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Abstract

Minimally-invasive monitoring of regeneration in diseased
tissue is an important aspect of stem cell therapy. Magnetic
resonance imaging (MRI) based tracking of cells labelled
with ferumoxides has the potential for non-invasive in vivo
detection and longitudinal assessment of implanted cells.
Cells labelled with ferumoxides appear as hypointense
regions on MR images and thus can be distinguished from
the surroundings. Application of this methodology to
intervertebral disc degeneration (IVD), and detection of
labelled cells implanted into the disc for tissue regeneration
was examined. Mesenchymal stem cells labelled with a
ferumoxide contrast agent were imaged in vitro to
quantitatively characterize the signal intensity loss using
MRI relaxation parameters (T, T,, and T,*). To determine
whether labelled cells could be detected within scaffolds
suitable for implantation, labelled cells were seeded within
both natural and synthetic polymers and imaged using MRI.
Labelled cells were loaded within poly(ethylene glycol)
hydrogels and imaged in vitro using both MRI and confocal
microscopy. Labelled cells were also loaded into fibrin gels,
and detected ex vivo within rat IVDs using MRI. Lastly,
the effect of ferumoxide labelling on cell viability was
investigated. Quantitatively, labelled cells demonstrate the
greatest signal intensity loss and contrast on T,*-weighted
images. Labelled cells can be detected in both synthetic
and natural polymers, and can be distinguished from the
native tissue environment of the rat IVD. Finally, labelling
does not significantly impair cell viability. Consequently,
this technique shows promise as a potential method for in
vivo longitudinal tracking of stem cell based regeneration
of the IVD.
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Introduction

Stem cell based tissue engineering therapies involve the
administration of ex vivo manipulated stem cell
populations with the purpose of repairing and regenerating
damaged or diseased tissue. Recent studies have reported
that stem cells have the potential to facilitate regeneration
of a variety of tissues such as brain (Takagi et al., 2005),
myocardium (Orlic et al., 2001, 2003), liver (Lagasse et
al., 2000), and endothelium (Takahashi et al., 1999).
Another potential application of stem cell therapy is in
the treatment of intervertebral disc (IVD) degeneration, a
condition that affects approximately 12 million Americans
(Web ref. 1).

The biology of the IVD and the changes that occur
with degeneration have been extensively reviewed
(Beadle, 1931; Boos et al., 2002). Briefly, IVD anatomy
consists of an inner core known as the nucleus pulposus,
and a surrounding firm ring of tissue called the anulus
fibrosus. During degeneration there are a variety of
morphological changes that occur (Battie and Videman,
2006; Pfirrmann et al., 2001). For example, the distinction
between nucleus pulposus and anulus fibrosus degrades,
and the disc loses both height and hydration. Although
clinically the link is poorly understood, IVD degeneration
is postulated as a potential cause for chronic back pain
(Urban and Winlove, 2007).

At the cellular level, the IVD consists of chondrocytes
at the end-plates of the disc, chondrocyte-like cells in the
nucleus pulposus, and fibroblast cells in the anulus
fibrosus. The nucleus pulposus and anulus fibrosus contain
abundant amounts of extracellular matrix (ECM) proteins,
particularly collagens and proteoglycans (Leung et al.,
2006). Since degradation of the ECM, in particular
proteoglycans is known to be an early event in IVD
degeneration current biological therapies are aimed at
ECM restoration. In particular, a variety of studies have
investigated mesenchymal stem cells (MSCs), a type of
adult stem cell, as a means of regenerating the IVD. Rabbit
MSC implantation resulted in an increase in proteoglycan
content (Sakai et al., 2003; Zhang et al., 2005), partial
restoration of disc height and hydration (Sakai et al., 2005,
2006), and differentiation into the chondrocyte/nucleus
pulposus cell phenotype (Sakai et al., 2005).

To evaluate the effectiveness of such stem cell based
therapies, it is necessary to monitor them once implanted
within the body. In the case of the IVD, much of the
previous work within rabbit and rat models of disc
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degeneration has relied on histological techniques for
discontinuous assessment. Specifically, in order to detect
the presence of cells within the region of interest at various
time points, animals are usually sacrificed and stained
specimen sections are viewed using microscopy
(Crevensten et al., 2004; Sakai et al., 2006). While these
techniques are effective in a research setting, they
fundamentally preclude in vivo assessment and in vivo
longitudinal tracking of therapy. As such, while stem cell
therapies can be designed for minimally invasive
implantation, the current methods of assessment are highly
invasive and clearly clinically undesirable. For stem cell
therapies aimed at repairing and regenerating the IVD to
be clinically applicable, an effective technique for non-
invasive in vivo detection and longitudinal tracking of
transplanted cells is necessary.

An alternative method that can be used for monitoring
implanted stem cells is to label the cells with a ferumoxide
(FE) based contrast agent and track the cells using magnetic
resonance imaging (MRI). This methodology would aid
in the development and evaluation of stem cell based
therapies for repair and regeneration (Arbab et al., 2004a;
Bulte et al., 2001; Frank et al., 2003; Hoehn et al., 2002).
With this technique, the contrast agent consisting of
superparamagnetic iron oxide (SPIO) nanoparticles is
taken up by the cell, increasing its magnetic susceptibility.
As negative contrast agents, FEs weaken the MR signal
intensity (SI), and thus appear darker in MR images. Signal
intensity can be quantitatively characterized by T, T,, and
T,* relaxation time measurements, with a characteristic
FE induced signal loss on T, and T,* weighted images
(Frank et al., 2003; Kalish et al., 2003). However, FEs
have a negative zeta potential, and thus are not efficiently
taken up by stem cells and other nonphagocytic cells (Frank
et al., 2003; Kalish et al., 2003). As such, a transfection
agent is necessary to increase the efficiency of contrast
agent uptake by the cell.

Arbab et al. have described the effective complexing
of FEs with the transfection agent protamine sulphate (Pro)
and labelling of a variety of cell types, including human
MSCs (hMSCs) (Arbab et al., 2004b; Arbab et al., 2005).
This FE-Pro complex allows for efficient cellular uptake
of SPIO nanoparticles via endosomal incorporation, and
subsequent MRI detection. A major advantage of the FE-
Pro complex is that both FEs and Pro are approved for in
vivo human use by the US Food and Drug Administration.
As such, the transition of this methodology into the clinic
would be relatively straightforward.

The purpose of this study was to investigate and further
characterize FE-Pro labelling of hMSCs, and to explore
the potential application of this novel methodology to
detection of stem cells implanted into the disc for IVD
regeneration. In addition to in vitro labelling of hMSC
cultures, and quantitative characterization of SI loss on
MR images (i.e. T,, T,, and T,* relaxation), the effects of
labelling on stem cell viability were examined. In order to
determine whether labelled cells could be detected within
3D scaffolds suitable for implantation, labelled cells were
seeded within constructs and imaged using MRI. Since
tissue engineering constructs are either synthetic or natural
polymers (Elisseeft et al., 2006), this study investigated
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detection of labelled stem cells within these two types of
matrices. For synthetic polymer investigation, labelled cells
were seeded within biocompatible poly(ethylene glycol)
(PEG) hydrogel plugs and imaged in vitro using both MRI
and confocal microscopy. As a natural polymer, a fibrin
gel was used to load labelled cells and implanted ex vivo
within a rat model of IVD to demonstrate initial detection
of transplanted cell populations via MRI. The results
further validate the use of MRI to track FE-Pro labelled
stem cells, and support the potential application of this
methodology for monitoring transplanted stem cell
populations throughout the IVD repair and regeneration
process.

Materials and Methods

Stem cells and cell culture

Following procedures approved by the Institutional
Review Board at the University of California, San
Francisco CA, USA, bone marrow tissue was obtained
from young adult male patients undergoing surgery for
repair of femur fractures. Mononuclear cells were isolated
by Percoll (Sigma Aldrich, St. Louis, MO, USA) gradient
separation, and then plated in high glucose Dulbecco’s
Modified Eagle’s Medium (DMEM) (Invitrogen, Carlsbad,
CA, USA) with 10% foetal bovine serum (FBS)
(Invitrogen) and 1% penicillin/streptomycin (Invitrogen).
After 24 hours, non-adherent cells were washed away.
Adherent cells were maintained in the same media,
expanded using standard culture conditions (37 °C and
5% CO,), and passaged 1:4 at 80-90% confluence. Cells
were subcultivated using 0.25% trypsin with ImM
ethylenediamine- tetraacetic acid (EDTA) (Invitrogen).
Cells used for labelling experiments were between
passages 8-10 to avoid cell senescence.

Cell labelling

The FE-Pro labelling procedure was performed as
described in Arbab et al. (Arbab et al., 2004b; Arbab et
al., 2005). Briefly, the contrast agent Feridex IV (Berlex
Laboratories, Wayne, NJ, USA) at a concentration of 100
pg/mL, and the transfection agent Protamine Sulphate (Pro;
American Pharmaceutical Partner, Schaumburg, IL, USA)
at a concentration of 4 ug/mL were added to DME serum-
free medium and mixed for approximately 10 minutes.
Following mixing, 12.5 mL of the labelling medium was
added to an 80% confluent hMSC monolayer in a 150 cm?
cell culture flask. After 2 hours of incubation under
standard culture conditions, an equal volume of complete
DMEM was added to the cultures for a final FE
concentration of 50 pug/mL. Cell cultures were then
incubated overnight.

Following labelling with FE-Pro, samples were washed
with phosphate-buffered saline (PBS) containing heparin
(Abraxis Bioscience, Los Angeles, CA, USA) at a
concentration of 10 US Pharmacopeia (USP) units/mL.
Heparin was used during washing because it competes with
the ferumoxides for binding to protamine sulphate, thus
working to dissolve cell surface bound FE-Pro particles
(Arbab et al., 2004b) and deactivate extracellular FE-Pro.



K1J Saldanha et al.

Of note, heparin is also approved by the Food and Drug
administration and is used as an anticoagulant clinically.
Cells were then trypsinized, collected, filtered through a
40 um mesh (BD Biosciences, Bedford, MA, USA), and
counted for further experiments.

FE-Pro hMSCs in synthetic hydrogel constructs

To determine if FE-Pro labelled cells could be detected in
vitro when seeded within synthetic 3D constructs, FE-Pro
labelled hMSCs were imaged using MRI and confocal
microscopy after seeding within PEG hydrogels. The
hydrogel precursor solution was formed using 84%
volume/volume (v/v) PEG-dimethylacrylate (PEGDMA:
MW 750) (Sigma), 8% v/v 2,2-Dimethoxy-2-
phenylacetophenone (Sigma) photoinitiator in 1-vinyl-2-
pyrrolidone (Sigma) crosslinker (60 mg/mL), and 8% v/v
PBS. Two millilitres of this solution was placed into a well
of a 6-well plate (Corning, Corning, NY, USA) and cells
in solution were added to reach a concentration of 1x10°
cells/mL. The plates were then exposed to 365 nanometre
ultraviolet (UV) light (Uvitec, Cambridge, United
Kingdom) for 30s — Smins until gelation occurred. Of note,
hydrogels seeded with FE-Pro labelled cells took longer
(3-5 mins) to solidify under UV light compared to
unlabelled cells and empty hydrogels (30s-2min).

Ex vivo detection FE-Pro hMSCs in natural polymer
fibrin gel

In order to determine whether FE-Pro labelled cells could
be detected within a natural polymer loaded into an animal
model, labelled cells were imaged ex vivo within the IVD
of excised rat tails. Labelled cells were loaded into a fibrin
gel (Tisseel VH Fibrin Sealant, Baxter International Inc.,
Deerfield, IL, USA) at a concentration of 1x107 cells/mL,
according to the manufacturer’s instructions. Injection into
the IVD was guided by the use of a fluoroscope (Xiscan
C-arm Assembly, Xitec, Windsor Locks, CT, USA). A
syringe needle was used to push the nucleus pulposus out
of the IVD, and 50 pL of the gel containing labelled cells
was injected into the region. Based on previous retention
studies, approximately 10 UL is retained initially within
the disc, yielding an estimate of 1x10° cells present
following injection. As a control, an empty fibrin gel was
injected into an adjacent disc within the rat tail. X-ray
images (Faxitron X-ray, Wheeling, IL, USA) were obtained
prior to and following injection, and the difference in disc
height measured as an indicator that the gel containing
labelled hMSCs was in fact injected into the IVD. All
research involving animals was performed under approved
guidelines established by the UCSF institutional animal
care and use committee.

MR imaging

All MR imaging experiments were performed on a 3T
scanner (GE Medical Systems, Waukesha, WI, USA), and
Mayo wrist coil (Mayo Clinic, Rochester, MN, USA). For
in vitro imaging of cells in solution, cells at concentrations
ranging from 1x10*-10° cells/mL were suspended in tubes
containing 0.5 mL Ficoll (1.077 g/mL) (Amersham
Biosciences, Piscataway, NJ, USA). Ficoll was used to
suspend the cells in order to maintain osmolarity and
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prevent cell settling. As a negative control, unlabelled
hMSCs and an empty Ficoll solution were also imaged.
For each concentration of labelled cells, and the unlabelled
control, multiple samples (n=3) were prepared for in vitro
imaging, and the results averaged. For cells labelled and
seeded in hydrogels, the cross-linked gels were placed
within the imaging tubes without Ficoll. For the hydrogel
experiment controls, empty hydrogels were imaged, as well
as hydrogels containing unlabelled hMSCs. Tubes were
placed in a water bath and imaged at room temperature
(20°C). A spin-echo (SE) sequence was used to determine
T, (Echo Time (TE)/Repetition Time (TR) = 12/60-
1000ms) and T, (TE/TR = 12-300/4000ms) relaxation
times. A gradient-echo (GRE) sequence was used to
measure T,* relaxation times using a 90 flip angle, and
TE/TR = 4-20/34ms. The field of view (FOV) used was
60 x 60mm, and the in plane resolution of the single slice
was 234um on a side with a thickness of 9mm. Dedicated
processing software written in Interactive Data Language
(Research Systems, Boulder, CO) and MATLAB
(Mathworks, Natick, MA, USA) was used to quantify Tz*
relaxation times by performing a two parameter (initial
signal-intensity (SI) and T," relaxation time) exponential
fit of the experimentally obtained data points. This was
done for each of the samples (n=3), and the results
averaged. In cases where FE-Pro labelling led to saturation
of SI loss into the background noise, two different methods
were used for fitting. In the first method, only the linear
region on natural log plots of SI was used for curve fitting.
In the second method, the images were converted to power
images by squaring the magnitude images. These power
images were then used for a three parameter fit, in which
the initial SI, the T, * relaxation time, and an additive noise
term were optimized.

For ex vivo natural polymer detection of labelled cells
within the excised rat tails, specimens were scanned
coronally using a 3D multi-slice GRE sequence (TE/TR =
8/24ms). The in-plane resolution of the obtained images
was 117um on a side, with a slice thickness of 0.6mm,
and a total imaging thickness of 14mm. The FOV for the
region imaged was 60mm.

Confocal microscopy

FE-Pro labeled hMSCs seeded within PEG based
hydrogels were also imaged using confocal microscopy.
Following FE-Pro labelling, hMSCs were also labelled
using CellTracker CMFDA (Invitrogen) according to the
manufacturer’s directions. These cells were then seeded
within PEG based hydrogels and placed in 6-well plates.
A stack of images was obtained throughout the entire
volume of the hydrogel using a Nikon CI1SI imaging
system (Nikon USA, Melville, NY, USA) with a 488nm
excitation wavelength and a 30nm pass-band centred at
515nm (green). The imaging setup consisted of a water
immersion lens with a 10x objective and a 0.3 numerical
aperture. The FOV for each slice in the stack was 615um
on a side, with a slice thickness of 5um, and total stack
thickness of 205um. The stack of images was processed,
and combined into a 3D volume using Nikon image
processing software (NIS Elements AR 2.30).
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Figure 1: Iron oxide labelling of human mesenchymal stem cells: in vitro gradient echo (echo time/repetition time
= 4/34 ms) magnetic resonance image of (a) iron oxide labelled cells (1x10° cells/mL); and (b) unlabeled cells
(1x10° cells/mL); (c) optical micrograph of labeled cells before heparin wash; (d) optical micrograph of labelled
cells after heparin wash; (e) optical micrograph of unlabeled cells. (scale bar = 40 um)

Cell viability

To assess viability of cells following labelling, FE-Pro
labelled and control h(MSCs were plated at 70% confluence
in 2-well Permanox chamber slides (Nalge Nunc
International, Rochester, NY, USA). At days 0, 1, 2, 4,
and 8 after labelling, hMSC viability was assessed with
the Live/Dead Reduced Biohazard Viability/Cytotoxicity
Kit (Invitrogen). Viability of unlabelled cells was also
assessed as a control. Cells were incubated in a solution
containing 2uL SYTO 10 green fluorescent nucleic acid
stain, and 2uL ethidium homodimer-2 in 1mL of (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) buffered
saline solution at room temperature in the dark for 30
minutes. Cells were then viewed with a fluorescent
microscope and digital micrographs were obtained using
both a fluorescein (Excitation/Emission: 494/517nm) and
texas red filter (Excitation/Emission 528/617nm). Images
were loaded into Adobe Photoshop (Adobe Systems, San
Jose CA, USA), and using an overlaid grid live and dead
cells were quantified through hand counts performed by
lab personnel. The ratio of dead cells to live cells was
recorded and used for statistical analysis.

Statistical Analysis

Statistical analysis of the obtained relaxation times was
performed using an analysis of variance (ANOVA) test,
followed by a Holm t-test to compare each of the labelled
samples against the unlabeled control. For the cell viability
data an ANOVA test on the ratio of dead cells to live cells
for the 5 experimental groups and the single control group
was used.

Results

Effect of FE-Pro labelling on signal characteristics

The results of the in vitro experiments indicate efficient
cellular uptake of the contrast agent via FE-Pro complex
formation, and the corresponding distinguishable SI loss
of labelled cells on MRI images (Fig. 1). Labelled cells
(Fig. 1a) show up considerably darker than unlabelled cells
(Fig. 1b). Digital micrographs showing labelled cells
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before heparin wash (Fig. 1c), labelled cells after wash
(Fig. 1d), and unlabelled cells (Fig. le) are also depicted.
Plots of SI versus TR (T, measurements) and SI versus
TE (T,, and T,* measurements) are depicted in Figure 2.
On T, weighted images (Fig. 2a), FE-Pro labelling does
not appear to have an effect on SI, and labelled cells are
not distinguishable from unlabelled cells. The effect of
FE-Pro labelling is most pronounced on T, * weighted GRE
images (Fig. 2b). Cells labelled at the highest concentration
of 1x10° cells/mL show the greatest loss in SI, while
labelled cells at a concentration of 1x10*-10° cells/mL also
have lower SI values at low TEs compared to unlabelled
hMSCs. On T, weighted images (Fig. 2c), labelled cells
appear to be distinguishable from unlabeled cells at longer
TEs (70ms-300ms), but SI loss does not appear to vary
with the concentration of labelled cells. Focusing on the
T,* weighted GRE images where SI loss is strongest, T, *
relaxation times obtained by using a two parameter fit are
depicted in Figure 2d. Compared to the unlabelled control,
there is a statistically significant difference (p<0.01) in
the T,* values for the labelled cells at 1x10° cells/mL.
Figure 2e shows the T,* results of the three parameter fit.
Including noise in the fit yields a higher T,* value for 1x10°
cells/mL as compared to the two parameter fit, but the
difference between relaxation times for labelled and
unlabelled cells at the highest concentration is still
statistically significant (p<<0.01).

FE-Pro hMSCs in hydrogel constructs

Seeding of labelled stem cells within the PEG based
hydrogels resulted in in vitro detection via MRI (Figs. 3a-
c). Labelled cells within the hydrogel appeared as a
hypointense region on the images obtained. Imaging of
cells using confocal microscopy allowed detection of single
cells throughout the volume of the hydrogel. A
representative confocal microscopy volume image is
shown in Figures 3d-e. Cells were stained using the
CellTracker CMFDA kit, which stains only live cells. The
positive stain indicates that the FE-Pro hMSCs were well
distributed within the hydrogel, and that the FE-Pro hMSCs
survived the labelling procedure and the hydrogel photo
polymerization process.
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Figure 2: Signal Intensity (SI) and relaxation measurements: (&) SI vs. repetition time (TR) plot resulting from spin
echo sequence. Labelled cells are indistinguishable; (b) SI vs. echo time (TE) plot resulting from gradient echo
sequence. SI values are lower for labelled cells; (c) SIvs. TE plot resulting from spin echo sequence. Labelled cells
are distinguishable from unlabelled cells at TEs above 70 ms; (d) T," relaxation times for labelled and unlabelled
cells obtained by fitting SI values to an exponential curve. For FE-Pro cells at 1x10° cells/mL only TEs of 4, 6, and
8 ms were used for fitting to account for signal loss saturation. (€) T," relaxation times obtained by including a noise

term in the exponential fit. (n =# of samples for each concentration; ~ = statistical significance p <.01 compared to
unlabelled cells)
a) b) c)

Figure 3: Magnetic resonance imaging and confocal microscopy of labelled cells within hydrogels: in vitro gradient
echo (echo time/repetition time 6/34ms) magnetic resonance image of (a) stem cells labelled with the iron oxide
complex seeded within the hydrogel (1x10° cells); (b) unlabeled stem cells (1x10° cells) seeded within the hydrogel
and; (¢) hydrogel without cells. Labelled cells showed up as a hypointense region compared to unlabelled cells and
the empty hydrogel; (d) & (€) confocal microscopy volume rendered images of iron oxide labelled stem cells within
ahydrogel. Positive green staining indicates the position of live cells following labelling and hydrogel polymerization.
(scale bar = 100 um)
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Figure 4: Ex vivo detection of iron oxide labelled cells within a rat model of disc degeneration: Rat discs were
injected with a fibrin gel containing labelled cells (1x107 cells/mL) and imaged using magnetic resonance imaging.
Discs injected with labelled cells appear darker indicating a loss of signal on the image (right). For comparison, a
disc was injected with fibrin gel alone, and appears brighter. A radiograph image (left) shows the sites of injection.

Disc height was also increased following injection.

Ex vivo MR detection of labelled cells

In the rat model (Fig. 4), the signal loss due to FE-Pro
labelling is clearly apparent in the injected discs. While
the labelled cells in the disc appear black in the image, the
disc injected with only fibrin gel is brighter. A radiograph
image depicting the sites of injection is also shown. In
addition, disc height following injection as measured on
radiographs is increased (not shown) when compared to
disc height prior to injection of the fibrin gel. This was
used as an indicator that the cells seeded within the fibrin
gel were in fact injected into the IVD.

Cell viability

The labelling of hMSCs with FE-Pro does not significantly
impair cell viability. When compared against unlabeled
hMSCs (control) the ratio of dead cells to live cells was
not significantly different at day 0, 1, 2, 4 and 8 after
labelling (P > 0.25). Figure 5 shows the ratio of dead cells
to live cells for the labelled groups at various days, as well
as the unlabelled control group.

Discussion

The promise of utilizing stem cells to regenerate diseased
or damaged tissue inherently requires an effective
minimally invasive method for assessment. With MRI
tracking, FE-Pro labelled cell populations appear as signal
voids, and thus can be distinguished on MR images. Since
MR imaging is non-invasive, the ability to track stem cells
using this imaging modality is highly favourable. While
MRI tracking of iron oxide labelled cells has been
examined in the past, the application of stem cell labelling
to monitor IVD regeneration has not been previously
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Figure 5: Effect of iron oxide labelling on cell viability:
The ratio of dead cells to live cells between unlabelled
controls, and labelled cells at day 0, 1, 2, 4, & 8 after
labelling was compared. There appears to be no
significant difference in cell viability between labelled
cells and unlabelled cells. Iron oxide labelling does
not impair cell viability. (error bars correspond to mean
+ standard deviation)

investigated. Application of this technique to the IVD is
important because the ability to track implanted hMSCs
within the disc would be valuable as a means of non-
invasively monitoring the repair and regeneration process.
This would make it possible to determine the effectiveness
of such treatment. As demonstrated by the results of this
study, FE-Pro labelling and tracking using MRI has
promise as a means for studying stem cell based
regeneration of the IVD. Specifically, the results show that
ST loss of labelled cells on MR images can be quantitatively
characterized by measurements of standard MRI relaxation
parameters. In addition, FE-Pro labelled cells can be
distinguished from the surrounding environment when
placed within synthetic scaffolds such as hydrogels, as well
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as within natural polymers implanted within native tissue.
Lastly, cell viability of labelled cells does not appear to be
affected by labelling with FE-Pro.

The SI loss and subsequent contrast of labelled cells is
strongest on GRE images (Figure la-b). GRE pulse
sequences are utilized because they emphasize differences
in magnetic susceptibility between tissues. For this
particular methodology, stem cells labelled with FE-Pro
have increased susceptibility due to the highly magnetic
iron oxide particles. In addition, GRE imaging allows for
imaging at short TEs, where differences in SI and
associated contrast are the greatest for iron oxide labelled
cells. These characteristics of GRE pulse sequences allow
for the strong contrast of iron oxide labelled cells and their
detection on the resulting images. Based on the results of
the quantitative analysis, cells at a concentration of 1x10°
cells/mL are distinguishable from unlabelled cells (1x10°
cells/mL) in vitro, with a statistically significant difference
in T,* values when both the two and three parameter fit
are used. Clinically, the number of cells implanted for
therapeutic applications will depend on the particular site
and tissue of interest, but it is important that the size of the
transplanted cell population is within the detection limits
of MRI. Miller and Joseph (1993) report that fitting of the
associated power images with an additive noise term
generally causes a decrease in the measured relaxation time
when compared to a two parameter fitting of the magnitude
images. The fact that this differs from the results obtained
in this study for labelled cells at the highest concentration
is presumably because the T,* values measured here are
very short. Thus the effect discussed by Miller and Joseph
(1993) is less dominant in this situation. For the other
concentrations of labelled cells, and the unlabelled cells,
the SI plots indicate that the signal loss is not saturated
into the noise region, which leads to similar T,* values
using both the two and three parameter fit.

Stem cell populations are often implanted within the
body using a scaffold to create an environment that is
conducive to cell attachment, proliferation, required gene
expression, and formation of new functional tissue
(O’Halloran and Pandit, 2007). Ideally, the scaffold mimics
the in vivo environment of the implanted cells for a defined
period of time, until the implanted cells integrate into the
surrounding native tissue. Presently, a variety of synthetic
and natural polymers have been utilized for this purpose
(Raghunath et al., 2007). MRI detection of labelled cells
specifically within 3D scaffolds is an important
consideration, because each type of polymer will have its
own MRI signal characteristics and associated SI based
on its material composition. Thus, the signal characteristics
of the FE-Pro labelled cells seeded within the 3D scaffold
must be iron oxide dominated with sufficient SI loss and
associated contrast to allow for adequate detection.
Among synthetic polymers, the use of hydrogels as 3D
scaffolds for cell implantation has been well documented
(Brandl et al., 2007). We report here the in vitro detection
of FE-Pro labelled hMSCs seeded within hydrogels using
MRI. Labelled cells within the synthetic PEG hydrogels
were also stained and imaged using confocal microscopy,
illustrating the FE-Pro labelled stem cells can be enclosed

23

MRI of stem cell based IVD regeneration

in a scaffold, and remain both live and viable. Currently,
resolution limits preclude imaging of single cells using
standard MRI machines. However, the ability to track a
transplanted population of labelled stem cells
longitudinally represents a significant step in the
assessment of stem cell based therapies. Furthermore, as
the resolution of clinical MRI continues to improve, the
ability to image single cells should be possible in the
foreseeable future. Currently, Hinds et al. (2003) report
the ability to image single cells in vitro using an 11.7 Tesla
spectrometer.

In addition, we have demonstrated the ex vivo detection
of a transplanted population of labelled hMSCs seeded
within a fibrin based gel, a well characterized natural
polymer utilized in tissue regeneration (Peretti et al., 2000;
Westreich et al., 2004). As expected the discs implanted
with FE-Pro labelled cells appear as a hypointense region,
and so are detectable by means of MRI (Figure 4). These
results are similar to those reported by Sykova et al. (2006)
who were able to detect iron oxide labelled rat stem cells
when implanted in vivo within the spinal cord of injured
rats. MRI has already been extensively used to image the
IVD (Boos et al., 1994; Masaryk et al., 1988), and
techniques have been developed to classify disc
degeneration based on MR images (Pearce et al., 1991;
Pfirrmann et al., 2001; Raininko et al., 1995; Schiebler et
al., 1991; Tertti et al., 1991; Thompson et al., 1990).
Consequently, as stem cell based techniques for IVD
regeneration are developed, utilizing MRI to image the
disc and monitor therapy seems to be a feasible and
promising endeavour.

Labelling of hMSCs with FE-Pro does not appear to
affect cell viability. These results are in agreement with
those obtained by Arbab et al. (2004b) who reported no
increased cell death following labelling, and no reduction
in proliferation capacity. As an indication that cells were
in fact labelled, Arbab et al. (2004b) report 100% labelling
efficiency, as determined by Prussian Blue Staining and
manual counting of cells prepared on microscope slides.
In looking to future applications, both components of the
FE-Pro complex as well as the heparin used for washing
are FDA approved, and so are not expected to have toxic
effects when utilized in vivo.

While this study utilized FE-Pro labelling to provide
negative contrast via SI loss, it is also possible to generate
positive contrast with iron oxide labelling. Cunningham
et al. (2005) demonstrated the ability to label cells with
SPIOs and use spectrally selective pulses to excite the off
resonance water surrounding the labelled cells. This
allowed for positive contrast of the labelled cells compared
to the surroundings, as well as a linear correlation between
the ST and the number of cells. Based on these preliminary
results, future studies should consider the ability to detect
FE-Pro labelled hMSCs using positive contrast MR
imaging sequences, and the effects on detection within the
surrounding tissue of the IVD. This can be done both
qualitatively using obtained images and quantitatively via
MR relaxation parameters. Since negative contrast imaging
is limited in its ability to distinguish between the presence
of labelled cells and an inherent signal void in the image,
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the use of positive contrast to confirm the presence of
labelled cells would be beneficial. In principle it is possible
to use a combination of positive and negative contrast
imaging to track transplanted labelled cells simply by
varying the pulse sequence used during each scan. As a
result, it is expected that positive contrast imaging could
be used for initial detection following transplantation of
labelled cells within the IVD, followed by high resolution
negative contrast imaging to image the cells within the
surrounding tissue once they have been detected.

In conclusion, this study demonstrated that the
established technique of labelling with iron oxides and MR
imaging appears feasible as a methodology for monitoring
stem cell based regeneration of the IVD. As stem cell based
therapies continue to emerge as treatment methods for
diseased or damaged tissues, the use of this technique for
non-invasive assessment shows promise. With the
demonstrated in vitro and ex vivo results presented here,
future studies should include in vivo longitudinal studies
of stem cell tracking by means of MRI. As this technique
continues to show promising results, its clinical application
to treatment of IVD degeneration and a variety of other
disease conditions is expected.
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Discussion with Reviewer

G. Beaudoin: Why was it chosen to fit a 3-parameter
equation on 3 data points? It would be better off to keep
all the data points and let the fit deal with the additive
noise. The T,* error should be normalized with a factor
S=sqrt(Xi>/NDF) for a better estimation of the error (ref.
AH Rosenfeld (1975), Ann Rev Nucl Sci 25: 555).
Authors: The fitting of the three parameters (including
noise) was done by fitting data for the five experimentally
obtained data points (corresponding to TE values 0f 4,6,8,
15, & 20 ms) as shown in Fig. 2e. All data points were
kept for the noise fitting as the reviewer suggests should
be done. This fitting was done for 3 different tubes
containing 1x10° cells/mL. Thus the mean and standard
deviation are based on fitting for 3 separate tubes, and not
for the standard error of the T * fitting.



