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Abstract

Purpose: Herein, we evaluate the use of MRI as a tool for assessing iron oxide nanoparticle 

(IONP) distribution within IONP perfused organs and vascularized composite allografts (VCAs, 

i.e. hindlimbs) prepared for cryopreservation.

Methods: MRI was performed on room temperature organs and VCAs perfused with IONPs and 

were assessed at 9.4T. Quantitative T1 mapping and T2*-weighted images were acquired using 

sweep imaging with Fourier transformation (SWIFT) and gradient echo (GRE) sequences, 

respectively. Verification of IONP localization was performed through histological assessment and 

μCT.

Results: Quantitative imaging was achieved for organs and VCAs perfused with up to 642 mMFe 

(36 mgFe/mL), which is above previous demonstrations of upper limit detection in agarose 

[35.7mMFe (2 mgFe/mL)]. The stability of IONPs in the perfusate has an impact on the quality of 

distribution and imaging within organs or VCA. Finally, MRI provided more accurate IONP 
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localization than Prussian blue histological staining in this system, wherein IONPs remain mainly 

in the vasculature.

Conclusion: Using MRI, we were able to assess the distribution of IONPs throughout organs 

and VCAs varying in complexity. Additional studies are necessary to better understand this system 

and validate the calibration between T1 measurements and IONP concentration.
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Introduction

The short timespan in which tissues remain viable after acquisition currently places an 

enormous logistical burden on transplantation, regenerative medicine, oncofertility, mass 

casualty medical counter measures, and a variety of other areas spanning biomedicine and 

research (1,2). Long-term cryopreservation of viable tissues and organs would revolutionize 

the way they are recovered, allocated, and used in transplantation. To maintain viability, one 

promising approach is cryopreservation in an amorphous vitrified phase rather than a 

crystalline phase (1,3). Practical application of vitrification has been mostly limited to small 

sample sizes, such as cells and thin tissues, due to the inability to rewarm larger (> 3 mL 

systems) with sufficient speed and uniformity (2–9). Nanowarming is a new technique that 

aims to address this by providing uniform and fast heating from iron oxide nanoparticles 

(IONPs) deployed within and around tissues that can be heated in an alternating magnetic 

field in the kilohertz (kHz) range. Thus far, this new method has been demonstrated with 

porcine arteries surrounded by IONPs in volumes ranging from 1 – 50 mL (10). Continuing 

work has focused on the perfusion of IONPs through the vascularized composite allografts 

(VCAs) and organs in order to achieve the goals of nanowarming.

Within IONP-perfused organs for nanowarming, the homogeneity of IONP distribution is 

critical, but not trivial to accomplish. The IONP-distribution results from a complex 

interplay including but not limited to: stability of IONPs (11), cannulation via arterial/

venous routes (12), differential pressure between inlet and effluent cannula during perfusion, 

vascular resistance, perfusate flow rates, and temperature (13,14). Furthermore, once the 

IONPs have been washed out of the tissue, there is the possibility that IONPs can remain 

trapped due to cellular uptake or IONP aggregation (15,16).

The quantification of IONPs using MRI has been demonstrated with low and high IONP 

concentrations (16–18). Low IONP concentrations (< 0.18 mMFe or 0.01 mgFe/mL) can be 

quantified using gradient-echo (GRE) and spin-echo (SE) pulse sequences. Quantification of 

high IONP concentrations (> 0.18 mMFe or 0.01 mgFe/mL) requires the use of echoless 

pulse sequences which preserve signal from spins with ultrashort T2 or T2*. Recent work 

has measured the overlap of the ranges of IONP concentrations that can be quantified by 

GRE, SE, and the echoless pulse sequence SWIFT (sweep imaging with Fourier 

transformation) (19). Additionally, a correlation between in vivo R1 values and the ex vivo 
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heating (specific absorption rate, SARFe) produced by IONPs within organs has been 

established (16).

Previous nanowarming experiments loaded 17.9 mMFe (1 mgFe/mL) IONPs within and 

around an artery. Quantitative R1 maps of the loaded artery were acquired using SWIFT, and 

complete unloading of the IONP from the artery was evaluated with T2*-weighted images 

acquired with GRE. Herein, the first pilot studies demonstrate the potential for MRI as a 

qualitative and quantitative assessment method of IONP loading and unloading within four 

perfused organ types.

Methods

Materials:

The iron oxide nanoparticle (IONP) used were EMG-308 and PBG-300 from Ferrotec 

(USA). A 5X concentrated Euro-Collins solution was prepared following a published 

protocol using Milli-Q water (20). The cryoprotective agents (CPAs) in VS55 were 3.1M 

dimethyl sulfoxide, 3.1M formamide, and 2.21M 1,2-propanediol in 1X Euro-Collins 

solution (20). The CPAs in M22 were provided by 21st Century Medicine and has been 

described elsewhere (21). HEPES was from MP Biomedicals (Santa Ana, CA, USA), D-

Glucose was purchased from Macron Fine Chemicals (Allentown, PA, USA), DMSO and 

formamide were purchased from Fischer Chemicals (Hampton, NH, USA). Chemicals used 

at 21st Century Medicine were from Fischer Chemicals (Hampton, NH, USA), Spectrum 

(West Compton, CA, USA) and TCI (Portland, OR, USA). All other chemicals were 

purchased from Sigma-Aldrich (St. Louis, MO, USA)

Tissue Perfusion and Preparation

Organ preparation and perfusion for the rat vascularized composite allografts (hindlimbs), 

rat liver, rabbit kidney, and porcine ovary were performed at Tissue Testing Technologies 

LLC, UNC Charlotte, 21st Century Medicine, and Sylvatica Biotech Inc, respectively (Table 

1). The specific details for each laboratory and tissue are given in the Supplemental 

Information. In short, the organs and VCAs were harvested and arteries were cannulated. 

The organ was then flushed with either Euro Collins buffer (Tissue Testing Technologies, 

UNC Charlotte, Sylvatica Biotech Inc) or Renasol-14 (21st Century Medicine) and 

cryoprotectants were introduced either continuously or through a series of steps until the 

tissue was deemed ready for vitirification. IONPs were delivered during the final loading 

step. Rat hindlimbs were also unloaded stepwise by flushing with a series of decreasing 

concentrations of cryoprotectant solution free of IONPs.

Rat hindlimbs, rat livers, and rabbit kidney were shipped to UMN at −80°C and warmed to 

4°C for 48 h before imaging. The rat hindlimbs were immediately prepared for histology 

after MRI. The porcine ovaries were shipped overnight, on ice and stored at 4°C until 

imaging. Imaging of the porcine ovaries occurred within 48 h of perfusion. Rat livers, rabbit 

kidneys, and porcine ovaries were placed within a 50 mL PET centrifuge tube and 

surrounded by the perfusate solution. Rat hindlimbs were too large to fit into 50 mL PET 

centrifuge tubes and were instead measured inside plastic bags without surrounding 
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perfusate solution. After MRI, the porcine ovaries were imaged using μCT with the 

surrounding solution removed and then immediately prepared for histology.

Magnetic Resonance Image Acquisition

MR imaging was performed in a single session. All MR images were acquired with a 

volume transmit/receive coil having an inner diameter of 3 cm (Varian, Palo Alto, CA) in a 

9.4-T 31-cm bore magnet (Magnex Scientific, Yarnton, UK) interfaced to a research console 

(Varian, Palo Alto, CA). Hindlimb VCAs were wrapped in a plastic bag before insertion into 

the volume coil. All organs were inserted into a 50 mL PET falcon tube and surrounded by 

the same solution that the organ contained (Euro Collins buffer, VS55, or M22) but without 

IONPs.

GRE acquisitions were used to produce two-dimensional (2D) R2* (=1/T2*) maps. Each 

image was acquired with bandwidth (BW) = 50 kHz, acquisition time = 2.56 ms, slice 

thickness = 5 mm, and resolution = 417 × 417 μm2. GRE images were acquired with TR = 

16 ms and TE = 9 ms. All 2D images were reconstructed using VnmrJ version 3.2.

The SWIFT 3D R1 map was acquired using a Look-Locker method with a multi-band (MB) 

SWIFT sequence for image readout using flip angle = 1°, acquisition delay ≈ 2 μs, BW = 

384 kHz, TR = 1.2 ms, gaps = 2, voxel resolution = 194 × 194 × 1172 μm3, and total 

acquisition time around 7 min (17,22). The field-of view (FOV) was 50 × 50 × 150 mm3 

with image matrix size = 128 × 128 × 128 × 64 (x,y,z,t), Nspiral = 32, Nv = 4096, and 64 time 

points spaced linearly from 39.8 to 4596 ms were acquired. Within the rat liver R1 maps, the 

64 time points were amended to be spaced linearly from 12.7 to 1152 ms by adjusting Nv = 

1024. MB-SWIFT images were reconstructed using an in-house program written in 

MATLAB (2012b) (22).

Relaxation maps were calculated using MATLAB (2012b). For each voxel, the time points 

were fit along the T1 recovery curve using a three-variable exponential fit (17). The 

robustness of the exponential fit was tested for each voxel by adjusting the boundary values 

(23). Relaxation measurements were determined by least-squares fitting.

Microcomputer Tomography (μCT)

The surrounding solution was drained from the PET tube and samples were scanned in a 

μCT imaging system (Nikon XT H 225, Melville, NY) at voltage = 65 kV, current = 34 μA, 

and voxel resolution = 62 × 62 × 62 μm3. Reconstruction was performed using 3D CT pro 

(Nikon Metrology) imported as unsigned 16-bit float images. Reconstruction was corrected 

for beam hardening, and background noise was minimized using a Hanning filter. Images 

were converted to Hounsfield units using an in-house program written in MATLAB (2012b).

Hybrid images with T1-weighted MR images and R1 mapping were aligned and scaled to 

match the μCT based on the location of the Teflon holders. The Teflon holders were masked 

out of the final images.
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Histology

After imaging, the organs were fixed in 10% buffered formalin for a time period determined 

by the size of the sample. A one-month fixation was performed with the hindlimb, whereas 

the ovaries were fixed for 48 h. After fixation, the samples were rinsed well and placed into 

EDTA for decalcification. When the decalcification was complete, samples were blocked for 

routine processing and paraffin embedding. Tissue sections were cut at 4 μm and stained 

with Prussian blue and a nuclear fast red counterstain. Ovaries were also stained with anti-

CD31 (Abcam, Cambridge, UK).

Results

The effects of IONPs (EMG-308, 179 mMFe; 10 mgFe/mL) perfused throughout the rat 

hindlimb are shown in Figure 1. Rat hindlimb is a very complex tissue, due to the presence 

of adipose, connective, bone, and muscular tissue. Some distinction between tissue 

structures, such as the bone (blue triangle) and muscle (yellow triangle), can be observed 

within the negative control (Figure 1.b). Within both the IONP loaded (Figure 1.c) and 

IONP washout (Figure 1.d) VCAs, negative contrast and pile-up artifacts are present at the 

location of the bone (blue triangle). Additionally, negative contrast is observed throughout 

the vasculature of the muscle (yellow triangle). Compared to the IONP-loaded tissue, the 

IONP washout tissue appears to have brighter contrast within the bone and less contrast 

within the muscle vasculature. The change in IONP distribution was not picked-up by the 

corresponding Prussian Blue histology, where the washout tissue appears similar to the 

negative control (see Supporting Information Figure S1). In the 3D image of the VCA 

following IONP unloading, no slice appeared to be completely free of IONPs when using 

voxel intensity as the metric.

The influence of solution composition for the IONP organ perfusion is observed in Figure 2. 

Similar to the rat hindlimb, the rat liver perfused with VS55 with EC containing IONPs 

(EMG-308, 357 mMFe; 20 mgFe/mL) produces a visually observed heterogenous 

distribution. This appeared as black spots surrounded by pink tissue throughout the organ 

(Figure 2.a). Within the corresponding MR image, pile-up artifacts obscure the image and 

the exact location of the organ cannot be discerned (Figure 2.b). A dramatic change in 

perfusion is observed when EC (plus EMG-308, 643 mMFe; 36 mgFe/mL) is used without 

CPAs. Visually, the organ appears to be an even brown color (Figure 2.c). An improvement 

was also observed within the T1-weighted image, where lobes of the liver can be 

distinguished (Figure 2.d). Furthermore, only the EC perfused liver produced an R1 map 

where the liver lobes could be distinguished from the surrounding solution (Supporting 

Information Figure S2).

Successful distribution within a leporine kidney perfused with a lower concentration (71 

mMFe; 4 mgFe/mL) of IONPs (EMG-308) in M22 is shown in Figure 3.a. A GRE T2*-

weighted image produces negative contrast within the organ and large distortion artifacts 

(Figure 3.b), whereas MB-SWIFT T1-weighted images provide contrast throughout the 

organ (Figure 3.c). Homogeneous distribution is not observed, however, the lack of 

homogeneity in signal is attributed to the different structures within the kidney, rather than 

aggregation or accumulation within capillaries. More specifically, a distinction in contrast 
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can be observed between the hilus, inner medulla, outer medulla, and cortex of the kidney. 

Similarly, the R1 map indicates variation of IONP concentration throughout the kidney 

(Figures 3.d and 3.e). The highest IONP concentration is located at the renal artery (blue 

triangle) and a reliable relaxation fitting could not be calculated, which is expected based on 

previously determined robustness criteria (23).

The effect of IONP coating is shown with porcine ovaries in Figure 4 with the perfusion of a 

high concentration of PEG-coated IONP to maintain stability (PBG-300, 429 mMFe; 24 

mgFe/mL) in VS55. The ovary perfusions were considered a success in that, visually, the 

organ was evenly brown. The T1-weighted negative control image (Figure 4.a) demonstrates 

barely any distinction between the surrounding solution and tissue. However, image contrast 

is visible within the IONP loaded tissue, including distinct features in follicles of the ovaries 

(Figure 4.b). The R1 map shows an increase in R1 compared to the negative control (Figures 

4.c & d), however, some of the detail is lost. An increase in R1 is observed within the 

surrounding solution (R1 < 1 s−1) and the ovary (R1 = 1.1 – 1.4 s−1), when comparing the 

IONP-loaded ovary with the negative control (Figure 4.e). Histology with both Prussian 

Blue staining and anti-CD31 (vasculature) staining (brown) shows that the IONPs are only 

present within the vasculature of the ovary (Figures 5). The loss of IONPs during the 

fixation process was visually evident (Supporting Information Figure S3). Finally, T1-

weighted images, R1 maps, and μCT images were compared over the range of IONP 

concentrations within the ovary (Figure 6). The T1-weighted images demonstrate pile-up 

artifacts obscuring the location of the ovarian artery. Additionally, the vasculature visible 

with μCT indicates the high IONP concentration, which is better observed with the R1 map. 

A histogram analysis across the entirety of the R1 map demonstrates the similar two peak 

pattern shown in Figure 3.e. A similar analysis across the entirety of the μCT image 

indicates a gaussian distribution of values around 400 HU; however, an ROI drawn over an 

artery demonstrates the elevation to ~ 800 HU, which is distinctly different from the 

background of the surrounding tissue. A video of a 3D brightest point projection for the R1 

map and μCT is also included in the supplemental information (Supporting Information 

Video S1).

Discussion

The work described herein provides early examples of how MR imaging can play a critical 

role in assessing organs and VCAs perfused ex vivo with IONPs, in preparation for 

cryopreservation and nanowarming. Imaging of tissue perfusion with MRI typically refers to 

in vivo organ blood-flow with or without contrast agents, as extensively utilized in the clinic 

(24–26). Conversely, ex vivo perfusion MRI focuses on tissues perfused and fixed with 

formalin (27). Contrast agents have been applied to ex vivo perfusion MRI (28,29). 

Cryopreservation and nanowarming requires perfusion of the organ with CPAs that prevent 

crystallization of the tissue at cryogenic temperatures (7,8). Successful nanowarming 

requires the use of high IONP concentrations (≥ 179 mMFe; 10 mgFe/mL), which are added 

to the CPA in the last step of perfusion (10,30). Therefore, contrast within these organs is 

due mainly to the presence of IONPs. The impact of IONPs on contrast for specific organs 

has been discussed at length, after i.t. and i.v. injection of IONPs in vivo (31); However, 

perfused ex vivo organ systems behave differently from in vivo organs which could impact 
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signal relaxation. Therefore, organs and VCAs perfused for cryopreservation and 

nanowarming present an interesting new system, different from other MRI perfusion models 

or IONP applications.

The selection of perfusate or CPA can have a profound impact on imaging. Many of the 

formulations, such as VS55 and M22, incorporate a number of organic compounds in 

addition to water (32–34). Therefore, pulse sequences with a smaller bandwidth (e.g., 50 

kHz used in the GRE sequence) will be prone to have image blurring and chemical shift 

artifacts, which the large bandwidth of MB-SWIFT (384 kHz) substantially reduces. In 

addition to image artifacts, a change in perfusate composition can have a dramatic impact on 

IONP distribution. We observe that EC carrier solution alone produces an even distribution 

of IONPs throughout the liver compared to the much more viscous VS55 formulation in EC 

(11,15). Previous work has demonstrated the importance of IONP stability (ability to remain 

in solution) for imaging applications in vitro, in vivo and in CPA perfused systems (10,35). 

Additionally, nanowarming is dependent on IONPs maintaining good heating properties, 

which can also be compromised with unstable IONPs (11,35). Within this work, we 

observed the importance of IONP stability for homogeneous distribution of IONPs through 

the organ and imaging. For instance, in the hindlimb and liver the use of uncoated EMG-308 

within VS55 led to aggregation and imaging artifacts. Whereas, within the ovary and kidney 

PEGylated PMG-300 in VS55 and EMG-308 in M22, respectively, were sufficiently stable 

to allow a more homogenous distribution without aggregation and imaging artifacts. 

Therefore, future development of IONPs for cryopreservation applications needs to focus on 

stability within specific CPAs.

The R1 maps within the hypothermic perfused organs demonstrate the potential to localize 

and quantify IONPs. Therefore, it is feasible that these measurements could allow for the 

estimation of locally achievable heating rates based on the known specific absorption rates 

(SARFe) of particular IONPs (16). The quantitative range of Ferrotec EMG-308 was 

previously evaluated to be reliable up to 35.71 mMFe (2 mgFe/mL) in 1% agarose, but 

changes in R1 background were not evaluated (16), and the R1 background change caused 

by both tissue and the CPA could reduce the range of quantifiable IONP concentrations. 

Previous research on in vivo systems demonstrated the organ dependence on the correlation 

between R1 and IONP concentration, as well as the SARFe (16). However, it is incorrect to 

assume that the behavior of IONPs within the perfused tissue will be the same as in vivo. 

IONPs in vivo circulate throughout the whole body at physiological temperatures and have 

uptake into the reticuloendothelial system organs (i.e. predominately liver and spleen) (16). 

The hypothermic perfused tissue system exhibits a drastically different response, due to the 

isolation of a single tissue and slowed metabolic functions. Both the hindlimb and ovaries 

show no indications of macrophage uptake. It is therefore conceivable within perfused 

organs and VCAs the difference in background relaxation rates could have the largest impact 

on the range of IONP concentration quantification. The range of relevant R1 values was 

observed to be distinct for each organ (liver 0 – 6 s−1; kidney 0 – 3.5 s−1, ovary 1 – 2 s−1), 

but the reason(s) for this difference between organ systems is not yet understood. Clearly, 

further investigation is necessary to establish the limitations, capabilities, and background 

effects of R1 mapping with organs and VCAs prepared for nanowarming.
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Prussian blue histology is considered the gold standard for the localization of iron within 

tissues (16,31,36–38). In the present studies, we found Prussian blue staining to be an 

unreliable method for IONP localization within the vasculature. For example, the 

concentration of IONPs (or blue staining) within the vasculature was not consistent 

throughout the IONP-loaded ovaries (Supporting Information Figure S3). This could 

indicate that the IONPs were not well dispersed; however, that conclusion would be 

inconsistent with observations from μCT and MRI. Histology from the hindlimbs 

demonstrated similar issues. Iron staining is visible within the IONP-loaded hindlimb where 

high concentrations (179 mMFe,10 mgFe/mL) of IONPs were still present (Supporting 

Information Figure S1). Our observation of IONP loss during the 48 h fixation step 

(Supporting Information Figure S4) is consistent with previous reports about the difficulty to 

properly stain unbound iron using Prussian Blue staining (39). Therefore, Prussian blue 

staining was determined to be an inadequate assessment method for IONP distribution 

within organs and VCAs prepared for cryopreservation.

A previous evaluation measured the upper limit of EMG-308 quantification with SWIFT to 

be 35.7 mMFe (2 mgFe/mL) (23). Therefore, the resolved image obtained from liver 

following perfusion with EC containing IONPs at a concentration of 642.9 mMFe (36 

mgFe/mL) was unanticipated. μCT is an ideal quantitative IONP measurement for 

concentrations above 179 mMFe (40,41). Composite images of the ovary demonstrate that 

pile-up artifacts observed in the T1-weighted images correlate to locations of high IONP 

concentration. Additionally, the R1 map shows variation within regions where the μCT 

signal cannot be differentiated from the background of the tissue. Future studies will 

compare the merits and overlap for non-invasively quantifying IONPs with both μCT and 

MRI.

The tissue images shown here document some of the first attempts at achieving 

cryopreservation through perfusion with CPAs impregnated with IONPs for nanowarming. 

More work is necessary to fully understand the utility of MRI within this system. Future 

imaging work will focus on testing quantitative R1 mapping on simpler and high demand 

organ systems, such as the liver, kidney, heart, and ovaries. The ability to acquire 

quantitative images will accelerate the development of cryopreservation with nanowarming 

as protocols are optimized to more homogeneously perfuse IONPs through organs. Future 

nanowarming research will increasingly concentrate on transitioning from proof-of-principle 

physical studies such as those described here toward demonstrating organ viability.

Conclusion

The perfusion of organs and VCAs with IONP solutions for nanowarming is a technology 

still under development with a need for better assessment methods. Herein, we demonstrate 

the first attempts at imaging several types of ex vivo organs and VCAs perfused with IONPs 

for cryopreservation and nanowarming. Histology is typically considered to be the gold 

standard for iron distribution, but was determined to be an inadequate method for 

subnormothermic perfused organs and VCAs. T1-weighted MRI provides a non-invasive 

method for rapid assessment of IONP distribution, and as such, might be used to accelerate 

the optimization of nanowarming. Initial studies demonstrate the use of MRI assessment of 
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organs perfused with IONP concentrations at 642.9 mMFe (36 mgFe/mL). More studies are 

necessary to fully characterize the utility of the quantitative images acquired to provide 

accurate IONP concentrations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: 
Imaging of rat hindlimb. Photo of rat hindlimb post-perfusion (a). MB-SWIFT T1-weighted 

images of hindlimbs perfused with VS55 (b), VS55 with IONPs (EMG-308, 179 mMFe; 10 

mgFe/mL) (c), and unloaded after perfusion with VS55 with IONPs (d). The blue triangles 

mark the location of the tibia. The yellow triangles mark the location of the muscle. In the 

case of (c) and (d), pile-up artifacts are visible within the muscle.
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Figure 2: 
The difference in distribution from rat livers perfused with IONPs (EMG-308) using VS55 

and EC as the perfusate. The rat liver perfused with VS55 and 357 mMFe (20 mgFe/mL) 

demonstrated a very heterogeneous distribution (a) which resulted in pile-up artifacts 

obscuring the image (b). The rat liver perfused with EC and 643 mMFe (36 mgFe/mL) 

demonstrated a more homogeneous distribution (c), which resulted in a relatively artifact 

free image (d).
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Figure 3: 
The distribution of IONPs (EMG-308; 71 mMFe) is visually homogeneous in the rabbit 

kidney when perfused with M22 (a). A GRE image of the rabbit kidney demonstrates 

negative contrast and very large artifacts (b). The T1-weighted MB-SWIFT image 

demonstrates contrast throughout the kidney (c). The R1 map further indicates variation in 

IONP concentration throughout the structure of the kidney (d). A 2.9 × 5.8 mm2 (15 × 30 

voxel) ROI was drawn within the hilus, medulla, and cortex to demonstrate the difference in 

R1 between these anatomical regions (e).
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Figure 4: 
A comparison of T1-weighted images from porcine ovaries perfused with VS55 (a) and 

IONPs (PMG-300; 429 mMFe) (b). The IONP perfused ovary allows for the visualization of 

the follicles of the ovary. Changes in R1 can be observed from the porcine ovaries perfused 

with VS55 (c) and IONPs (d). The R1 increases by 0.21 s−1 between the VS55 and IONP 

perfused ovary (e).
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Figure 5: 
A comparison of Prussian blue stained histology for IONP (PBG-300, 429 mMFe) in VS55 

(left) and VS55 perfused ovary (right). The IONP perfused ovary demonstrates some loss of 

IONPs during the fixation process (lower right corner). Black scale bar indicates 100 μm.

Ring et al. Page 16

Magn Reson Med. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6: 
A comparison of MRI and μCT imaging capability. The T1-weighted image of ovary 

perfused with IONPs (a) shows a region where IONP concentration is visible within the 

ovary using MB-SWIFT T1-weighted imaging (white circle) and a region where pile-up 

artifacts are visible due to the high concentration within the ovarian artery (blue circle) (a). 

An overlap of the T1-weighted images of ovary with R1 mapping (red) and μCT (yellow) 

demonstrate that the high concentration of IONP causing pile-up artifacts are visible using 

μCT (blue circle), and that μCT is unable to be resolved from the VS55 background within 

the ovary (white circle) (b). The R1 map (1 to 2 s−1) demonstrates some variation in R1 
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across the tissue (c & e). The μCT in Hounsfield units (100 to 1000 HU) shows a similar 

background across the tissue, but high HU within the vasculature (blue arrow/artery) (d & f).
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Table 1:

Tissue Preparation

Animal Model Tissue Perfusion Location Solution IONP Type
Perfusate IONP Concentration

(mMFe) (mgFe/mL)

murine hindlimb Tissue Testing Technologies VS55 EMG-308 179 10

murine liver UNC Charlotte EC
VS55

EMG-308
EMG-308

643
357

36
20

leporine kidney 21st Century Medicine M22 EMG-308 71 4

porcine ovary Sylvatica Biotech Inc VS55 PMG-300 429 24
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