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Abstract

Magnetic Particle Imaging (MPI) is an emerging tracer-based medical imaging modality that 

images non-radioactive, kidney-safe superparamagnetic iron oxide (SPIO) tracers. MPI offers 

quantitative, high-contrast and high-SNR images, so MPI has exceptional promise for applications 

such as cell tracking, angiography, brain perfusion, cancer detection, traumatic brain injury and 

pulmonary imaging. In assessing MPI's utility for applications mentioned above, it is important to 

be able to assess tracer short-term biodistribution as well as long-term clearance from the body. 

Here, we describe the biodistribution and clearance for two commonly used tracers in MPI: 

Ferucarbotran (Meito Sangyo Co., Japan) and LS-oo8 (LodeSpin Labs, Seattle, WA). We 

successfully demonstrate that 3D MPI is able to quantitatively assess short-term biodistribution, as 

well as long-term tracking and clearance of these tracers in vivo.

1. Introduction

Magnetic Particle Imaging (MPI) is an emerging tracer-based medical imaging modality that 

images non-radioactive, kidney-safe superparamagnetic iron oxide (SPIO) tracers (Gleich 

and Weizenecker 2005; Saritas et al. 2013; Goodwill and Conolly 2010). Unlike iodinated 

contrast agents used in X-ray based modalities, or gadolinium contrast agents used in 

Magnetic Resonance Imaging (MRI), SPIOs are cleared through the liver and spleen instead 

of the kidneys, so MPI may be safer for patients with the common condition Chronic Kidney 

Disease (Gu et al. 2012). As with other tracer modalities such as positron emission 

tomography (PET) and single photon emission computed tomography (SPECT), only the 

tracer produces signal. There is no inherent signal from the background tissue, unless the 

tracer is metabolized in that tissue. This is ideal for contrast but nonspecific uptake can 

occur with any tracer modality. As one example, PET studies often show nonspecific activity 

in the bladder. A potential advantage of MPI is improved safety since it uses safe low 

frequency magnetic fields with no ionizing radiation. Also, another potential advantage of 
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MPI is that no attenuation correction is needed to render the images quantitative, since the 

signal suffers zero tissue attenuation. As long as the tracer does not aggregate, the MPI 

signal is linear and quantitative with the amount of tracer in each pixel at any tissue depth 

(Lu et al. 2013; Zheng et al. 2015; Zheng et al. 2016; Goodwill et al. 2012). Also, SPIO 

tracers remain magnetic indefinitely, so there are no tradeoffs between contrast and tracer 

half-life — a significant concern in Nuclear Medicine. MPI has great sensitivity. Recently, 

Zheng et al. (Zheng et al. 2015) reported a detection limit of 200 SPIO labeled cells with 

MPI (scan time: 20 s), in comparison MRI has a sensitivity of about 104 cells (acquisition 

time: minutes to hours) (Nguyen, Riegler, and Wu 2014). A similar number for sensitivity in 

MRI was recently reported by Chehade et al (Chehade, Srivastava, and J. W. M. Bulte 2016). 

Prototype MPI scanners report roughly 200 nM iron sensitivity (Zheng et al. 2015; Zheng et 

al. 2016), and optimization of hardware and SPIOs could still improve on this sensitivity.

The SPIOs typically used in MPI are single-domain iron oxide nanoparticles (Fe3O4) with a 

core diameter of roughly 15–35 nm. These nanoparticles are coated (and sometimes 

functionalized), extending their hydrodynamic radius to roughly 100 nm. Some commonly 

used coatings include dextran, cyclodextran and polyethylene glycol (PEG) (Ferguson et al. 

2011).

Due to its zero-radiation and high contrast-to-noise ratio, MPI shows great promise for 

applications such as cell tracking (Zheng et al. 2015; Zheng et al. 2016), angiography 

(Rahmer et al. 2013), brain perfusion (Goodwill et al. 2015), traumatic brain injury 

(Orendorff et al. 2016) and pulmonary imaging (Zhou et al. 2016). Since MPI images 

nanoscale-sized SPIO nanoparticles, it may be highly useful for visualizing the delivery of 

nanomedicine therapeutics in vivo. For example, MPI may be useful for monitoring of 

magnetic hyperthermia, which uses similarly-sized SPIO nanoparticles for non-invasive 

treatment of tumors (Dutz and Hergt 2014; Hergt et al. 2006; Shinkai 2002). Nanomedicine 

researchers have also used SPIOs for tracking the efficacy of drug delivery (e.g., through 

liposomal or nebulized methods) via MRI (Allen and Cullis 2013; O'Callaghan and Barry 

1997; Li et al. 2012). Also, since SPIOs are readily taken up by a wide variety of cells, they 

have been used in both immune cell tracking with MRI (Ahrens and J. Bulte 2013) and stem 

cell tracking with MPI (Zheng et al. 2015; Zheng et al. 2016). Last, MPI and MRI imaging 

of SPIOs have found use in cancer imaging, both through the use of targeted particles and 

through the enhanced permeability and retention (EPR) effect (Yu et al. 2016; Maeda, 

Nakamura, and Fang 2013).

For many of the applications mentioned above, it will be crucial to fully understand the 

normal blood circulation time and the kinetics and biodistribution of SPIO clearance. These 

metrics will help SPIO nanoparticle experts to optimize coatings tailoring for specific 

applications. For example, achieving adequate circulation time is crucial for SPIOs tailored 

to applications such as cardiovascular, stroke and tumor imaging (Jokerst et al. 2011; 

Ferguson et al. 2015). Understanding and achieving long-term clearance is crucial for 

applications such as tracking extended release therapeutics and cell behavior over time.

Here, we show that 3D MPI allows for quantitative measurements of SPIO blood circulation 

and organ distribution kinetics for up to 70 days. In particular, we demonstrate these 3D MPI 
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measurements for two commonly used tracers in MPI: Ferucarbotran (Meito Sangyo Co., 

Japan) and LS-oo8 (LodeSpin Labs, Seattle, WA). We successfully demonstrate that MPI is 

able to quantitatively assess short-term biodistribution as well as long-term biodistribution 

and clearance of these tracers in vivo.

2. Materials and Methods

2.1. SPIO Tracers

Ferucarbotran is an aqueous suspension of multi-core carboxydextran-coated magnetite 

nanoparticles, originally designed as a liver-targeting MRI contrast agent (Abdollah et al. 

2014), and adopted for use in MPI (Lüdtke-Buzug et al. 2009; Ferguson et al. 2013). LS-008 

is a PEG-coated single-core magnetite nanoparticle, designed as a long circulating MPI 

tracer (Ferguson et al. 2015; Kemp et al. 2016; Ferguson et al. 2013). Chemical structures of 

the tracer coatings are shown in Figure 1. In addition, characteristics for each tracer are 

summarized in Table 1

2.2. Tracer Linearity

To measure the linearity of each tracer in MPI, a series of seven 1 μl sources were prepared 

for both LS-008 and Ferucarbotran. For LS-008, the concentrations imaged were 0.08 

mg/ml, 0.04 mg/ml, 0.07 mg/ml, 0.15 mg/ml, 0.29 mg/ml, 0.59 mg/ml, and 1.18 mg/ml. For 

Ferucarbotran, the concentrations imaged were 0.04 mg/ml, 0.09 mg/ml, 0.18 mg/ml, 0.36 

mg/ml, 0.71 mg/ml, 1.43 mg/ml, and 2.85 mg/ml.

2.3. Experimental Setup

Six groups of Fisher 344 female rats were used for the biodistribution and clearance 

experiments. Three of the six groups were imaged over 70 days and then euthanized, and 

three of the six groups were imaged over 2 days and then euthanized. This was done to 

confirm the early and late time point localization of tracer with ex vivo imaging of separate 

organs. The first group (n = 3, weight = 134 g ± 5 g, 10 weeks old) received an injection of 

Ferucarbotran, and was imaged over 70 days. The second group (n = 3, weight = 117 g ± 3 

g, 8 weeks old) received an injection of Ferucarbotran, and was imaged over 2 days. The 

third group (n = 3, weight 131 g ± 6 g, 9 weeks old) received an injection of LS-008, and 

was imaged over 70 days. The fourth group (n = 3, weight = 119 g ± 8 g, 8 weeks old) 

received an injection of LS-008, and was imaged over 2 days. The fifth group (n = 2, weight 

= 157 g ± 4 g, 20 weeks old) received no injection, and was imaged for 70 days. Finally, the 

sixth group (n = 3, weight = 116 g ± 5 g, 8 weeks old) received no injection, and was imaged 

for 2 days. Figure 2 is a flow chart describing the experiment.

Prior to all procedures, animals were anesthetized with an isoflurane/oxygen mixture 

(induction at 3.5% isoflurane and 1 L/min flow; maintenance at 2-3% isoflurane and 1 

L/min flow). For groups 1, 2, 3 and 4, the tracer was diluted in sterile 0.9% saline solution, 

and then injected through a catheter as a bolus at a dose of 5 mg Fe/kg into the tail vein of 

the animal. To ensure complete delivery of the tracer, the catheter lines were flushed with 

0.9% saline solution up to a total injected volume of 1 ml. All animal experiments were 

performed in compliance with the Animal Care and Use Committee at UC Berkeley.
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2.4. Imaging Hardware

The rats were imaged with respiratory gating (SA Instruments Inc., Stony Brook, NY, USA) 

using a 3.5 T/m × 3.5 T/m × 7 T/m field free point MPI imager (Goodwill et al. 2012) with a 

20.025 kHz and 40 mTpp excitation field in z, and field-of-view (FOV) of 4.0 cm × 4.0 cm × 

10.5 cm. The animals were positioned in dorsal recumbency for imaging. For Groups 1 and 

3, the animals were imaged at 10 minutes, 30 minutes, 1 hour, 2 hours, 4 hours, 6 hours, 12 

hours, 1 day and 2 days and then twice a week over the next 70 days. For Groups 2 and 4, 

the animals were imaged right after the injection and then again at day 2. For Group 5, the 

animals were imaged at day 70. For Group 6, the animals were imaged at day 2.

To provide an anatomical reference for MPI images, a planar X-ray image of each animal 

was also acquired on a Kubtec XPERT 40 specimen radiography system. (KUB 

Technologies, Inc., Medford, CT, USA) immediately following the last MPI time point.

2.5. Image Reconstruction and Clearance Calculations

MPI images were reconstructed using an x-space reconstruction technique (Goodwill and 

Conolly 2010; Goodwill and Conolly 2011; Lu et al. 2013) with optimized DC recovery (Lu 

et al. 2013; Konkle et al. 2014), partial field of view overlap set at 20%, and employing an 

equalization filter (Lu et al. 2015).

All image analysis were performed with MATLAB Release 2016b (The MathWorks, Inc., 

Natick, MA, USA). First, a region growing algorithm, seeded with the maximum voxel and 

set to terminate at 10% of maximum, was used to draw a region of interest (ROI) around 

each organ in question. The half-life was then calculated by using a nonlinear least-squares 

1st order exponential fit to the average value in the ROI over all animals at each time point.

2.6. Iron Localization with ex vivo MPI

Following the last time point, all animals were euthanized via an overdose of isoflurane. 

Liver, spleen, kidneys, lungs and heart were removed and imaged in the MPI scanner using 

the same imaging parameters as used for in vivo imaging. The same region growing 

algorithm was used to calculate the average signal in each organ. Control animals were also 

imaged to insure that there was no detectable signal from native iron in each organ.

3. Results

3.1. Tracer Linearity

Figure 3 is a photograph of the point source phantom and the corresponding maximum 

projection intensity MPI image as well as the plot of MPI signal versus Fe concentration for 

both LS-008 and Ferucarbotran. MPI signal for both tracers is linear with concentration (R2 

= 0.99 for both LS-008 and Ferucarbotran).

3.2. Blood Half-Life

To assess the blood half-life of each tracer, the jugular vein of each animal at each time point 

up to 48 hours was isolated in the MPI images using the method described above. The ROI 

over the jugular was 46 ± 7 μl. Figure 4 show coronal maximum intensity projection MPI 
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images of the biodistribution for both tracers overlaid onto an X-ray projection image at 

representative time points. Note that all MPI images shown in this paper are maximum 

intensity projections of the 3D MPI imaging volume. Figure 5 shows MPI signal in blood 

over time for both tracers over 48 hours along with corresponding exponential fits. 

Ferucarbotran immediately cleared out of the bloodstream, so no fit was performed. LS-008 

particles persisted in the bloodstream of the rats with a half-life of 4.2 h ± 0.5 h. No MPI 

signal above the interference noise floor was detected in the control animals. The drastic 

difference in biodistribution for the two tracers is clearly captured by MPI.

3.3. Long-term Clearance

A similar algorithm to the one used to measure the blood half-life was used to assess the 

clearance half-life in both liver and spleen of each rat. Average signal in both organs was 

determined for all time points over the 70-day period. Figure 6 show coronal MPI images of 

a rat injected with Ferucarbotran and LS-008 tracers overlaid on X-Ray projection images. 

Figure 7 shows the corresponding iron clearance of Ferucarbotran and LS-008 from the liver 

and spleen over a 70-day period. Ferucarbotran predominantly clears through the liver, while 

LS-008 clears through the spleen.

Ferucarbotran cleared from the liver with a half-life of 5.6 d ± 0.2 d and from the spleen 

with a half-life of 4.0 d ± 0.5 d. LS-008 cleared from the liver with a half-life of 6.5 d ± 0.7 

d and from the spleen with a half-life of 18.2 d ± 2.5 d. Again, no signal above the 

interference noise floor was detected from the liver and spleen of the control animals.

3.4. Iron Localization with ex vivo MPI

To validate the localization of the tracer with in vivo MPI, the heart, lungs, liver, spleen and 

kidneys of each rat were extracted and imaged ex vivo with MPI. Figure 8(a) is a photograph 

of the extracted organs. For both tracers, only the liver and spleen were visible in MPI at day 

2 (Figure 8(b) and (d)). At day 70, LS-008 was only visible in the spleen (Figure 8(c)), and 

Ferucarbotran was only visible in the liver (Figure 8(e)). Using the same region growing 

algorithm, an average signal was determined in an ROI drawn over liver and spleen and an 

average signal per gram of tissue was determined. Results are shown in Figure 9.

4. Discussion

MPI signal has already been validated with Inductively Coupled Plasma measurements to 

correspond to injected iron content (Zheng et al. 2016). This makes MPI a powerful and 

quantitative tool for studying tracer dynamics in vivo without the need for blood draws or 

organ extractions.

As expected, in animals injected with the liver-targeting agent, Ferucarbotran, most of the 

tracer cleared into the liver immediately following the injection. On the other hand, the 

LS-008 particles persisted in the blood for several hours after the injection and then cleared 

into the spleen. This is especially exciting for MPI in applications such as angiography 

(Wang et al. 2015), cancer imaging (Bae, Mrsny, and Park 2013) or theraputic applications 

(Janib, Moses, and MacKay 2010) where long circulation time is beneficial.
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In MRI the most widely used blood pool imaging agent is a gadolinium chelate, 

gadofosveset trisodium which allows for an imaging window of about 20 minutes in humans 

(Ruangwattanapaisarn, Hsiao, and Vasanawala 2015). Another, and one that is most closely 

comparable to tracers used in MPI, is Ferumoxytol. Ferumoxytol is an SPIO-based blood 

pool agent which, in humans, has a circulating half-life of about 14 hours (ibid.) and 

provides a good blood vessel to myocardium contrast ratio of about 3 (ibid.). In comparison, 

in this study we were able to achieve a blood circulation half-life of about 4 hours and a 

contrast to background ratio of about 2.5 as seen in Figure 4. This should be sufficient for 

angiography, and should only get better with improvements in hardware and further tailoring 

of the SPIO particles.

The ex vivo MPI data shown in Figure 9 confirms that both of the SPIO tracers were cleared 

into the liver and spleen of the animals, with no detectable iron remaining in other major 

organs. This agrees with in vivo MPI data shown in Figure 7. This was expected since MPI 

is quantitative with no tissue attenuation and confirms the potential of MPI to become a 

powerful non-invasive, quantitative imaging tool.

As mentioned before, Ferucarbotran is an aqueous solution of magnetite similar to that 

manufactured by Bayer under the trade name Resovist (SH U555A). Lawaczeck et al. 

(Lawaczeck et al. 1997), reported a circulating half-life for Resovist of about 6 minutes in 

rats and a liver half-life of about 5 days after injection of 100 um/kg (5.6 mg/kg). Although, 

we were not able to confirm blood circulation half-life of resovist due to current hardware 

limitations, our result of liver clearance half-life of 5.6 days agrees to that reported by 

Lawaczeck et al.

It is also important to note that there are other approaches to increasing blood circulation 

half-life. For example the approach taken by Antonelli et al. (Antonelli, Sfara, Battistelli, et 

al. 2013; Antonelli, Sfara, Weber, et al. 2016) of loading SPIO nanoparticles in red blood 

cells (RBCs). Antonelli et al were able to achieve a blood circulation half-life of 48 hours 

for Resovist loaded RBCs. They have also found, that similar to LS-008 particles, the 

Resovist loaded RBCs were mostly cleared through the spleen. It will be intriguing to see 

how Resovist loaded RBC would perform in our custom made MPI scanners.

We have shown two different SPIO nanoparticle tracers with very different biodistribution 

kinetics and clearance dynamics. In developing new SPIO tracers, one will have to tailor and 

optimize the nanoparticle to fit the intended application. For example, specific applications 

must balance imaging resolution (angiography versus oncology), tracer blood half-life (liver 

imaging which doesn't depend on long circulating particles vs angiography, perfusion 

imaging and cancer which might need multiple passes of SPIO over the region of interest to 

be more effective), tracer coating thickness and/or binding (to bind to stem cells, amyloid 

plaques or tumors), different relaxation behaviors (for color-contrast MPI (Rahmer et al. 

2015; Hensley et al. 2015)), and so on. This study shows that 3D MPI can help to optimize 

tailored-SPIO tracers for specific applications.

With this experiment we have successfully demonstrated that MPI is able to track both short-

term biodistribution and long-term clearance of SPIO particles. We confirmed that 
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Ferucarbotran tracer cleared directly to the liver, which would make it a great tracer for 

imaging the liver — as intended. On the other hand, because LS-008 SPIO particles stayed 

in the blood stream significantly longer than Ferucarbotran, we were able to image 

vasculature in vivo. This makes MPI a promising tool for applications that require longer 

circulation times such as angiography, traumatic brain injury, stroke and tumor imaging. The 

difference in clearance mechanisms between the two particles could be related to several 

characteristics. Nanoparticle size, shape and surface charge dictate biodistribution among the 

different organs as well as overall clearance rate from the body (Blanco, Shen, and Ferrari 

2015).

One possible concern would be a significant amount of tracer remaining in the liver and 

spleen for several weeks after the injection. Both tracers lingered in the system before being 

cleared. However, several SPIOs have already been approved for human use in both US and 

Europe (Wang 2011) and other studies have found SPIOs to be non-toxic in the short-term 

(specific to particular dosage and functionalization) (Mahmoudi et al. 2012).

It is intriguing, and should be a subject of further research, that Ferucarbotran was mostly 

cleared by the liver while LS-008 was mostly cleared by the spleen. As mentioned 

previously this might be due to the difference in particle shape, size and surface charge. It 

would also be useful to understand if it would be possible to create a particle with a long 

half-life in the blood while retaining a fast clearance half-life in the liver and spleen. This 

would make it possible to do back-to-back injections of these SPIOs for repeated imaging 

studies (Mahmoudi et al. 2012).

5. Conclusion

MPI's ability to quantitatively assess particle concentration in vivo make it a powerful tool 

with many possible applications in fields of stem cell therapies, coronary artery disease, 

traumatic brain injury and cancer. The development of tailored particles — whether for long 

circulation time, for organ-specific targeting, or high resolution imaging — is crucial for 

these applications. Here, we were able to successfully track both the short-term 

biodistribution as well as long-term clearance of two tracers with MPI. This work serves as a 

stepping stone for the in vivo evaluation of these emerging particles by assessing two 

fundamental nanoparticle properties, organ biodistribution and clearance time.
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Figure 1. 
Chemical diagrams of the tracer coatings.
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Figure 2. 
Flowchart of the tracer biodistribution and long-term clearance animal experiment.

Keselman et al. Page 12

Phys Med Biol. Author manuscript; available in PMC 2018 May 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
A series of dilutions were performed to demonstrate the linearity of MPI signal with particle 

concentration. On the left is a photograph of LS-008 point sources and the corresponding 

maximum projection intensity MPI image as well as the plot of MPI signal versus Fe 

concentration. On the right is a photograph of Ferucarbotran point sources and the 

corresponding maximum projection intensity MPI image as well as the plot of MPI signal 

versus Fe concentration. In both cases the MPI signal is linear with Fe concentration.
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Figure 4. 
Short-term biodistribution of Ferucarbotran (top) and LS-008 (bottom) at 4 time points as 

seen in MPI (dose: 5 mg of Fe / kg for both tracers). The MPI images were overlaid onto 

projection X-ray images for anatomical reference. In both sets of images the tracer 

immediately begins to clear to the liver and spleen. For LS-008 tracer, in addition the liver 

and spleen, we can see what are probably the jugular veins as well as the lungs and heart of 

the animal. Unlike Ferucarbotran that was designed to immediately clear to the liver, LS-008 

stays in circulation. The drastic difference in biodistribution for the two tracers is clearly 

captured by MPI.
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Figure 5. 
Average MPI signal in the ROI over the jugular vein of a rats (n = 3) injected with 

Ferucarbotran, rats (n = 3) injected with LS-008 and rats (n = 3) not injected with anything 

showing short-term tracer clearance from blood. For rats injected with Ferucarbotran and 

control rats no discernible jugular vein could be seen in the image so a large box was drawn 

over the region where jugular vein was estimated to be from the corresponding X-Ray 

image. The interference noise is an average signal in an ROI drawn over a region outside the 

body. As expected, LS-008 stays in the blood (half-life 4.2 h ± 0.5 h), while Ferucarbotran is 

almost immediately cleared to the liver. There is no detectable signal from the control 

animals. The inset within the dashed line is the data collected during the 1st hour.
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Figure 6. 
MPI images of rats injected with Ferucarbotran (top) and LS-008 (bottom) overlaid onto 

projection X-ray images for anatomical reference. Both tracers were injected at a dose of 5 

mg of Fe / kg. MPI images show slow clearance of the tracer by the liver and spleen of a rat 

over a 70 day period. Ferucarbotran is predominantly cleared by the liver, while Ls-008 is 

predominantly cleared by the spleen.
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Figure 7. 
(left) Long-term clearance of Ferucarbotran from the liver (half-life of 5.6 d ± 0.2 d) and the 

spleen (half-life of 4.0 d ± 0.5 d) of a group of rats (n=3). (right) Long-term clearance of 

LS-008 from the liver (half-life of 6.5 d ± 0.7 d) and the spleen (half-life of 18.2 d ± 2.5 d) 

or a group of rats (n=3). No signal above the interference noise floor was detected from the 

control animals.
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Figure 8. 
Top panel shows a representative photograph of the ex vivo set-up with the Day 2 excised 

liver, spleen, kidneys, lungs and heart followed by MPI images of the Day 2 extracted organs 

for all animals injected with LS-008 and Ferucarbotran. The bottom panel is a similar 

photograph and MPI image of organs extracted at day 70 after the injection. At day 70, 

LS-008 signal is only observed in the spleen and Ferucarbotran signal is only observed in 

the liver.
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Figure 9. 
Ex vivo Organ measurements for Ferucarbotran and LS-008 at day 2 and day 70. As with in 
vivo data, LS-008 is cleared predominately through the spleen, while Ferucarbotran is 

cleared through the liver. No signal was seen in the heart, lungs or kidneys. And no signal 

was detected in the organs of the control animals.
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Table 1

Summary of Ferucarbotran and LS-008 Trace Characteristics.

Name Ferucarbotran LS-008

Supplier Meito Sangyo Co., Japan LodeSpin Labs, Seattle WA

Coating Carboxydextran PMAO-PEG

Core Diameter 3 nm to 5 nm 26.3 nm ± 1.5 nm

Hydrodynamic Diameter 45 nm to 72 nm 78 nm

Concentration of Iron (Fe) 5.7 mg/ml 2.35 mg/ml
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