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Abstract

Gastrointestinal (GI) bleeding causes more than 300,000 hospitalizations per year in the United 

States. Imaging plays a crucial role in accurately locating the source of the bleed for timely 

intervention. Magnetic Particle Imaging (MPI) is an emerging clinically translatable imaging 

modality that images superparamagnetic iron-oxide (SPIO) tracers with extraordinary contrast and 

sensitivity. This linearly quantitative modality has zero background tissue signal and zero signal 

depth attenuation. MPI is also safe: there is zero ionizing radiation exposure to the patient and 

clinically approved tracers can be used with MPI. In this study, we demonstrate the use of MPI 

along with long-circulating, PEG-stabilized SPIOs for rapid in vivo detection and quantification of 

GI bleed. A mouse model genetically predisposed to GI polyp development (ApcMin/+) was used 

for this study, and heparin was used as an anticoagulant to induce acute GI bleeding. We then 

injected MPI-tailored, long-circulating SPIOs through the tail vein, and tracked the tracer 

biodistribution over time using our custom-built high resolution field-free line (FFL) MPI scanner. 

Dynamic MPI projection images captured tracer accumulation in the lower GI tract with excellent 
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contrast. Quantitative analysis of the MPI images show that the mice experienced GI bleed rates 

between 1 and 5 μL/min. Although there are currently no human scale MPI systems, and MPI-

tailored SPIOs need to undergo further development and evaluation, clinical translation of the 

technique is achievable. The robust contrast, sensitivity, safety, ability to image anywhere in the 

body, along with long-circulating SPIOs lends MPI outstanding promise as a clinical diagnostic 

tool for GI bleeding.

Graphical abstract
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magnetic particle imaging; gastrointestinal bleeding; medical imaging; blood pool contrast; 
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Gastrointestinal (GI) bleeding is a serious clinical problem and a common cause of 

hospitalization. Hospital admissions for GI bleeding in the United States and United 

Kingdom have been estimated at up to 150 per 100,000 population per year with a mortality 

rate of 5–10%.1 GI bleeding is a diagnostic challenge both in its acute presentation, which 

requires the bleeding site to be located quickly, and in its chronic presentation, which 

requires repeated examinations to determine its etiology.2,3 Accurate and timely diagnosis is 

essential in order to reduce morbidity, mortality, length of hospitalization and transfusion 

requirements.4,5

Established techniques for diagnosing lower GI bleeding include colonoscopy, CT 

angiography, catheter angiography, and radionuclide scintigraphy.6 Colonoscopy has the 

highest efficacy in assessing major bleeding events in the lower GI tract.7 However, accurate 

diagnosis requires bowel preparation (3–4 hours2) to empty contents of the colon. 

Additionally, colonoscopy is unable to examine most of the small bowel and introduces risks 

associated with sedation, perforation and increased bleeding.1 CT angiography (CTA) is 

commonly used as it is widely available, does not require bowel preparation, and is 

minimally invasive. Catheter angiography is an invasive technique that is used with the 

added advantage of therapeutic intervention capabilities at the time of diagnosis. With the 

advent of spiral and multi-detector CT technology, the detection limit of lower GI bleed rate 

through CTA has been improved to 0.35–0.4 mL/min.8–10 CT is also particularly useful for 

diagnosing hematomas as a result of trauma.11 However, the sensitivity of CTA for diagnosis 

of GI bleeding has been shown to be higher in patients with active hemorrhage (91–92%) 

than in those with obscure GI bleeding (45–47%).10 Due to decreased sensitivity, need for 

intravenous contrast material and a relatively high radiation dose, contrast-enhanced multi-

detector CT has limited utility in cases of intermittent hemorrhage.12
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The most sensitive imaging modality for GI bleeding is radionuclide imaging, with a bleed 

rate detection threshold of 0.05–0.2 mL/min and has a reported sensitivity of 93% and 

specificity of 95%.13,14 Radionuclide scintigraphy for GI bleeding is either done with 

technetium-99m (99mTc) sulfur colloid or 99mTc-labeled red blood cells (RBC). 99mTc-

sulfur colloid requires no preparation and can be directly injected into the patient. 

However, 99mTc-sulfur colloid has a short blood half-life (2–3 min), which means the patient 

must be actively bleeding during the period of observation, and repeated scanning for 

intermittent bleeding is not possible without re-injection.4 99mTc-labeled RBC scan is the 

preferred scintigraphic technique for lower GI bleeding detection due to the long blood half-

life which allows the tracer to be detected on images for up to 24 hours after 

administration.15 99mTc-labeled RBC scans can detect active and intermittent bleeding with 

80–98 % sensitivity.3,16 However, a minimum extravasated bleed volume of 3–5 mL is 

required for detection irrespective of the bleed rate.17

Magnetic Particle Imaging (MPI),18–22 is an emerging tracer imaging modality that directly 

measures the location and concentration of superparamagnetic iron-oxide nanoparticles 

(SPIO) in vivo. MPI is linearly quantitative and highly sensitive, detecting nanograms of 

iron (200 labeled cells) per voxel, which is equivalent to 130 nM.23,24 As a comparison, the 

sensitivity of CT, MRI, and nuclear medicine techniques to contrast agents and tracers are in 

the millimolar, micromolar, and picomolar ranges, respectively.25,26 The current resolution 

with MPI-tailored SPIOs27,28 is ~1 mm, but may be improved to ≤300 μm resolution with 

optimized nanoparticles and pulse sequences.29,30 Due to the low frequency magnetic fields 

used in MPI, there is zero signal depth attenuation and zero signal from the tissue itself. 

When the SPIO tracer is used as a blood pool agent, tissue perfusion and tracer extravasation 

is clearly visualized anywhere in the body. In addition to using no ionizing radiation, iron-

oxide tracers with biocompatible coatings are safe and some are clinically approved as MRI 

contrast agents.31 Hence, it is safe to repeat serial scans on an animal or human. At present, 

no human MPI scanner has been developed, but the commercial small animal MPI scanners 

are comparable in complexity to MRI scanners, so clinical translation should be feasible. 

The superb contrast, sensitivity, safety, and ability to image anywhere in the body gives MPI 

great promise for various blood pool imaging applications, including GI bleed detection.

In MPI, a time-varying homogeneous excitation field is applied during signal generation, 

causing SPIOs to instantaneously flip, thereby inducing a signal in the receive coil. A field-

free region (FFR) is created with a strong magnetic gradient to localize the signal – only the 

particles at the FFR are able to flip and generate signal. The FFR is rastered through the field 

of view (FOV), and the signal detected is assigned to an image location corresponding to the 

instantaneous location of the FFR.32 The field-free region can be a field-free point (FFP) or 

a field-free line (FFL). To image a 3D FOV, an FFP is rastered in all 3 dimensions, whereas 

an FFL can be rastered in 2 dimensions to create 2D projections of the volume, increasing 

imaging speed.33 3D volumes can also be made with an FFL scanner by taking projections 

at different angles and reconstructing with a filtered back projection algorithm,34,35 akin to 

CT. A custom-built 6.3 T/m FFL MPI scanner36 was used for this study. The dynamic in 
vivo projection imaging process is illustrated in Figure 1(a).

Yu et al. Page 3

ACS Nano. Author manuscript; available in PMC 2018 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In this proof-of-concept study, we demonstrate that MPI could provide a noninvasive 

complement to 99mT c RBC scintigraphy for GI bleed detection with promising efficacy, as 

well as improvements in speed and radiation safety. We used the ApcMin/+ mouse as a 

disease model of GI bleeding. ApcMin (Min, multiple intestinal neoplasia) is a point 

mutation in the murine homolog of the adenomatous polyposis coli (APC) gene.37 This 

mutation is often found in patients of familial adenomatous polyposis (FAP), a hereditary 

form of colon cancer. Polyps spontaneously develop in these mice with age, causing them to 

bleed and become anemic.38,39 Heparin was used to induce acute bleeding at the beginning 

of the MPI study. Long circulating MPI-tailored SPIO tracer was then administered as a 

blood pool agent, and the animals were monitored with MPI over the course of 130 minutes. 

We implemented a high spatial and temporal resolution dynamic MPI projection scanning 

method to quantitatively detect GI bleeding in vivo. Due to the high contrast inherent to 

MPI, we captured clear images of the nanoparticle dynamics in the blood pool and 

nanoparticle extravasation into the gut lumen. The high contrast images also enabled 

quantitation of the blood flow rate into the gut.

Results and discussion

Projection Magnetic Particle Imaging Linearity and Detection Limit

A phantom containing SPIO tracer solutions of five different concentrations (0.0625–2 

mg/mL, or 1.1–35.8 mM, each 10 μL) was imaged with MPI at two different projection 

angles. The projection at 0-degrees resulted in a line image, while the projection at 90-

degrees resulted in a point image. 2D Projection-MPI was linearly quantitative (r2 = 0.99), 

and the detected signal summations were consistent across projection angles, as shown in 

Figure 1(b). A conservative estimate puts the sample with the lowest tracer concentration 

(0.0625 mg/mL, 1.1 mM) at 15× the detection limit of our system. The sample tubing had an 

inner radius of 0.53 mm (less than our imaging resolution), and was 9.2 mm in length, 

covering roughly 11.5 imaging voxels. From this, the system detection limit was calculated 

to be 3 ng Fe/voxel, which is equivalent to 670 nM for a pixel size of 0.1 × 0.2 cm and 

projected over 4 cm (80 μL). However, in order for the bleed to be detectable, it needs to 

stand out from existing perfused tissue signal in the abdomen. The signal in the abdomen 

from the control mice compared to background had a signal to noise ratio (SNR) of 17.2. 

Therefore, we estimate a final SNR of 50 (3× the perfused tissue signal) for the bleed to be 

detectable. Based on the injected dose of 5 mg Fe/kg (89.5 μmol Fe/kg) with 1.6 mL total 

blood volume, and assuming final SNR of 50, 2 μL of blood extravasating the gut lumen in 

one voxel is sufficient for our system to detect.

MPI-tailored Superparamagnetic Iron-Oxide Nanoparticles (SPIOs)

A bright field TEM image of uncoated iron oxide cores of LS-017 and (inset) Selected Area 

Diffraction pattern capturing crystal morphology and characteristic spinel diffraction rings 

are shown in Figure 2(a). A histogram of the core size as measured from the bright field 

TEM images is shown in Figure 2(b). Hydrodynamic size of the particles obtained from 

dynamic light scattering measurements was 89.3 nm with a polydispersity index (PDI) of 

0.084. The magnetization curve was measured by VSM at room temperature, as shown in 
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Figure 2(c). The size of the ferromagnetic core, contributing to the MPI signal, was fit to a 

Langevin function and determined to be 28.7 nm.

Visualizing Gut Bleed with Dynamic Projection MPI

The experimental plan is illustrated in Figure 7 along with hematocrit levels measured for 

each group over time (right). Dynamic projection MPI studies were carried out when the 

hematocrit level of each ApcMin/+ mouse became around 30–35% (aged 11–13 weeks), 

indicating active blood loss. Age matched wild-type C57BL/6 mice with hematocrit of 

~45% were used as control. PEGylated long-circulating SPIOs and heparin were injected 

through the tail vein as a bolus, and the dynamic projection MPI study was performed. 

Representative MPI images were overlaid with projection X-ray for anatomical reference, as 

shown in Figure 3. Whole body tracer dynamics was clearly captured over time. The long-

circulating SPIOs remained in the blood pool throughout the duration of the experiment, as 

observed by the strong signal from the heart in both ApcMin/+ and control mice. The mean 

circulation half-life for ApcMin/+ and control mice determined from the dynamic MPI data 

were 113.6 and 140.4 minutes, respectively. Delayed extravasation of the tracer was 

observed in the lower abdomen of the ApcMin/+ mice with time, specifically into the distal 

parts of the small intestine and large intestine, whereas no tracer extravasation was seen in 

the control mice. To further delineate the bleed sites, the MPI images at the first time point 

were digitally subtracted from each image in the rest of the time course for each animal, 

with negative changes set to zero. The resulting difference images, as shown in Figure 4, are 

quantitative maps of positive tracer accumulation. The GI bleed was visualized with 

extraordinary contrast in the ApcMin/+ mice, whereas wild-type mice did not exhibit any 

signs of GI bleed.

Gut Bleed Quantitation

The rate of tracer extravasation into the gut lumen was quantified with two methods: (1) 

Non-linear least squares (NLLS) iterative fitting, and (2) a graphical linear least squares 

(LLS) approach similar to Patlak fitting,40 as shown in Figure 5(a). The flow rates were 

significantly different between the ApcMin/+ and control groups for both fitting methods: 

NLLS method (p = 0.014) and Patlak LLS method (p = 0.007), as shown in Figure 5(b). 

Representative fit results are shown in Figure 5(c)–(f). The flow rates for all animals, along 

with hematocrit levels when the study was conducted, are tabulated in Table 1. Both fitting 

methods yield closely correlated estimates of bleed rates for each animal, with a maximum 

bleed rate of 4.25 μL/min.

ex vivo MPI and Histology

The GI tracts were excised from each mouse after the dynamic projection MPI study. The 

tracts were subsequently imaged with MPI to verify presence and location of accumulated 

tracer. Representative ex vivo MPI image and corresponding photograph are shown in Figure 

6(a). Tracer accumulation was found to be intraluminal at parts of small intestine and large 

intestine. Quantitative comparisons were made between the in vivo and ex vivo MPI signal 

for all animals. Near unity slope of 0.98 was obtained for the linear fit (r2 = 0.98). This 

demonstrates that MPI is reliable and gives consistent results in vivo and ex vivo. 

Representative histological images of ApcMin/+ and control mice are shown in Figure 6(c) 
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and (d). The healthy control mice had well-ordered mucosal and serosal layers in their GI 

tracts, while the ApcMin/+ mice had polyps along their intestinal lining. RBCs were observed 

within the gut lumen adjacent to a polyp, as seen in Figure 6(d). This confirms the GI 

bleeding that was observed in both in vivo and ex vivo MPI of ApcMin/+ mice.

Here we present an in vivo report of dynamic 2D projection MPI for detection and 

quantitation of lower gastrointestinal gut bleed using a non-radioactive and long circulating 

PEGylated SPIO tracer. We used the ApcMin/+ mouse model, which was suitable for this 

study due to its clinically relevant genetic defect that causes spontaneous development of 

intestinal polyps. Our study warranted the need for heparin administration to induce 

bleeding in the mouse model, though such agents are typically contraindicated clinically for 

lower GI bleed diagnosis. However, we do note that clinical agents to reduce the gut 

peristalsis in 99mT c scans, like glucagon, can also increase cardiac contraction and 

vasodilation and encourage bleeding.41

Unlike nuclear medicine techniques where tracer quantitation requires correction for tissue 

attenuation, tracer decay, and detector dead-time, MPI signal is linearly quantitative with 

SPIO concentration and is not affected by the tracer decay or tissue attenuation. The 

quantitative nature of MPI enabled us to implement compartmental modeling to determine 

the bleed rate, assuming irreversible tracer extravasation into the gut lumen. The nonlinear 

compartment model fitting correlated well with the graphical linear least squares Patlak plot 

fitting result.40 One can realize the immediate power of MPI for quantitative parametric 

tracer analysis. We were able to detect bleed rate as slow as 1–5 μL/min. The iron content in 

the GI lumen measured by MPI was also consistent between in vivo and ex vivo images, 

demonstrating that MPI is a reliable quantitative imaging technique. MPI has a fundamental 

detection sensitivity in the nM – μM range, which is less sensitive than nuclear medicine 

(pM – nM range).25 However, since SPIO tracer is safe, it has a much less stringent dose 

limitation compared to nuclear medicine. This is why MPI allows detection of 0.002 mL of 

blood, which is 10 times more sensitive than the 0.02 mL detection limit shown in a rat with 

planar scinigraphy using MPEG-PL-Tc-99m DTPA,42 both at clinically relevant dosages. 

Moreover, these experiments were obtained on a custom-built, prototype MPI scanner, with 

engineered sensitivity far from the true physics limits. With optimized hardware and SPIOs, 

it is certain that MPI sensitivity could be dramatically improved.

Several SPIO tracers were designed and tested clinically as MR contrast agents. However, 

many of these tracers have since then been withdrawn from the clinical market. Two of these 

tracers, Ferucarbotran and Ferumoxytol, are still used in the clinic. Ferucarbotran 

(Resovist®, Bayer Healthcare), which was designed primarily for liver imaging, is currently 

approved for use in Japan. Ferumoxytol (marketed as Feraheme® in the US and Rienso® in 

Europe), is commercially available for treating anemia and is used off-label as an 

angiographic agent for MRI.43,44 Both Resovist® and Feraheme® can be used as MPI 

tracers, although Resovist®generates significantly higher levels of signal than Feraheme®. 

With the development of MPI, we are optimistic that we could revive some of the previously 

FDA and EU approved SPIO agents for clinical use.45 In addition, SPIO tracers are 

generally considered to be safe for use in patients diagnosed with chronic kidney disease 

(CKD), unlike iodine and gadolinium-based contrast agents used for CT and MRI.46,47 
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Phase 1 clinical studies using Resovist® as an MRI contrast agent have shown insignificant 

side effects at the dose range of 5–40 μmol Fe/Kg.48 Feraheme® has a full therapeutic dose 

of 261.4 μmol Fe/kg for anemia.46

By tailoring the core size and shape of the SPIOs, we can significantly improve imaging 

resolution and sensitivity of MPI.27,49,50 Further, by modifying the surface chemistry of 

SPIOs, we can fine tune their pharmacokinetics and biodistribution properties in vivo.21,51,52 

In this study, we were able to achieve a prolonged circulation half-life of 140 minutes by 

polyethylene glycol (PEG) surface functionalization. The long-circulating nature of the 

tracer enabled dynamic imaging of the GI bleed over the course of 130 minutes. 

Unlike 99
mTc-labeled RBC studies which require cumbersome in vitro labeling and hot 

chemistry,53 we were able to introduce our radiation-free SPIOs directly into the mice and 

image immediately. Preliminary safety assessment of similar MPI optimized tracers is 

promising, since the biodistribution and clearance routes are analogous to clinically 

approved SPIO contrast agents which are cleared via the reticuloendothelial system48 with 

no long-term renal involvement.28 However, the clinical safety profile of each MPI-tailored 

SPIO tracer formulation will require rigorous evaluation before entering the first in human 

phase.

It should be noted that to date, rodent-sized MPI scanners have been developed, but MPI has 

not been scaled for use on humans.54,55 There are several challenges and factors to consider 

for this scale-up, including resolution, sensitivity, as well as dB/dt and specific absorption 

rate (SAR) safety limits. The resolution of MPI is highly dependent on MPI-tailored SPIOs 

as well as the selection field gradient strength. The 6.3 T/m gradient yielding 1 mm 

resolution projection images with our murine MPI imager is realizable at the human scale: 

for example, a commercially available clinical 3 T MRI scanner has a 7.2 T/m maximum 

spatial gradient just outside its bore.54,56 Further improvements to resolution below 300 μm 

are feasible through optimized nanoparticles and pulse sequences.30 Based on reciprocity 

analysis assuming coil noise dominance,19,57 we estimate the molar sensitivity to improve 

by ~30-fold as we scale from mouse to human for fixed digital matrix size. Additional 

sensitivity improvement is also possible through tracer and receive hardware 

optimization.50,58 In terms of scanner safety limits, our MPI systems currently operate in the 

very low frequency (VLF) range, which renders magnetostimulation the dominant safety 

limit. Human magnetostimulation studies of the arm and leg with spatially homogeneous 

axial excitation field have been conducted54,59,60 to predict safety limits at the full body 

scale. However, it is still crucial to evaluate the safety limits by conducting human-subject 

experiments with the desired imaging setup.

Since MPI uses zero ionizing radiation, and the SPIO tracer is safe even for use in CKD 

patients, one could also envision a tracer moiety that has an even more prolonged clearance 

half-life to enable continued patient monitoring. SPIOs can be encapsulated in PEGylated 

PRINT nanoparticles with circulation half-life of 19.5 hours61 or in red blood cells with 

tracer life span in the mouse bloodstream prolonged to 12 days.62 SPIO-labeled RBC MPI 

for detection of GI bleeding should allow imaging for as long as 12 days, instead of 24 hours 

as reported in 99mT c-labeled RBC studies due to radioactive decay. With GI bleeding being 

intermittent by nature, repeated MPI scans could be performed to monitor the patient over 
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longer periods of time with no tracer re-injection. This may significantly improve the 

accuracy of diagnosis, especially for cases of the occult and obscure GI bleeding which are 

currently highly challenging to diagnose and treat.63 In addition, we have demonstrated that 

digital subtraction of baseline images from the rest of the images in the time course can 

dramatically improve image contrast.

Conclusions

In this study, we have shown highly sensitive detection of GI bleed in a murine model using 

MPI. Although much remains to be done for the clinical translation of MPI tracers and 

imager, MPI is a clinically translatable imaging modality with superb contrast, sensitivity, 

linear quantitation and safety, which may have promise as a rapid, zero-radiation 

complement to 99mTc RBC scintigraphy. We believe that one day MPI could be used in 

conjunction with CT or Ultrasound for cases where bleeding has ceased, to complement the 

current clinical workflow for cases of occult or obscure GI bleeding. Additionally, MPI/CT 

hybrid systems could harness the high detection sensitivity of MPI along with the high 

resolution anatomical information provided by CT to enable higher accuracy bleed detection 

and bleed site localization, which may ultimately reduce cost and improve outcome.

Methods

Animal Procedures

All animal procedures were conducted according to the National Research Councils Guide 

for the Care and Use of Laboratory Animals and approved by the Animal Care and Use 

Committee at UC Berkeley. Male C57BL/6-ApcMin/+ (8-week old) were obtained from 

Jackson Laboratories (Bar Harbor, ME). Male C57BL/6 mice (11-week old) were obtained 

from a UC Berkeley Office of Laboratory Animal Care approved vendor as wild-type 

control. All animals were monitored weekly for behavior, body weight and hematocrit level 

changes until they reached an age of 13 weeks. Once every week, 10 μL of blood was drawn 

from the tail vein of each mouse, and the hematocrit level was measured with the AimStrip 

Hb Hemoglobin Test System obtained from Germaine Laboratories (San Antonio, TX). The 

experimental workflow and hematocrit levels for all animals are shown in Figure 7.

MPI-tailored Superparamagnetic Iron-Oxide Nanoparticles (SPIOs)

MPI-tailored SPIO tracer (LS-017, LodeSpin Labs) was synthesized21,64,65 to achieve 

optimal resolution and blood circulation half-life. The SPIOs were synthesized by 

thermolysis of iron III oleate in 1-octadecene, with subsequent oxidation (1 % oxygen in 

argon) to achieve desired magnetic behavior.66 For biocompatibility and long circulation, 

poly(maleic anhydride alt-1-octadecene) (PMAO)-PEG(20k) coatings were created by 

attaching 20 kDa Methoxy-PEG-amine (JenKem USA) to PMAO (Sigma) (30–50 kDa).64 

The SPIOs were then coated with the amphiphilic polymer coating and dispersed in PBS for 

characterization and animal studies.

Bright field TEM was performed at 200 keV to characterize nanoparticle morphology and 

size. Selected Area Electron Diffraction (SAED) was performed at 200 keV to characterize 

crystalline phase. Hydrodynamic size of the coated nanoparticles was measured in PBS 
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using Dynamic Light Scattering (DLS, Malvern ZetaSizer Nano ZS). Magnetic properties 

were measured by Vibrating Sample Magnetometer (VSM, Lake Shore Cryoronics). 

Magnetic size was determined by fitting of M(H) data to a Langevin function (following 

Chantrell’s method67).

Dynamic in vivo Projection Magnetic Particle Imaging

A custom-built vertical-bore Field-Free Line (FFL) 6.3T/m/μ0 magnetic particle imager was 

used for this study. The SPIOs were excited at a drive field frequency of 20.225 kHz and an 

excitation strength of 40 mTpp. The FFL is created and shifted by a pair of water-cooled 

gradient and shift coils with laminated iron returns. The FFL is created along the y-direction 

and electronically shifted in the x-direction as illustrated in Figure 1. The scanning bed was 

mechanically translated in the z-direction at 1 mm increments to complete the imaging 

trajectory shown.

MPI-tailored long circulating SPIO tracer (5 mg Fe/kg, 89.5 μmol Fe/kg) and heparin were 

administered through the tail vein of each animal prior to imaging. For reference, the range 

of dosages reported for human and small animal imaging studies in literature are 0.5–7.3 mg 

Fe/kg (8.95–130.72 μmol Fe/kg) and 0.0145–56 mg Fe/kg (0.26–1002.7 μmol Fe/kg), 

respectively.31,46,51 Twenty-one projection scans were acquired for each animal over the 

course of ~130 minutes to capture in vivo tracer dynamics over time. All in vivo images 

were taken with respiratory gating, with a final field of view of 5.16 cm × 8.52 cm. All 

images were reconstructed using x-space MPI reconstruction algorithm.19,33 Projection X-

ray images were acquired with a XPERT cabinet X-ray system (KUB Technologies, Inc) 

following each MPI study for anatomical reference.

Projection Magnetic Particle Imaging Linearity and Detection Limit

To show that our 2D projection imaging method is linearly quantitative, we prepared a 

phantom of 5 different tubes filled with 10 μL of LS-017 particle solution at various 

concentrations (0.0625, 0.25, 0.5, 1 and 2 mg/mL, 1.1–35.8 mM, each 10 μL) and imaged it 

at two different projection angles to create a line image in the 0-degree projection and a 

point image in the 90-degree projection. The signal was summed around the phantom for 

both projections for comparison. The system detection limit was also estimated from this 

study.

Image Processing and Data Analysis

MPI Image Analysis—After x-space reconstruction of the MPI images, the dynamic MPI 

time courses were collected for each animal. To better visualize the bleed into the 

gastrointestinal lumen, the image of the first time point was subtracted from the rest of the 

images in the time course to create difference maps. Since the GI bleed should manifest only 

as a positive accumulation of tracer over time, all negative changes in the difference maps 

were set to zero.

A conversion factor from MPI signal to iron (μg Fe) mass was calculated from the 

aforementioned phantom study. This conversion factor was applied to all MPI images and 
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difference maps to create quantitative tracer distribution images for each animal. These 

images were overlaid with projection X-ray images for anatomical reference.

Flow Quantitation through Compartment Fitting—The blood plasma tracer 

concentration Cp was determined by the MPI signal from the ventricle of the heart. A region 

of interest (ROI) around the heart was created from the MPI image of the first time point of 

each animal, and the same mask was applied across the rest of the images in the time course 

to determine amount of tracer in the heart over time. To determine the amount of tracer 

extravasated into the gut lumen, a single ROI for each time series was created around the gut 

using all the difference images, ensuring that all the areas of bleed are captured over time. 

For the control mice with minimal to no tracer extravasation over time in the gut, the original 

MPI image was used to draw an ROI around the gut. This ROI mask was then applied across 

all the difference images to determine the amount of tracer accumulated in the gut over time 

as a comparison. All image processing and analysis was performed using MATLAB 

(Mathworks, Natick, MA).

Two methods were implemented to quantify the bleed rate in the gut lumen (a) a nonlinear 

least squares method involving compartmental fitting (NLLS) and (b) and a graphical linear 

least squares (LLS) Patlak plot approach assuming an irreversible tracer extravasation into 

the gut lumen. A two compartment model was used for quantifying the rate of gut bleed. The 

two compartments represent the central blood pool compartment (vascular compartment) 

and the peripheral gut lumen compartment (irreversible compartment). The tracer exits the 

blood through two pathways: (1) Elimination due to nanoparticle filtration by the reticular-

endothelial system (RES) and (2) Extravasation into the gut lumen due to bleeding. For the 

NLLS compartmental fitting, the tracer mass in the central blood pool compartment was 

calculated from the signal in the heart by assuming the heart volume to be 140 μL, and entire 

blood pool volume of each mouse V0 to be 1.6 mL. Equations used for both methods are 

included as supporting information.

ex vivo MPI and Histology

The animals were euthanized immediately after the dynamic MPI study, and the GI tracts 

were extracted and imaged with MPI to confirm tracer presence. ROI analysis was 

conducted on all ex vivo GI tract MPI images, and the in vivo and ex vivo MPI signal of the 

GI tracts were compared.

After ex vivo MPI, the GI tracts were washed and subsequently fixed in neutral buffered 

formalin (NBF) and transfered to 70% ethanol after 24 hours. For each animal, GI tracts 

were separated into 4 segments: stomach, small intestine, cecum, and large intestine. The 

stomach and cecum were embedded into one paraffin block. Individual swiss rolls were 

created for the small and large intestines, and both rolls were embedded together into one 

paraffin block. Five micron sections were cut from each sample and Hematoxylin and Eosin 

(H & E) staining was performed on all slides. The slides were observed using an inverted 

bright field microscope (ZEISS AX10 Observer D1 with a ZEISS Axiocam ERc 5s).
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Figure 1. Custom-built vertical bore 6.3 T/m Field-Free Line scanner
(a) The FFL is rastered across the imaging field of view, and 2D projection images are 

acquired over time. (b) Top: MPI images of a concentration phantom (5 concentrations 

ranging from 0.0625 to 2 mg Fe/mL, each 10 μL in thin tubing spanning ~1 cm) at two 

different projection angles. The 0° projection resulted in a line image, while the 90° 

projection resulted in a point image. Bottom: MPI is linearly quantitative (r2 = 0.99), and the 

total detected signal was consistent between projection angles (red, 90°, blue, 0°).

Yu et al. Page 15

ACS Nano. Author manuscript; available in PMC 2018 December 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Long circulating MPI-tailored SPIO tracer
(a) Bright field TEM image of uncoated iron oxide cores of LS-017 and (inset) Selected 

Area Electron Diffraction pattern showing crystal morphology and characteristic spinel 

diffraction rings. (b) Histogram of particle core size from bright field TEM (mean = 28.11, σ 
= 0.08). (c) Magnetization curves measured by VSM at room temperature. Magnetic size 

was 28.7 nm (σ = 0.07). This figure was adapted from Nano Lett. 2017, 17, 1648–1654.22
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Figure 3. Dynamic projection MPI captures whole body tracer bio-distribution
MPI co-registered with projection X-ray for anatomical reference. (a) Representative images 

of an ApcMin/+ mouse over time. MPI clearly captures dynamics of tracer extravasation into 

the gut. (b) Representative images of a Wild-Type mouse over time. No tracer extravasation 

into the gut is seen.
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Figure 4. MPI Subtraction Images
Each MPI image was further processed by digital subtraction. The MPI image at the first 

time point was subtracted from all remaining images in the time course to capture tracer 

accumulation. (a) Representative subtracted images of an ApcMin/+ mouse over time. The GI 

bleed is visualized with extraordinary contrast. (b) Representative subtracted images of a 

wild-type mouse over time. The tracer was predominantly in the blood pool throughout the 

study, hence not observed after subtraction. Additionally, no GI bleed is observed.
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Figure 5. Gut Bleed Flow Quantitation
(a) Schematic of two compartment model used to quantify the rate of bleed into the gut. (b) 

Bar graph of flow rate from both groups. The flow rates were significantly different between 

the ApcMin/+ and wild-type groups for both fitting methods: NLLS method (p = 0.014) and 

patlak LLS method (p = 0.007). Representative NLLS fit results for (c) ApcMin/+ mice and 

(d) wild-type mice. Axes: iron in blood on left and iron in gut lumen on right. Representative 

LLS Patlak fit results for (e) ApcMin/+ mice and (f) wild-type mice.
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Figure 6. Ex Vivo MPI Scans
(a) Representative photo and corresponding MPI image of ApcMin/+ mouse GI tract after 

dynamic MPI study. Tracer accumulation is seen in the cecum and small intestine. (b) Ex 
vivo and in vivo MPI signal from the gut were compared for all mice. Near unity slope of 

0.98 was obtained for the linearity fit (r2 = 0.98). H&E stained histological section of the 

intestinal lumen: (c) Control mouse with well-ordered mucosal and serosal layers (20× 
magnification, scale bar 50 μm) and (d) ApcMin/+ mouse with a polyp along the intestinal 

lining and RBCs in the lumen (10× magnification, scale bar 100 μm).
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Figure 7. Experimental work-flow
C57BL/6-ApcMin/+ mice (n = 5) and C57BL/6-WT mice (n = 3) were used for this study. 

Polyps spontaneously developed in the ApcMin/+ mice with age, causing them to bleed and 

become anemic. The hematocrit levels were monitored weekly throughout the experiment. 

At age 11–13 weeks, anti-coagulant (Heparin) and MPI tracer (LS-017) were injected 

through the tail vein in both ApcMin/+ and WT mice, followed by dynamic 2D projection 

MPI scans (21 projections over 130 minutes).
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Table 1

Gut bleed flow rate comparison.

ID Species Hct (%) NLLS Flow Rate (μL/min) LLS Flow Rate (μL/min)

1 ApcMin/+ 30.18 2.01 2.39

2 ApcMin/+ 34.69 4.01 4.25

3 ApcMin/+ 34.57 1.55 1.97

4 ApcMin/+ 34.10 1.64 1.94

5 ApcMin/+ N.A. 3.60 4.05

6 WT 42 0.34 0.32

7 WT 46 0.13 0.09

8 WT 44 0.07 0.03
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