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Abstract
Purpose—To simultaneously detect iron-labeled cancer cells and brain tumors in vivo in one
scan, the balanced steady-state free precession (b-SSFP) imaging sequence was optimized at 1.5 T
on mice developing brain metastases subsequent to the injection of micron-sized iron oxide
particle-labeled human breast cancer cells.

Materials and Methods—b-SSFP sequence parameters (repetition time, flip angle, and receiver
bandwidth) were varied and the signal-to-noise ratio, contrast between the brain and tumors, and
the number of detected iron-labeled cells were evaluated.

Results—Optimal b-SSFP images were acquired with a 26 msec repetition time, 35° flip angle,
and bandwidth of ±21 kHz. b-SSFP images were compared with T2-weighted 2D fast spin echo
(FSE) and 3D spoiled gradient recalled echo (SPGR) images. The mean tumor-brain contrast-to-
noise ratio and the ability to detect iron-labeled cells were the highest in the b-SSFP images.

Conclusion—A single b-SSFP scan can be used to visualize both iron-labeled cells and brain
metastases.
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THE INCIDENCE OF BREAST CANCER patients with brain metastases is increasing
(1,2). This is due in part to the pharmaceutical focus on development of therapeutic agents
that successfully treat systemic, but not brain metastases. Still, the median survival time with
aggressive treatment is extended by only 4–12 months.
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To study the mechanisms of breast cancer metastasis to the brain, mouse models have been
developed using human breast cancer cell lines (3,4). Histology, immunohistochemistry, and
microscopy are typically used to estimate the numbers and the cross-sectional area of
metastases, and for analysis of cellular markers (5–7). The limitations of these methods are
the need to sacrifice the animal, allowing only an endpoint analysis, and the small subset of
tissue volume assessed.

Microimaging technologies, including high-resolution magnetic resonance imaging (MRI),
micro-computed tomography, and positron emission tomography have shown great utility
for characterizing small-animal models of disease. MRI is particularly well suited for studies
of brain metastasis because it is noninvasive, three-dimensional, has excellent soft-tissue
contrast, and no limitation in depth of penetration at clinical magnetic field strengths.

Cellular MRI combines the use of high-resolution MRI with cell labels to track cells of
interest. The most commonly used labels are iron-based nanoparticles including
superparamagnetic, ultrasmall, and micron-sized iron oxide particles (MPIO). Stem cells (8),
macrophages (9), dendritic cells (10), cancer cells (11), and lymphocytes (12) have been
tracked in vivo with MRI using this approach. The presence of the label causes a distortion
in the magnetic field and leads to abnormal signal hypointensities in iron-sensitive images.

Most studies have employed T2-weighted (T2w) spin echo, and T2*-weighted gradient echo
sequences to detect iron-labeled cells. The balanced steady-state free precession (b-SSFP)
imaging sequence has been used to detect single iron-labeled macrophages and cancer cells
in vivo as signal voids in the mouse brain (11,13). The major advantage of the b-SSFP
sequence is its high signal-to-noise ratio (SNR) efficiency, allowing for imaging at high
spatial resolution in reasonable scan times (14). Another important feature of b-SSFP is its
high sensitivity to magnetic field inhomogeneities (15,16).

Miraux et al (17) also investigated the b-SSFP sequence on mouse brains at 4.7 and 9.4 T.
They compared b-SSFP images of implanted gliomas with T2w SE images, the most
commonly employed contrast for the visualization of brain tumors in mice. At 4.7 T the
SNR and brain-to-tumor contrast-to-noise ratio (CNR) were comparable in b-SSFP and T2w
images, but the scan time was ≈4 times shorter with b-SSFP. At 9.4 T, the CNR was
attenuated and tumors were barely visible.

Bernas et al (18) developed a b-SSFP protocol at 3 T to optimally visualize iron-loaded
glioma in the mouse brain. This protocol consists of a set of two b-SSFP image acquisitions
with complementary contrasts, allowing delineation of tumors, which appear as regions of
signal hyperintensity due to longer T2 of tumor tissue compared to brain parenchyma, and
providing high sensitivity to iron-labeled cells, which are detected as regions of signal void.

The purpose of this study was to optimize b-SSFP at 1.5 T with the goal of generating image
contrast for the simultaneous detection of single iron-labeled cancer cells and brain tumors
in vivo in one scan. A single scan would reduce the acquisition time and allow for
monitoring of both nonproliferative cancer cells and developing metastases. For this
purpose, MPIO-labeled cancer cells were injected into the left ventricle of the heart in nude
mice. After intracardiac injection, cells become trapped in the brain microvasculature. With
time, some cancer cells proliferate into metastases that appear as regions of signal
hyperintensity in b-SSFP images, primarily due to increased T2 relaxation, while other cells
remain dormant (nonproliferative) and are detected as persistent signal voids (11).
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MATERIALS AND METHODS
Cancer Cell Labeling

Brain-metastatic clones of human breast cancer cells (MDA-MB-231BR) expressing
constitutively enhanced green fluorescent protein (3) were cultured in DMEM (Dulbecco’s
Modified Eagle’s Medium) containing 10% FBS (fetal bovine serum) at 37°C and 5% CO2
as previously described (11).

Briefly, 105 cells were plated in 75 cm2 flasks and allowed to adhere for 24 hours. Then 10
μL/mL of MPIO (5 ×108 beads; 0.9 μm, 63% magnetite, labeled with Flash Red; Bangs
Laboratory, Fishers, IN) were added to the culturing media for 24 hours. Cells were washed
with phosphate-buffered saline (PBS) to remove unincorporated MPIO, spun down at 1000
rpm/5 minutes, and resuspended in DMEM in order to get 175,000 cells per 100μL. Perl’s
Prussian Blue (PPB) staining was used to visualize iron within cells. The labeling efficiency
was determined from the PPB-stained cytospin slides by calculating the ratio between the
number of PPB-positive cells and the total number of cells counted in three random fields of
view (FOVs) at 20× magnification using a Zeiss AXIO Imager A1 Microscope.

Viability Tests
The Trypan blue exclusion assay was performed to determine the viability of MPIO-labeled
and unlabeled cells. The amount of apoptotic and necrotic cells was also determined by
staining cells with 7-amino-actinomycin (7-AAD; Becton Dickinson, ON, Canada) and
Annexin V (Becton Dickinson) and using flow cytometry, as described previously (19).

Animal Preparation
Female nu/nu mice (N = 16, 6–7 weeks old; Charles River Laboratories, Wilmington, MA)
were anesthetized with isoflurane. A 1-mL syringe was inserted perpendicular to the
sternum. A 100-μL suspension of MPIO-labeled MDA-MB-231BR cells (175,000 cells)
was then slowly injected into the left ventricle of the heart. Mice were imaged 29 days after
injection.

MRI
MRI examinations were performed on a 1.5 T GE CV/I whole-body clinical MR scanner
using a custom-built, high-performance insertable gradient coil (inner diameter = 17.5 cm,
maximum gradient strength = 500 mT/m, peak slew rate = 3000 T/m/s). The mouse head
was placed within a custom-built solenoidal mouse head radiofrequency (RF) coil (inner
diameter = 1.5 cm). Mice were anesthetized with isoflurane (2% in 100% oxygen) and body
temperature was maintained during the imaging session using warm water bags.

Images were acquired using the 3D b-SSFP sequence with the following constant
parameters: FOV = 15 × 15 mm, slice thickness = 200 μm, matrix = 150 × 150, resolution =
100 × 100 × 200 μm, 4 RF phase cycles. Other parameters were varied: repetition time (6,
16, and 26 msec), flip angle (FA) (10°, 35 °, and 50°) and receiver bandwidth (rBW; ±6,
±21, and ±41 kHz). Only one parameter was changed at a time. TR and TE were linked: TE
= TR/2. The number of signal averages (NEX) was varied to keep scan time at 40 minutes
(Table 1).

b-SSFP images were compared with T2w 2D fast spin echo (FSE) and 3D spoiled gradient
recalled echo (SPGR) images. FSE parameters were: TR/TE = 3000/120 msec, rBW = ±21
kHz; resolution = 100 × 100 × 300 μm; 34 NEX, scan time = 40 minutes 54 seconds. SPGR
parameters were: TR/TE = 25/2.3 msec; FA = 30°; rBW = ±31 kHz; resolution = 100 × 100
× 200 μm; 8 NEX, scan time = 40 minutes 1 second. The SPGR sequence was optimized for
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void detection, keeping TR = 26 msec as in the b-SSFP sequence (not shown). Gadolinium-
based contrast agent was not administered, as commonly used in the clinical setting, since
this would require faster acquisition times to capture the enhancement, decreasing resolution
and limiting the detection of signal voids.

Analysis
The SNR of brain tissue and the CNR between tumors and the surrounding brain were
measured. CNR was measured for four tumors per slice for each sequence. The region of
interest for healthy brain was drawn in the caudate putamen. The contrast generated by the
iron-labeled cells was measured as the fractional signal loss (FSL): FSL = (Sb-Sv)/Sb,
where Sb is the mean signal intensity of background brain tissue and Sv is the signal from
the central voxel in the region of signal loss. The number of voids was counted in three
image slices, in the frontal, mid-, and posterior brain. Identical slices were evaluated when
comparing different parameters. Comparisons between the measurements for different
images were made using paired Student’s t-test.

RESULTS
Cell Labeling

PPB staining showed iron particles within 231BR cells (Fig. 1A). The labeling efficiency
was 98%. The Trypan blue exclusion assay demonstrated that 94.2% of the injected labeled
cells were viable (data not shown). Representative Annexin/7AAD flow cytometry dot plots
(Fig. 1B,C) show that 89.3% of unlabeled cells and 87.9% of MPIO-labeled cells were
viable (7AAD−/Annexin−). The percentage of necrotic cells (7AAD+/Annexin−) was 5.9%
for unlabeled cells and 5.5% for MPIO-labeled cells. The percentage of early apoptotic cells
(7AAD−/Annexin+) was 1.7% for unlabeled cells and 2.1% for MPIO-labeled cells. Finally,
3.1% of unlabeled cells and 4.5% of MPIO-labeled cells were characterized as being in the
late apoptotic stage or dead (7AAD+/Annexin+).

Effect of TR on Void Detection and Tumor Contrast
Figure 2 shows the effect of increasing TR on void (solid arrows) and metastasis
(arrowheads) detection in vivo (FA and rBW were fixed at 35° and ±21 kHz). The average
FSL of the voids increased from 0.25 to 0.48, when increasing TR between 6 and 26 msec.
Furthermore, the number of voids counted was significantly higher for TR = 26 msec
compared with TR = 6 msec (147 vs. 90 voids). The SNR decreased with increasing TR.
The CNR was significantly higher for the shortest TR value compared to TR = 16 or 26
msec but not different for these two higher values of TR. The optimal TR was chosen as 26
msec because the ability to detect signal voids was maximal without compromising the
ability to visualize tumors. Although the SNR was significantly lower at the highest TR
value, higher SNR at TR = 16 msec did not lead to the detection of more voids or additional
tumor contrast.

Effect of FA on Void Detection and Tumor Contrast
Figure 3 shows the effect of the FA on void and metastasis detection in vivo (TR and rBW
were fixed at 26 msec and ±21 kHz). There were no significant differences in FSL or in the
ability to visualize tumors (CNR) for the various FA values. However, the SNR was
significantly lower at FA = 50° compared to FA = 35°. In addition, the number of detected
voids was statistically lower at FA = 10° compared to FA = 35°. The optimal FA was
therefore chosen as 35°.
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Effect of SNR on Void Detection and Tumor Contrast
Figure 4 shows the effect of the SNR on void and tumor detection in vivo, using different
rBWs (TR and FA were fixed at 26 msec and 35°). As predicted, increasing the rBW
resulted in lower SNR and CNR. However, the FSL increased as the SNR decreased. The
mean FSL is significantly higher for rBW of ±21 or ±41 kHz, compared to ±6 kHz. The
number of signal voids counted for the three rBWs was not significantly different. For the
simultaneous detection of both hyperintense brain metastases and signal voids due to iron-
labeled cells in b-SSFP images, the following parameters were chosen: TR = 26 msec, FA =
35°, and rBW = ±21 kHz.

Sequence Comparison
The b-SSFP images were compared with T2w 2D FSE images and T1w 3D SPGR images
(Fig. 5). Tumors appeared as areas of hyperintensity in both b-SSFP and T2w FSE images.
Both tumors and iron-labeled cells appear with low signal intensity in T1w SPGR images. In
a comparison of three b-SSFP and SPGR image slices, 32 tumors were detected in b-SSFP
images while only 18 of these tumors could be seen in SPGR images. The mean CNR and
SNR were the highest in the b-SSFP images.

Although this was not a strict comparison of sequences (timing parameters, resolution, rBW
were not equivalent), the number of voids and the FSL were measured. In the FSE images,
signal voids were very difficult to detect and could not be counted. The number of voids
counted in b-SSFP images was much greater than for SPGR (141 vs. 44 voids). When voids
that were detected in both b-SSFP and SPGR are evaluated, the mean FSL was significantly
higher for b-SSFP (0.47) vs. SPGR (0.37). Signal voids that were only detected on b-SSFP
images had a mean FSL of 0.22. This suggests that cells with lower iron content can be
detected in b-SSFP images but not in SPGR images.

DISCUSSION
In this study the b-SSFP parameters were varied to maximize the contrast of both the
persistent signal voids and the metastases, while maintaining sufficient SNR and artifact-
free images. In this b-SSFP sequence the TR and TE are linked and have a ratio of 2:1.
Therefore, physically changing TR also changes TE. As TR was increased, the FSL and the
number of voids counted increased. The longer TR values allow for the detection of cells
that contain lesser amounts of iron. The level of hypointensity in a b-SSFP image results
from the extent of susceptibility-induced dephasing within a voxel (14) that occurs between
excitation pulses (ie, within TR). This means that the longer the TR, the greater the amount
of dephasing taking place and therefore the darker the void gets. Similarly, increasing TE
also improves the detection of iron-labeled cells by increasing dephasing (20,21). In this
study TR/TE was maintained at 26/13 msec to keep the highest capacity of void detection.

Tissue contrast for the b-SSFP sequence depends primarily on the FA and on the T2/T1 ratio.
As the FA was increased, the SNR decreased. On the other hand, the number of voids
counted was significantly lower at FA = 10° compared to FA = 35° or 50°. A compromise
between void detection and SNR led to the choice of an intermediate value for FA.

When the rBW was increased, a decrease in the SNR was measured. This is predictable, as
higher rBW results in increasing noise. However, FSL increased with higher rBW (and
lower SNR). This might be explained by the effect of the rBW on the point spread function,
which affects image quality and spatial resolution (22). As the rBW is reduced, the readout
time is longer, and there will be more signal decaying toward the edge of k-space and more
blur. As you blur the image, the fractional signal loss will decrease. Overall, the rBW = ±21
kHz was the best compromise for the detection of both voids and metastases in the brain.
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For our mouse studies, we implemented a custombuilt high-performance gradient insert on a
clinical 1.5 T system. Although this imaging approach was implemented for preclinical
imaging, it is worth considering the issues related to the application of these methods to
human studies. The b-SSFP sequence itself is available and runs on most scanners. While
the maximum strength of the insertable gradient coil used in this study is 500 mT/m, we
operated below this. For example, with rBW of 21 kHz, and FOV of 1 cm (gamma is 4257
Hz/g), the strength of the readout gradient is ≈10 g/cm = 100 mT/m [G(readout) = 2*rBW/
(gamma* FOV)]. The gradient strength used to excite the slab is also far below this
maximum strength since a thick slab is used that encompasses the whole brain. Clinical
gradients of 50 mT/m and higher are now available on whole body scanners; therefore, b-
SSFP protocols similar to that used in this study are not out of the question for modern-day
clinical gradients. A more fundamental problem will be achieving the same resolution in
humans as for mice, which is currently impractical. Advances in gradient and RF coil
technology should eventually allow for this imaging approach to be applied in a similar
fashion for human studies. However, at present the use of lower gradient strengths and
resolutions will mean that the cell and iron detection limits in humans will be different
compared to mice.

In conclusion, this study shows that with optimized imaging parameters, the fate of both
nonproliferative, iron-loaded cancer cells, and proliferating brain metastases can be tracked
simultaneously in vivo in b-SSFP images. In the preclinical setting, this technology will be
important for monitoring the fate of ironlabeled cells and the development of tumors, and
responses of cell populations to treatments.
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Figure 1.
Overnight labeling with MPIO particles does not affect cell viability. A: Cells stained with
PPB and counterstained with eosin to detect the presence of iron. Intracellular iron (arrow)
was detected in the cytoplasm of MPIO-labeled cells. Magnification = 40 ×; scale bar = 10
μm. B,C: Representative flow cytometry dot plots depicting 7AAD/Annexin staining of
either unlabeled (B) or MPIO-labeled (C) cells. There were no differences in the percentage
of cells in early apoptosis (Annexin+), necrosis (7AAD+), or late apoptosis/dead
(7AAD+Annexin+) for MPIO-labeled versus unlabeled cells.
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Figure 2.
Effect of increasing TR on void detection and tumor contrast. Brain SNR, CNR, and FSL
are plotted for three different values of TR. The total number of detected voids is shown for
each condition. The corresponding mouse brain 3D b-SSFP axial images acquired with TR =
6, 16, and 26 msec are shown from left to right. All of the images were acquired using BW =
±21 kHz and FA = 35°. The arrows are pointing to a representative void, which FSL
increased with TR. Arrowheads point to a representative tumor. *Significantly different
from other FSL values (P < 0.05). #Significantly greater than CNR values at 16 or 26 msec
(P < 0.05). ∓Significantly lower than values at 26 msec (P < 0.05). •Significantly lower than
SNR measured at 6 or 16 msec (P < 0.05).
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Figure 3.
Effect of the FA on void detection and tumor contrast. Brain SNR, CNR, and FSL are
plotted for three different values of FA. The total number of detected voids is shown for
each condition. The corresponding mouse brain 3D b-SSFP axial images acquired with FA =
10, 35, and 50° are shown from left to right. All of the images were acquired using BW =
±21 kHz and TR = 26 msec. The arrows point to a representative void, for which FSL
remains the same with FA. ∓Significantly lower than values obtained with FA of 35° (P <
0.01). •Significantly lower than SNR measured at FA = 35° (P < 0.05).
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Figure 4.
Effect of the SNR on void detection and tumor contrast. Brain SNR, CNR, and FSL are
plotted for three different values of rBW. The total number of detected voids is shown for
each condition. In addition, the corresponding 3D b-SSFP axial images of the same mouse
brain as in previous figures, acquired with rBW = ±6 kHz, ±21 kHz, and ±41 kHz, are
shown from left to right. All of the images were acquired using FA = 35° and TR = 26 msec.
increased The arrows point to a representative voids, which FSL with rBW. *Significantly
lower FSL compared to rBW of ±21 or ±41 kHz (P < 0.05). #Significantly lower than CNR
values at ±6 kHz (P < 0.01). •Significantly lower than SNR measured with rBW of ±6 or
±21 kHz (P < 0.05).
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Figure 5.
Comparison between FSE/b-SSFP/SPGR sequences for tumor contrast and void detection.
Brain SNR and CNR are plotted for three different sequences. The total number of detected
voids is also shown for each sequence. 2D FSE, 3D b-SSFP, and 3D SPGR axial images of
the same mouse brain are shown from left to right. The b-SSFP image was acquired using
BW = ±21 kHz, FA = 35°, and TR = 26 msec. The FSE image was acquired with TE/TR =
120/3000 msec, BW = ±21 kHz. The SPGR image was acquired with TE/TR = 2.3/25 msec,
FA = 30°, and BW = ±31 kHz. The arrows point two representative voids to that were
detected on both b-SSFP and SPGR. #Significantly higher CNR than that obtained using
FSE or SPGR sequences (P < 0.05). ∓Significantly higher than numbers counted on SPGR
images (P < 0.05). •Significantly higher SNR compared to FSE or SPGR image (P < 0.05).
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Table 1

b-SSFP Parameters Used to Optimize the Simultaneous Detection of Iron-Labeled Cells and Brain Metastases

TR(ms) FA(°) rBW(6kHz) NEX

6 35 21 8

16 35 21 3

26 35 21 2

26 10 21 2

26 35 21 2

26 50 21 2

26 35 6 2

26 35 21 2

26 35 41 2

For each sets of experiments, only one parameter was changed: repetition time (TR), or flip angle (FA), or reception bandwidth (rBW).
Furthermore, for the first set of experiments, as TR was modified the number of averages (NEX) was decreased in order to maintain an acquisition
time of 40 minutes.
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