reprinted
with permission from [26])
A, MR image obtained before injection of labeled cells shows absence of low signal
intensity around lesion (asterisk) in left temporal lobe.
B, MR image obtained 1 day after implantation of stem cells shows circular areas of low
signal intensity at injection sites. Asterisk indicates lesion.
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C, Magnified MR image obtained 1 day after injection shows four areas of low signal
intensity (arrows) at injection sites around lesion (asterisk).
D, Magnified MR image obtained 7 days after injection shows area of low signal intensity
(white arrow) posterior to lesion, indicating presence of ferumoxides-labeled neural stem
cells. Asterisk indicates lesion; black arrows, injection sites.
E, Magnified MR image obtained 14 days after injection shows fading of low signal
intensity at injection sites (black arrows) and emergence of new area of low signal intensity
(arrowhead) that spreads along border of injured brain tissue (asterisk). White arrow
indicates area of low signal intensity that emerged on day 7.
F, Magnified MR image obtained 21 days after injection shows areas of low signal intensity
have expanded and extend farther along lesion (white arrow). Asterisk indicates lesion;
black arrows, injection sites; arrowhead, area of low signal intensity that emerged on day 14.
G, MR image shows findings before injection of unlabeled neural stem cells.
H, MR image shows findings 1 day after injection.
I–L, Magnified MR images obtained 1 (I), 7 (J), 14 (K), and 21 (L) days after injection
show slightly hypointense areas around injection sites (arrows). Asterisk indicates lesion.
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Fig. 6.
21-year-old man with chronic spinal cord injury. (Reprinted with permission from [27])
A–C, Serial MR images obtained before (A) and 20 (B) and 35 (C) days after injection of
dynamagnetic bead–labeled CD34+ bone marrow stem cells show site of injury at T4–T5
level (circle). Hypointense areas (arrows) near site of injury expanded at later time points,
presumably as result of targeted migration of bone marrow stem cells.
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Fig. 7.
Findings before and after intraportal transplantation of ferucarbotran-labeled human
cadaveric islet cells. (Reprinted with permission from [28])
A, 56-year-old woman with type 1 diabetes. MR image obtained before transplantation
shows spontaneous iron overload, which is common in patients with type 1 diabetes and
prevents visualization of hypointense islet cells.
B–D, 42-year-old man with type 1 diabetes. MR images show appearance before (B) and 5
days (C) and 6 weeks (D) after transplantation. Arrows indicate areas of low signal intensity
induced by engrafted islets. Hepatic signal intensity is normal.
E–G, 62-year-old man with type 1 diabetes. MR images show appearance before (E) and 5
days (F) and 6 months (G) after transplantation. Arrows indicate areas of low signal
intensity induced by engrafted islets. Hepatic signal intensity is normal.
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Fig. 8.
Intraportal injection of cellular therapeutic agent into healthy pig. MRI-guided
transplantation of cadaveric human pancreatic islets encapsulated into ferumoxides-labeled
semipermeable alginate capsules, or magnetocapsules. (Reprinted with permission from
[38])
A, Conventional MR angiogram–venogram of mesenteric venous system obtained with 30
mL saline solution containing 0.1 mM gadopentetate dimeglumine before intraportal
injection. Needle (white arrow) is in inferior vena cava with proper orientation for
portacaval puncture. Black arrow indicates portal vein.
B and C, In vivo MR images obtained before (B) and 5 minutes after (C) intraportal infusion
of magnetocapsules shows capsules as hypointense voids throughout liver.
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