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Abstract
A new method was developed to measure ultrashort T2* relaxation in tissues that contain a focal
area of superparamagnetic iron oxide (SPIO) nanoparticle labeled cells in which the T2* decay is
too short to be accurately measured using regular multiple gradient echo T2* mapping. The
proposed method utilizes the relatively long T2 relaxation of SPIO labeled cells and acquires a
series of spin echo images with the readout echo shifted to sample the T2* decay curve. MRI
experiments in phantoms and rats with SPIO labeled tumors demonstrated that this method can
detect ultrashort T2* down to 1 millisecond or less. Compared to the ultrashort TE technique, the
SSE method overestimates the T2* values by about 11%. The longer the TE, the more the
measurements deviates from the UTE technique. Combined with the regular multiple gradient
echo T2* mapping, the new technique is expected to provide in vivo quantitation of highly
concentrated iron labeled cells in tissues from direct cell transplantation.
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INTRODUCTION
Stem cells have great therapeutic promise because of their potential ability of regenerating
damaged tissues. One of the challenges facing clinical cell therapy trials is the ability to
track implanted cells noninvasively and demonstrate cell viability and function. Labeling
cells with superparamagnetic iron oxide (SPIO) nanoparticles provides the opportunity to
track the temporal and spatial migration of labeled cells within tissues(1–3). Compared to
intravenous administration of stem cells, intraparenchymal injection to the target provides a
more direct approach of delivery (4). SPIO labeled cells have been implanted locally in the
myocardium, liver and central nervous system and are detected with MRI on T2 or T2*
weighted images appearing as regions with low-signal intensity (5–8).
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To date, the majority of the MRI studies involving the implantation or infusion of SPIO
labeled cells have focused on qualitative assessment of the hypo- or hyperintense voxels.
The magnetic susceptibility effects and blooming artifacts originating from SPIO labeled
cells in tissues highly depend on field strengths, pulse sequences, and acquisition
parameters. Quantitative relaxometry or mapping of the magnetically labeled cells will
allow investigators to perform longitudinal studies and inter-scanner and intra-scanner
comparisons, therefore providing a guide for optimizing cellular therapy.

Because T2* weighted gradient echo acquisitions have a greater sensitivity compared to T2
weighted spin echo acquisitions for detecting intracellular SPIOs (9), T2* relaxometry is
expected to play a major role in quantitative tracking of SPIO labeled cells. Usually, T2*
relaxometry is obtained using a multiple readout gradient echo (MGE) sequence. Direct
implantation of SPIO labeled stem cells leads to extremely short T2* relaxation times (e.g. <
3 milliseconds (ms)) of the tissues. As a result, the signal decay is too rapid for regular
gradient echo sequences in which the minimum TE is restricted by RF pulse and gradient
performance. Alternatively, ultrashort TE (UTE) imaging provides an approach to detect
tissues with T2 or T2* relaxation times on the order of only a few hundred microseconds
(10–12). UTE imaging can be implemented using 2D radial sampling of the free induction
decay (FID) with half-sinc RF excitation (13,14) or 3D radial sampling with nonselective
RF excitation yielding isotropic spatial resolution (15). Typically, 2D UTE techniques need
to acquire two scans with complimentary RF profiles while 3D UTE techniques acquire a
much bigger field of view in the slice direction which is not necessary in most case.

R2 (1/T2) for intracellular SPIOs is typically around 2 orders smaller than R2* (1/T2*) (9).
Therefore, T2 weighted spin echo images exhibit less signal loss than T2* weighted gradient
echo images for highly concentrated SPIO labeled cells. This allows the sampling of the T2*
decay curve from a spin echo. In this study, a series of shifted spin echo (SSE) images was
acquired to measure ultrashort T2* relaxation time based on the relatively long T2 decay
characteristics of intracellular SPIOs. The proposed method can easily be implemented
without dedicated pulse sequence programming. SSE ultrashort T2* mapping was
performed on both phantoms and in vivo experiments and the results were validated with a
UTE technique.

METHODS
Theory

The relaxation of intracellular SPIOs satisfies the predictions of the static dephasing regime
theory. As proposed by Yablonskiy and Haacke, two regimes hold for the NMR signal: a
quadratic exponential decay, in the short time regime, and a linear exponential decay, in the
long time regime (16). The spin echo signal in time interval A (Figure 1) is determined by a
linear exponential decay

[1]

where S(TE) = S(0) · exp[−R2 · TE] is the signal amplitude measured at the center of the
spin echo TE. The term exp [ζ] is due to the fact that the signal in the interval TE − 1.5tc <t
< TE + 1.5tc follows a quadratic exponential decay (17). The characteristic time, tc, that
divides the two regimes is

[2]
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where δωs is the characteristic frequency shift for the contrast agents and C = 1.21 for
spherical particles. For nanoparticles with a magnetization of M ≈ 10−1 Gauss, which covers
all possible superparamagnetic particles, the characteristic time is expected to be less than
0.1 ms. Therefore, the signal in time interval A is dominated by the linear exponential decay
characterized by T2* relaxation and sampling of the T2* decay curve from the spin echo can
be used to measure the T2* relaxation.

Sequence Development
The proposed method as shown in Figure 1 samples the T2* decay curve from the spin-echo
signal. SSE ultrashort T2* relaxometry is achieved by acquiring a series of spin echo images
with a shift of the readout sequentially increasing to sample the T2* decay. The first echo is
a regular spin echo image. The following echoes are acquired by shifting the readout to
increase the effective T2* decay. Because there are no hardware limitations for the echo
shift, it is possible to achieve steps small enough to measure T2* below 1 ms.

Phantom and Animal Preparation
C6 glioma cells (ATCC, VA) were labeled with ferumoxides (Berlex Laboratories, NJ) and
protamine sulfate (American Pharmaceuticals Partner Inc. Schaumburg, IL) (FePro)
complexes using procedures described previously(18). Two phantoms were made from
cylindrical glass tubes, 6 cm in diameter, filled with distilled water. One phantom contained
five vials with 16×106 and 40×106 FePro labeled C6 glioma cells, 40μg and 100μg free iron
(diluted from Ferumoxides) and PBS suspended in 1 ml 3% agarose gel. The other phantom
contained five vials with 4 × 106, 8 × 106, 16 × 106, 32 × 106, 64 × 106 FePro labeled cells
suspended in 1 ml 3% agarose gel.

All animal experiments were performed according to the protocol approved by the Animal
Care and Use Committee at our institution. Female nude rats (Harlen Sprague Dawley nu/
nu) were implanted subcutaneously bilaterally in the flanks with 1×106 FePro labeled C6
glioma cells. MRI was performed approximately one week after the inoculation of tumor
cells. All rats were euthanized after the MRI scan and tumors were fixed in 4%
paraformaldehyde. Tumor sectioning for histological analysis was preformed on 6 μm thick
slices. Tissue sections were stained with Prussian blue and counterstained with nuclear fast
red to evaluate the distribution of SPIO labeled cells.

MRI
Phantom Experiment—All phantom and in vivo MRI studies were performed on a 3T
Achieva whole-body scanner (Philips Medical System, The Netherlands) using a dedicated 7
cm rat solenoid RF-coil (Philips Research Laboratories, Hamburg, Germany). Three
different T2* mapping techniques were performed with the same resolution of 0.55 mm ×
0.55 mm × 0.55 mm. For SSE ultrashort T2* relaxometry, eight sets of spin echo images
were obtained with the readout echo shifted 0.07 ms, 0.5 ms, 1.0 ms, 1.5 ms, 2 ms, 4 ms, 8
ms and 12 ms respectively, with the following parameters: TR = 800 ms, field of view = 70
mm × 70 mm, scan matrix = 128× 128, slice thickness = 0.55 mm, 15 slices, bandwidth =
735 Hz, number of excitation = 2. The total scan time was about 29 minutes. The scan for
the first phantom was performed with TE = 7.1 ms. Three scans were acquired with TE =
7.1 ms, 9.1 ms and 11.1 ms for the second phantom. UTE imaging was achieved by a
previously described 3D radial FID sampling sequence (15). The minimal TE determined by
the transmit-receive switching time was as short as 0.07 ms. UTE T2* relaxometry was
acquired with eight sets of UTE images with TE = 0.07 ms, 0.5 ms, 1.0 ms, 1.5 ms, 2 ms, 4
ms, 8 ms and 12 ms and TR = 9 ms, flip angle = 15°, field of view = 70 mm × 70 mm × 70
mm, scan matrix = 128 × 128 × 128, bandwidth = 740 Hz, number of excitation = 1. The
total scan time was about 39 minutes. Regular T2* relaxometry was acquired with MGE
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sequence with 15 readout echoes: TR = 800 ms, first TE/ΔTE = 4.0 ms/1.8 ms, flip angle =
30°, field of view = 70 mm × 70 mm, scan matrix = 128 × 128, slice thickness = 0.55 mm,
15 slices, bandwidth = 742 Hz, number of excitation = 2, The total scan time was about 4
minutes.

In vivo Experiment—Animals were anesthetized with 1.5 ~ 2% isofluorane and 100%
oxygen delivered through a nosecone. The heart rate and respiratory rate were monitored
(MedRad LLC, Chicago, IL). For SSE ultrashort T2* relaxometry, five sets of spin echo
images were obtained with the readout echo shifted 0 ms, 0.5 ms, 1.0 ms, 1.5 ms and 2.3 ms
respectively, with the following parameters: TR = 900 ms, TE = 7.1 ms, field of view = 70
mm × 70 mm, scan matrix = 144 × 115, reconstructed matrix = 256 × 256, slice thickness =
1.0 mm, 15 slices. UTE T2* relaxometry was acquired with five sets of UTE images with
TE = 0.07 ms, 0.5 ms, 1.0 ms, 1.5 ms and 2.3 ms and TR = 9.9 ms, flip angle = 15°, field of
view = 70 mm × 70 mm × 70 mm, scan matrix = 160 × 160 × 160. T2* relaxometry was
acquired with MGE sequence with 15 readout echoes: TR = 2228 ms, first TE/ΔTE = 3.4
ms/2.5 ms, flip angle = 30°, field of view = 70 mm × 70 mm, scan matrix = 208 × 174,
reconstructed matrix = 256 × 256, slice thickness = 1 mm, 15 slices.

Data Analysis
MR images were transferred to a PC for data analysis with an in-house built software tool
using interactive display language (IDL, ITT Visual Information Solutions, Boulder, CO).
Pixel by pixel T2* maps were calculated by performing fits of the multiple images to a
monoexponential decay. Only data above 10 times the standard deviation of noise were
analyzed. The noise level was determined as the average of a rectangular area containing 20
by 20 pixels on the left right corner of each slice Overlaid images were generated by
combining the regular T2* map with pixels having T2* values equal or higher than 5 ms and
the SSE ultrashort T2* map with pixels having T2* values less than 5 ms.

RESULTS
Phantom

Figure 2 illustrates T2* maps of a phantom from the MGE, UTE and SSE ultrashort T2*
mapping. On the gradient echo image (Figure 2a), the signal intensity from the vial with 100
μg/ml free iron and the two vials with SPIO labeled cells were at the background noise level
due to their rapid T2* decays. Therefore, the MGE T2* map (Figure 2b) only demonstrated
T2* signals originating from the vials with PBS and 40 μg/ml free iron. Signals were
detected from all the vials on the UTE image (Figure 2c) and the UTE T2* map measured
T2* values for all the vials except the control PBS (Figure 2d). The spin echo image (Figure
2e) was able to detect signals from the two vials with SPIO labeled cells and vials with PBS
and 40 μg/ml free iron and the corresponding T2* maps were illustrated in Figure 2f. For
the vial with 100 μg/ml free iron, because T2 was also very shot, the SSE ultrashort T2*
mapping was not able to characterize the T2* value. Because the SSE ultrashort T2*
mapping and UTE T2* mapping sequences sampled the T2* decay curve with a very high
temporal resolution and a very narrow acquisition window, both failed to measure the long
T2* value for the vial with PBS.

Figure 3a illustrates the corresponding T2* maps from the SSE ultrashort T2* mapping with
TE = 7.1 ms and UTE T2* mapping for the five vials with 4 × 106, 8 × 106, 16 × 106, 32 ×
106, 64 × 106 FePro labeled cells suspended in 1 ml agarose gel. The mean T2* of the five
vials ranged from 0.49 ± 0.02 ms to 7.48 ± 0.31 ms by the UTE techniques and from 0.51 ±
0.01 ms to 8.42 ± 0.51ms by the SSE technique. The results from the SSE ultrashort T2*
technique demonstrated a very good linear correlation with the UTE technique (Figure 3b).
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The longer the TE, the more the SSE technique deviated from the UTE technique. The
Bland-Altman plot in figure 3c demonstrates that the SSE technique overestimated the T2*
of the phantom compared to the UTE measurement.

In vivo Experiment
Photomicrographs of the tissue slices from SPIO labeled tumors illustrated spread Prussian
blue positive spots within the tumor indicative of the SPIO labeled cells (Figure 4a and 4b).
Figure 5a shows an axial gradient echo image of a rat with SPIO labeled flank tumors. Since
individual C6 glioma cell did not divide at the same rate, the T2* weighted images were able
to delineate areas of relative high concentration of SPIO labeled cells appearing as signal
voids within the tumor. In Figure 5c, the corresponding MGE T2* map showed areas of high
T2* values on the tumor periphery consistent with serial dilution of the SPIO as the tumor
grew, which was confirmed by Prussian blue staining (data not shown). However, the MGE
T2* map failed to detect any signal in the center of the tumor where there was apparently
rapid T2* decay due to high concentration of SPIO labeled cells. In comparison, the spin
echo image of the same tumor (Figure 5b) had less signal loss due to the relatively long T2
relaxation time of intracellular SPIOs. Therefore, the T2* values in the center of the tumor
were determined with the SSE ultrashort T2* mapping (Figure 5d). However, this method
was not able to quantify tissues with long T2* values, resulting in hypointense regions in the
tumor periphery.

Combining the SSE ultrashort T2* map with the regular MGE T2* map resulted in a T2*
map of the whole tumor (Figure 5e). The combined method was able to characterize the T2*
distribution of the whole tumor as illustrated by the line profile across the tumor (Figure 5f).
From the zoom view, it is clear that the highly concentrated SPIO labeled cells led to T2*
values of 0 ~ 2 ms in the center of the tumor.

Similarly, the spin echo image in Figure 6a showed focal hypointense regions corresponding
to highly concentrated SPIO labeled cells. In contrast, the UTE image (Figure 6b) with TE
of 0.07 ms was able to detect good signals from the highly concentrated SPIO labeled cells
and displayed very little contrast. Because the SSE technique is very specific for tissue
component with long T2, it filters out the all the components with short T2. Therefore, SSE
T2* map contained less tissue components with T2* in the range of 0 – 10 ms (figure 6c)
compared to the UTE T2* map (figure 6d). Nevertheless, the two maps demonstrated similar
T2* distribution in the center of the tumor where high concentration of SPIO labeled cells
were present.

DISCUSSION
Direct transplantation of stem cells is an efficient method to deliver cells into target tissues.
Quantitative evaluation of cell migration and proliferation in tissues will provide valuable
information for cellular therapy. However, direct implantation of labeled cells into tissues
results in high concentrations of SPIOs within a region of interest and there is currently no
simple approach for quantitation of these labeled cells via MRI. In this study a new method
was introduced to detect the ultrashort T2* relaxation times that were associated with
localized high concentrations of SPIO labeled cells. By utilizing the relatively long T2 for
SPIO labeled cells and acquiring a series of spin echo images with the readout echo shifted
sequentially to increase T2* weighting, we were able to measure T2* values down to 1 ms
in experimental studies.

Compared to UTE technique, which needs dedicated pulse programming, the SSE technique
can be easily implemented. The other advantage of the SSE method is that it is specific
applicable for tissues which have a high T2/T2* ratios while other components which have
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low T2/T2* ratios will be filtered out. Intracellular SPIOs have a very unique feature that
their T2 is much longer than T2*. As shown in Figure 2, the vial containing 100ug/ml free
iron actually has a longer T2* than the vial containing 40 ×106 FePro labeled cells.
However, the SSE method detected the later while it filtered out the former.

The measured T2* values from the SSE ultrashort T2* mapping were about 10% higher than
the results from the UTE T2* mapping. The observed difference between SSE and UTE
measurements lies preliminarily on the filter effect of the SSE method. When the vials have
multiple components with different T2s, the SSE filters out the components with relatively
shorter T2 (also shorter T2*) detecting only the components with relatively longer T2 (also
longer T2*). On the other hand, the UTE technique can detect allcomponents thereby
resulting shorter T2* values for the same sample. The fact has been demonstrated in Figure
3c that the longer the TE, the more the measurements deviated from the UTE measurements.

The quantitation of SPIO labeled cells by MRI is often confounded by the need to account
for the possible existence of extracellular iron oxide nanoparticles that are present as a result
of cell labeling with incomplete washing of cells or cell death following direct injection of
labeled cells into tissues (19). Most studies have assumed that the decrease in signal
intensity observed on T2 and T2* weighted images originates solely from the labeled cells.
Apparently, this assumption results in an inability to accurately quantitate the number of
cells in a region of interest. The difference between the SSE and UTE methods can be used
to investigate different tissue components, specifically whether SPIO particles are
intracellular or freely suspended as this induces significantly different T2 decay. In theory,
when SPIOs are released into the extra cellular space and are freely suspended, their T2 will
be on the same order as T2*. In this case, the SSE method will filter out the freely
suspended SPIOs and only detect intracellular SPIOs. However, in vivo situation could be
more complicated. To what extent the SSE can differentiate extra and intracellular SPIO
needs further investigation.

CONCLUSION
A new method was proposed to measure fast decaying T2* relaxation in tissues containing
highly concentrated SPIO labeled cells, where T2* decay is too rapid for regular multiple
gradient echo T2* mapping. MRI experiments in phantoms and rats with SPIO labeled
tumors demonstrated that this method can detect ultrashort T2* down to 1 millisecond or
less. Compared to the ultrashort TE technique, the SSE method overestimates the T2* values
by about 11%. The longer the TE, the more the measurements deviates from the UTE
technique. Combining ultrashort T2* relaxometry with the regular multiple gradient echo
T2* mapping will improve the ability to quantitate the relaxation of tissues with high
densities of implanted SPIO labeled cells, therefore providing critical information for
optimizing the dose and timing of cellular therapy based on direct infusion of SPIO labeled
cells.
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Figure 1.
Schematic diagram of the SSE ultrashort T2* relaxometry. In time interval A, the signal
displays a linear exponential behavior characterized by the T2* relaxation constant. The SSE
ultrashort T2* relaxometry is achieved by acquiring a series of spin echo images with the
readout echo sequentially shifted to increase T2* weighting. Since there are no hardware
limitations on the echo shift, it is possible to achieve steps small enough to measure T2*
below 1 ms. Note: time is not to scale.
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Figure 2.
Gradient echo (a), UTE (c) and spin echo (e) images of a phantom and the corresponding
MGE T2* map (b), UTE T2* map (d) and SSE ultrashort T2* map (f). The five vials were
filled with 16×106 (vial 1) and 40×106 SPIO labeled cells (vial 4), 40 μg (vial 2) and 100 μg
free iron (vial 3), and PBS (vial 5) suspended in 1 ml agarose gel. The map derived from the
MGE technique was unable to characterize the short T2* in the samples containing high
concentrations of SPIOs. Both the maps derived from UTE and SSE utlrashort T2*
technique were able to measure T2* in the samples with SPIO labeled cells. In the case of
100 μg free iron, both the T2 and T2* were very short, permitting mapping only with the
UTE technique, highlighting SSE ultrashort T2* technique’s ability to differentiate between
intracellular SPIOs and free iron. Color bars represent T2* values in ms.

Liu et al. Page 9

Magn Reson Med. Author manuscript; available in PMC 2012 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
a. SSE ultrashort T2* maps and UTE T2* maps of five vials with 64 × 106, 32 × 106, 16 ×
106, 8 × 106, 4 × 106 FePro labeled cells suspended in 1ml agarose gel. b. The results from
the SSE ultrashort T2* technique demonstrated an excellent linear correlation with those
from the UTE technique. Color bars represent T2* values in ms.
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Figure 4.
4X (a) and 20 X (b) photomicrographs of Prussian blue stained SPIO labeled tumor tissue
slice. Blue dots represent spread SPIO nanoparticles.
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Figure 5.
a. Gradient echo image of an axial slice of a rat with SPIO labeled flank tumors (yellow
arrows). b. Spin echo image of the same slice. c. Regular T2* map from the MGE sequence.
d. SSE ultrashort T2* map. e. SSE ultrashort T2* map overlaid on the regular T2* map. f.
Profile of the yellow line in (e). The dark regions within the tumors in (a) and (c)
corresponded to highly concentrated SPIO labeled cells. The MGE T2* mapping technique
failed to detect any signal from the center of the tumors (dark circle) but the SSE ultrashort
T2* mapping technique adequately characterized the relaxation time. The zoomed view in
(f) clearly illustrated that T2* values in the tumor center were in the range of 0 ~ 2 ms.
Color bars represent T2* values in ms.
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Figure 6.
Spin echo (a) and UTE (b) images of an axial slice of a rat with SPIO labeled flank tumors
(yellow arrows) and the corresponding SSE ultrashort T2* map (c) and UTE T2* map (d).
The SSE ultrashort T2* map demonstrated a similar pattern relative to the UTE T2* map.
However, the UTE T2* map detected more content because the SSE ultrashort T2*
approach is specific for long T2 components. Color bars represent T2* values in ms.
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