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ABSTRACT OF THE DISSERTATION 

 

Optimization and Validation of Ferumoxytol-Enhanced Myocardial T1 Reactivity and 

Myocardial Blood Volume Mapping for Detection of Myocardial Ischemia 

 

by 

 

Caroline Mary Colbert 

Doctor of Philosophy in Physics and Biology in Medicine 

University of California, Los Angeles, 2022  

Professor Kim-Lien Nguyen, Co-Chair  

Professor Holden H. Wu, Co-Chair  

 

 Cardiovascular disease remains the global leading cause of death. Noninvasive imaging 

techniques to detect and quantify myocardial ischemia continue to have wide-ranging impact in 

clinical cardiovascular care. This body of research aims to develop several novel noninvasive 

quantitative cardiac magnetic resonance imaging (MRI) techniques for the detection of ischemic 

heart disease. 3D printed implants were designed, manufactured, and percutaneously deployed in 

the left anterior descending (LAD) artery of 13 swine to investigate the feasibility and efficacy of 

the implants to cause hypoperfusion and ischemia on MRI. This novel animal model offers a 

success rate comparable to that of highly invasive methods, allowing for more rapid and cost-

effective translational imaging studies. In a cohort of these swine models, this work found that 

ferumoxytol improves the diagnostic performance of T1 reactivity as a measure of myocardial 
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ischemia. Next, FE-MRI was used to capture a hemodynamic response to myocardial 

hypoperfusion at rest. A two-compartment water exchange model was derived and tested in order 

to quantify fractional myocardial blood volume (fMBV) before developing an integrated image 

registration and compartmental modelling platform. This method was used to demonstrate the 

feasibility of a two-compartment model for estimation of fMBV using steady-state Modified 

Look-Locker Inversion recovery (MOLLI) T1 mapping over multiple ferumoxytol doses. The 

technical developments to this image processing pipeline advance the current state of pixelwise 

fMBV mapping toward a more integrated in-line approach. This work ultimately demonstrates 

that this fMBV mapping approach can be used to distinguish between ischemic and remote 

myocardium in a broader study in 19 ischemic swine models. Finally, a further investigation of 

the in-vitro and in-vivo MRI properties of three comparable iron-based contrast agents may help 

to expand the adoption of this unique class of contrast agents. In addition to these contributions 

to the development of two novel imaging biomarkers of heart disease, this body of research 

enables a broad range of new research in quantitative cardiovascular MRI. 
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Chapter 1 Introduction 1 

1.1   Thesis motivation 2 

 Cardiovascular disease is the leading cause of death worldwide.1 Although modern 3 

medical imaging techniques have facilitated advances in the diagnosis and treatment of ischemic 4 

heart disease (IHD), the development of noninvasive imaging techniques to detect and quantify 5 

tissue perfusion remains an area of intense research interest. Highly sensitive noninvasive 6 

imaging techniques have the potential to benefit patients by promoting early detection and 7 

treatment of cardiovascular disease with medical management and lifestyle changes while many 8 

effects of cardiovascular disease remain reversible. Likewise, highly specific diagnostic imaging 9 

biomarkers employed at the initial screening stage have the potential to divert patients from 10 

unnecessary invasive catheterization, improving patient quality of life. The availability of 11 

superior noninvasive imaging techniques to detect and quantify myocardial ischemia has the 12 

potential to have wide-ranging impact in clinical cardiovascular care.  13 

 Relative to other cardiovascular diagnostic imaging techniques, cardiac magnetic 14 

resonance (CMR) imaging provides superior soft tissue contrast with no ionizing radiation dose. 15 

MR signal can be manipulated to improve the visualization of cardiac anatomy, morphology, and 16 

function, with and without using MRI contrast agents. Most contrast-enhanced CMR techniques 17 

rely on gadolinium-based contrast agents (GBCAs). Often described as an extravascular contrast 18 

agent, GBCAs’ extravasation into the myocardial extravascular space is exploited to quantify 19 

myocardial tissue perfusion and visualize regions of scar.2 Conversely, intravascular contrast 20 

agents, which remain in the blood pool and do not extravasate into the extravascular space except 21 

in the setting of vessel wall perforation, have unique CMR applications of their own. While the 22 



 

 2 

clinical implications of gadolinium retention in biologic tissues are unclear, concerns about 1 

gadolinium deposition in tissues of patients with and without impaired renal function have 2 

contributed to rising interest in gadolinium-free methods.3–5 3 

 Ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles are a class of MRI 4 

contrast agents that represent a potential alternative to GBCAs for certain imaging applications. 5 

Ferumoxytol is one such USPIO agent. The ferumoxytol molecule has a mean diameter of 30 6 

nm,6 an intravascular half-life of 10-14 hours, and an R1 relaxivity of 9.5 s-1 mM-1 at 3.0T in 7 

human plasma at 37°C.7,8 Ferumoxytol has shown strong biosafety profile in vitro and in vivo.9 8 

Ferumoxytol is approved for the intravenous treatment of iron deficiency anemia, and is the only 9 

intravascular agent clinically available for off-label use as an MRI contrast agent.10–15 Its unique 10 

biodistribution makes it well-suited to CMR techniques that attempt to directly image the major 11 

vessels, as well as the myocardial vascular compartment, including magnetic resonance 12 

angiography (MRA) and tissue compartmental modelling applications. When combined with an 13 

MRI stress testing approach, ferumoxytol has shown early potential to sensitize myocardial MRI 14 

signal to myocardial ischemia.16 Additionally, its long intravascular half-life and high r1/r2 ratio8 15 

make ferumoxytol ideal for novel physiologic modelling approaches. Ferumoxytol is central to 16 

ongoing research to measure and map intramyocardial blood volume in the heart muscle, a 17 

technique that has the potential to both identify myocardial ischemia and quantify its extent 18 

within the myocardium as well as its severity.  19 

 Although the development of reliable CMR imaging biomarkers of ischemic heart 20 

disease has the potential to reshape clinical cardiovascular care for patients with IHD, several 21 

significant challenges continue to impair broad adoption of these techniques. Animal models of 22 

myocardial ischemia are time- and resource-intensive to create, presenting a significant barrier to 23 
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preclinical imaging research.17,18 Myocardial ischemia can vary in intensity from very mild to 1 

very severe, necessitating the development of imaging biomarkers that are sufficiently sensitive 2 

and specific to outperform other diagnostic imaging techniques. Stress testing19,while a powerful 3 

diagnostic technique, results in significant patient discomfort and occasional serious side 4 

effects20, and development of diagnostic imaging methods for ischemia at rest is desirable. 5 

Fractional myocardial blood volume (fMBV) estimated using steady state MRI acquisitions over 6 

multiple intravascular contrast doses has the potential to capture a hemodynamic response to 7 

myocardial hypoperfusion at rest, without reliance on gadolinium. However, these acquisitions 8 

can entail long scan times, limiting the feasibility of this technique in the clinical setting. Image 9 

registration and technical challenges related to the combination of multiple parametric mapping 10 

approaches make compartmental modelling a highly specialized technique. Finally, the limited 11 

availability and high cost of intravascular agents severely limits the adoption of USPIO-based 12 

imaging techniques, a strong motivating factor for the development of viable alternative contrast 13 

agents. The technical developments and investigations detailed in this thesis undertake to address 14 

some aspect of each of these challenges and reflect a systematic approach to improve rigor and 15 

reproducibility in imaging biomarker development, helping to improve the availability of high-16 

quality, patient-specific, noninvasive CMR imaging for patients with IHD. 17 

 18 

1.2   Specific aims 19 

 The overall goal of this research work is to contribute to the development of noninvasive 20 

imaging techniques to detect and quantify myocardial ischemia in order to improve the reliability 21 

of diagnostic cardiac MRI and make a positive impact on patients’ clinical cardiovascular care. 22 

We aim to help improve the availability of high-quality, patient-specific, noninvasive CMR 23 
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imaging for patients with IHD. The research work presented here can be divided into three aims. 1 

These are: Aim 1 - develop a reliable and efficient preclinical swine model of inducible 2 

ischemia, Aim 2 – provide early validation of two complementary noninvasive imaging 3 

biomarkers of ischemia, Aim 3 – perform a further proof-of-concept of fMBV as an imaging 4 

biomarker of ischemia, and its consistency with novel contrast agents. 5 

 6 

1.3   Organization of the thesis 7 

 Chapter 2 will introduce technical background concepts that bear direct relevance to the 8 

subsequent chapters. The remaining thesis chapters (Figure 1.1) will address the investigations 9 

and technical developments made to develop noninvasive imaging biomarkers of IHD. Figure 10 

1.1 describes the structure of the thesis body, outlining how preliminary developments in 11 

chapters 3 through 5 facilitate further technical developments reported in chapters 6 through 8. 12 

 13 

 

Figure 1.1. Outline of the major technical developments described in this work. 



 

 5 

 To enhance rigor and reproducibility in biomarker development and reduce the number of 1 

confounders that sometimes contribute to variability in imaging biomarkers, preclinical 2 

validation is typically necessary prior to its translation into a study in humans. However, reliable 3 

closed-chest methods for creating large animal models of acute myocardial hypoperfusion are 4 

limited.18 Such minimally invasive techniques are desirable, as they minimize the requirement of 5 

time, specialized equipment and facilities required. In chapter 3, the feasibility and efficacy of 6 

using MR-compatible 3D printed coronary implants for establishing swine models of myocardial 7 

hypoperfusion is demonstrated. Intracoronary implants were designed, manufactured, and 8 

percutaneously deployed in 13 swine to selectively create focal coronary stenosis. To test the 9 

efficacy of the implants to cause hypoperfusion or ischemia in the perfused territory, invasive 10 

coronary pressure measurements were taken using pressure catheters, and regional wall motion, 11 

myocardial perfusion, and infarction were evaluated using MRI. In chapter 4, the diagnostic 12 

performance of ferumoxytol-enhanced (FE) myocardial T1 reactivity are assessed in these novel 13 

swine models of myocardial hypoperfusion. Myocardial T1 reactivity, defined as the relative 14 

change in T1 between rest and vasodilator-induced stress, has been proposed as an MRI 15 

biomarker of tissue perfusion.16 This work hypothesizes that the superparamagnetic iron-oxide 16 

nanoparticle ferumoxytol increases the magnitude of T1 stress reactivity, improving the 17 

sensitivity and specificity of T1 reactivity as an imaging biomarker of tissue perfusion. Native 18 

and ferumoxytol-enhanced adenosine stress testing was performed using two MRI T1 mapping 19 

sequences on a clinical 3.0 T magnet and compared native (non-contrast) and ferumoxytol-20 

enhanced T1 reactivity in ischemic and remote myocardial territories.  21 

 MRI stress testing can be used to directly measure myocardial perfusion reserve. 22 

However, the development of imaging biomarkers of ischemia that do not rely on pharmacologic 23 
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stress has the potential to dramatically improve patient quality of life. Fractional myocardial 1 

blood volume (fMBV) estimated using ferumoxytol-enhanced MRI (FE-MRI) has the potential 2 

to capture a hemodynamic response to myocardial hypoperfusion at rest, without reliance on 3 

gadolinium. Chapter 5 describes the development of a two-compartment water exchange model 4 

for fMBV quantification. An optimal sampling scheme is also investigated, and preliminary 5 

evidence that fMBV differentiates between hypoperfused and perfused myocardium is shown in 6 

a swine model with coronary stenosis. This work is further developed in chapter 6, which 7 

describes the development of an integrated image registration and compartmental modelling 8 

platform to generate pixelwise maps of fMBV in ischemic swine models and healthy human 9 

volunteers. This work evaluates a principal component analysis (PCA)-based image registration 10 

method and investigates the physiologic boundary conditions which minimize image noise in 11 

fMBV maps. These studies both culminate in the study described in Chapter 7. Model-fitted 12 

pixelwise fMBV maps are used to measure myocardial tissue hypoperfusion at rest in 19 13 

ischemic swine models with a 3D-printed coronary implant in the left anterior descending (LAD) 14 

artery. This work tests the ability of model-fitted fMBV and water exchange to distinguish 15 

between ischemic and remote myocardial regions in the same subject and examines sex-specific 16 

differences in ischemic and remote fMBV between male and female swine subjects. Receiver 17 

operating characteristic (ROC) curves are also reported to further evaluate the diagnostic 18 

performance of fMBV as a marker for myocardial hypoperfusion.  19 

 Finally, despite the unique off-label MRI applications of ferumoxytol (Feraheme, Covis 20 

pharma), its adoption is limited by availability and cost. Recently, generic ferumoxytol was 21 

approved in the U.S. for human therapeutic use while Molday ION (BioPal), an alternative 22 

USPIO with similar properties, is available for pre-clinical use. In chapter 8, the in-vitro and in-23 
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vivo MRI properties of Feraheme, generic ferumoxytol, and Molday ION are compared. This 1 

study quantifies the r1 and r2 relaxivities of Feraheme, generic ferumoxytol, and Molday ION in 2 

MRI phantoms containing saline, plasma, and blood. It also compares in-vivo contrast effects on 3 

T1- weighted 4D-MUSIC, 3D-VIBE, and 2D-MOLLI-T1 images, as well as T2-weighted 4 

2D-HASTE images in sixteen swine. Chapter 8 concludes the dissertation with a summary of 5 

these technical developments and provides a brief outlook on future research.  6 

1.4   A note on experimental animal care and use 7 

 The swine studies described in this work were all performed with the approval of our 8 

Institutional Animal Care and Use Committee, the UCLA Chancellor’s Animal Research 9 

Committee (ARC). The experiments were conducted in accordance with the recommendations of 10 

the Guide for the Care and use of Laboratory Animals, the Animal Welfare Act, the National 11 

Institutes of Health, and the American Heart Association on Research Animal Use (adopted 12 

November 11, 1984). Animals were housed on site for two weeks prior to experiments with no 13 

more than one pen mate in a dedicated vivarium staffed by certified veterinary technicians. 14 

 Prior to all procedures, swine were sedated with intramuscular ketamine (10mg/kg) and 15 

midazolam (1mg/kg) and intubated. Inhaled 1-2% isoflurane and intravenous rocuronium 16 

(2.5mg/kg/hr) were used to achieve anesthesia and diaphragmatic muscle immobilization, a 17 

requirement for optimal cardiac image acquisition. Swine were ventilated with an oxygen-18 

isoflurane (1-2%) mixture and maintained at a surgical plane of anesthesia throughout the 19 

procedures. Continuous vital signs, pCO2 levels, and single lead ECG were monitored. Unless 20 

otherwise noted, swine were humanely euthanized by a certified veterinary technician using 21 

sodium pentobarbital (100 mg/kg). 22 

  23 
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Chapter 2 Background  1 

2.1   Myocardial perfusion and fMBV 2 

 At the heart of ischemic cardiovascular disease is the inability to maintain adequate 3 

perfusion, and therapeutic interventions currently rely on diagnostic estimation of ischemic 4 

burden. Three physiological parameters contribute tissue perfusion: vascular blood flow, blood 5 

volume, and oxygen extraction fraction (OEF).21 As indicators of tissue perfusion, these 6 

parameters lend insight into the local exchange of gases, nutrients, and metabolites. 7 

Fundamentally, adequate perfusion is necessary for tissue integrity and organ function. In the 8 

setting of coronary stenosis, the effects of vasodilation and capillary recruitment combine to 9 

increase the baseline fractional myocardial blood volume (fMBV) distribution in the 10 

intramyocardial vascular space via capillary recruitment.22 These compensatory changes result in 11 

decreased myocardial perfusion reserve.23 The presence of elevated fMBV has been proposed as 12 

a compensatory response to myocardial hypoperfusion downstream from a significant coronary 13 

stenosis,24 whereas decreased or low fMBV reflect capillary pruning or diseased 14 

microvasculature.25  15 

2.2   MRI T1 mapping pulse sequences for multicompartment analysis 16 

 Along with proton density, the longitudinal and transverse relaxation time constants T1 17 

and T2 represent the most fundamental determinants of the nuclear magnetic resonance (NMR) 18 

properties of a biochemical medium. The longitudinal relaxation of a water proton, often 19 

described as “spin-lattice” relaxation, results from its interaction with its local chemical 20 

environment, composed of a lattice of lipids, proteins, and other macromolecules. In contrast, the 21 

transverse (or “spin-spin”) relaxation of a water spin results from its interactions with other water 22 

protons. The relative T1- or T2-weighting of the signal generated by an MRI pulse sequence is 23 
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among the central governing sources of contrast in MR images. As the T1 and T2 behavior of a 1 

given water spin are both affected by its local biochemical environment, the macro-scale T1 and 2 

T2 characteristics of biological tissues are also determined by their biochemistry. In general, 3 

long T1 times are associated with biochemical environments characterized by small, loosely 4 

bound molecules, whereas short T1 times are associated with large or tightly bound molecules. 5 

T1 changes within a given tissue type are often used as a proxy for a change in the water content 6 

or local blood volume fraction of that tissue, as free water demonstrates a very long T1. 7 

 In addition to T1 time [ms], the longitudinal relaxation behavior of a medium can also be 8 

expressed in terms of its inverse, the longitudinal relaxation rate R1 [s-1]. The T1- or T2-9 

modulation of an MRI contrast agent is typically described by its r1- or r2-relaxivity, often 10 

denoted as “r1” or “r2”. Expressed in s-1mM-1, these relaxivity constants describe the change in 11 

measured R1 or R2 as a result of an increase in contrast concentration of 1.0 mM. 12 

 Within the last decade, MRI pulse sequences designed to map T1 in the myocardium 13 

have gained ground within CMR, as a means of quantitative assessment of myocardial tissue 14 

properties. Several such myocardial T1 mapping pulse sequences are available.26–29 The 15 

Modified Look-Locker Inversion recovery (MOLLI) sequence is the most commonly used 16 

magnetic resonance imaging (MRI) pulse sequence for clinical T1 mapping.26 Two-dimensional 17 

MOLLI T1 mapping applies a 180 inversion pulse followed by multiple single-shot acquisitions 18 

acquired at varying echo times (TE times or TEs) over several heartbeats, followed by a recovery 19 

period of several heartbeats.26 Different variants of the MOLLI framework exist which acquire 20 

data over varying numbers of heartbeats, and are described based on these acquisition schemes. 21 

For example, the 5(3)3(3)3 MOLLI acquisition used in this body of work spans 17 heartbeats, 22 

acquiring data during the first five beats, followed by a three-beat recovery period, acquiring data 23 
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for another three beats, permitting a second three-beat recovery period, and acquiring data for a 1 

final three beats.30  2 

 As these T1 measurement schemes rely on a set number of heartbeats to acquire data and 3 

allow for signal relaxation, variations in heart rate can affect the apparent T1 under otherwise 4 

identical conditions. To address the heart rate-dependency of MOLLI T1, sampling schemes 5 

such as the 5(3)3(3)3 or 4(1)3(1)2 schemes, which acquire most of the total data following a 6 

single inversion, have been evaluated for accuracy and precision.31,32 New T1 fitting algorithms 7 

have also been developed to address this limitation. In this work, we fit MOLLI T1 using the 8 

Instantaneous Signal Loss (InSiL) algorithm minimize T1 error at high heart rates (>80 bpm).33  9 

 Novel T1 mapping pulse sequences have also been developed which rely on a similar 10 

ECG-gated multi-heartbeat framework as the MOLLI sequence, but with variations in the signal 11 

perturbation or readout strategy. The FLASH-MOLLI sequence, which uses a spoiled gradient 12 

echo readout, and its accompanying BLESSPC T1 fitting algorithm were developed to limit off-13 

resonance artifacts at 3T.34 Likewise, the saturation-recovery single-shot acquisition (SASHA) 14 

sequence was developed to improve the accuracy of cardiac T1 mapping by replacing the 15 

inversion pulse in MOLLI with a saturation pulse.27 Overall, the MOLLI, FLASH-MOLLI, and 16 

SASHA sequences differ in accuracy and precision for quantification of T1 relaxation time.30,35 17 

Because of its broad availability and relatively greater precision,30 the 5(3)3(3)3 MOLLI 18 

sequence is the primary T1 mapping method used in this work.  19 

2.3   T1 reactivity 20 

 Myocardial T1 relaxometry is affected by both tissue water and extracellular matrix 21 

content. Because coronary vasodilation and capillary recruitment increases the MBV distribution 22 

in the intramyocardial vascular space, one expects native (non-contrast) tissue T1 to lengthen in 23 
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healthy myocardium in response to vasodilator stress, while the response of T1 in ischemic 1 

myocardium is severely blunted.36 As a result, the relative difference in native T1 between rest 2 

and peak vasodilator stress states, or T1 reactivity, has been used as an alternative method to 3 

quantify myocardial perfusion reserve.37 Recent findings suggest that native T1 reactivity can be 4 

used to distinguish between remote and ischemic myocardium,36,37 and has spurred interest in 5 

using T1 reactivity as a biomarker for tissue perfusion. However, native T1 reactivity has a 6 

narrow dynamic range.36,37 As an off-label intravascular MR contrast agent, ferumoxytol 7 

(Feraheme, AMAG Pharmaceuticals, Waltham, MA), is an ultrasmall superparamagnetic iron-8 

oxide nanoparticle that is clinically approved for intravenous treatment of iron deficiency anemia 9 

and is not metabolized by the kidneys.10–15 Early hypothesis-generating data suggest that 10 

ferumoxytol, with its long intravascular fidelity and high r1, increases the apparent T1 reactivity 11 

of myocardium by sensitizing myocardial T1 to vasodilation.19   12 

2.4   Fractional myocardial blood volume (fMBV) 13 

  Direct estimation of fractional tissue blood volume using MRI remains an area of intense 14 

research because it allows for a comprehensive evaluation of tissue or organ perfusion when 15 

combined with assessment of tissue blood flow and oxygen extraction fraction. Current 16 

quantitative clinical MRI approaches to identify perfusion surrogates rely on dynamic 17 

gadolinium-enhanced MRI.38,39 Several clinically-relevant models exist,40 but all are limited by 18 

the lack of a true intravascular agent that is available in the clinic. The use of fractional blood 19 

volume as an indicator of overall tissue perfusion has broad applications for vital organs such as 20 

the heart, brain, kidney, and liver, but is most actively used in tumor imaging and staging. We 21 

focus on the fractional myocardial blood volume (fMBV). In the setting of elevated myocardial 22 

oxygen consumption, MBV and myocardial blood flow (MBF) demonstrate a non-linear 23 
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relationship.41,42 As a result, fMBV provides a more specific association with oxygen demand, 1 

and thus provides additional insight into myocardial perfusion beyond what is provided by MBF 2 

alone.43  Multi-compartmental modelling can be used to quantify fMBV from contrast-enhanced 3 

cardiac MRI.44,45 One major challenge for the measurement of fMBV is the biodistribution of the 4 

contrast agent. Contrast agents with true intravascular properties for fMBV studies are an 5 

obvious choice because they eliminate the need to model contrast leakage into the extravascular 6 

space.38,39  One such agent is ferumoxytol. Its long intravascular half-life (10-14 hours) and high 7 

r1 (9.5 s-1 mM-1 at 3.0T in human plasma at 37°C)7,8 make ferumoxytol an ideal intravascular 8 

contrast agent for estimating fMBV.46  9 

2.5   Tissue compartmental modelling: theory and limiting cases 10 

 Estimation of fMBV requires consideration of both contrast agent distribution volume 11 

and water exchange. Both the transvascular water exchange and transcytolemmal water exchange 12 

may affect MRI contrast and the apparent concentration of the contrast agent in the imaging 13 

 

Figure 2.1. Illustration of spin relaxation environments included in multi-

compartmental models of myocardial tissue. 
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voxel of interest. Although ferumoxytol functions as an intravascular contrast agent,47 the iron 1 

core has superparamagnetic properties and interacts with water protons that diffuse freely 2 

between the intravascular and extravascular spaces. Therefore, the post-contrast MRI signal 3 

intensity within any imaging voxel depends on both fMBV and the rate of exchange of water 4 

protons between the intravascular and extravascular spaces. Figure 2.1 illustrates a 2-5 

compartmental model of myocardial tissue and spin interactions along with respective 6 

representative rate constants.  7 

 Prior work in human and animal studies has demonstrated that water exchange is both 8 

subject- and tissue-specific.47–49 The dependence of signal intensity on the rate of water exchange 9 

can be illustrated by the limiting cases of slow-exchange and fast-exchange (Figure 2.2). In the 10 

slow-exchange limit, water protons cannot diffuse across the vessel wall, and the signal intensity 11 

change in the myocardium is attributable entirely to the intravascular T1 shortening. In this limit, 12 

the Hazlewood model44 simplifies to:  13 

𝑓𝑀𝐵𝑉𝑠𝑙𝑜𝑤 =
∆𝑆𝑚𝑦𝑜

∆𝑆𝑏𝑙𝑜𝑜𝑑
 14 

where ΔS is the difference in MR signal between a native (non-contrast) and a post-contrast 15 

image.45 In the fast exchange limit, water protons diffuse so rapidly across the vessel wall that 16 

they can be assumed to experience a uniform degree of T1 shortening due to interaction with 17 

ferumoxytol. In the latter limit, the Hazlewood model simplifies to: 18 

𝑓𝑀𝐵𝑉𝑓𝑎𝑠𝑡 =
∆𝑅1𝑚𝑦𝑜

∆𝑅1𝑏𝑙𝑜𝑜𝑑
 19 

where R1 is the longitudinal relaxation rate and represents the reciprocal of the longitudinal 20 

relaxation time T1.  21 

 At either the slow- or fast-exchange limit, fMBV could be computed from a single native 22 

and a single post-ferumoxytol T1-weighted image. However, neither exchange limit accurately 23 
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represents myocardial physiology. Oversimplification of a parameterized model can result in 1 

increased bias and variance, and either exchange limit model can significantly over- or 2 

underestimate fMBV, dependent on contrast agent concentration. To accurately quantify fMBV, 3 

water exchange must be simultaneously determined using a multi-compartmental model.  4 

 5 

 Hazlewood et al. provided the initial mathematical formulation used to quantify the 6 

varying relaxation rates R1 or R2 of water across N different relaxation environments, as well as 7 

the relative volume of tissue water in each compartment.44 Donahue et al. expanded upon 8 

Hazlewood’s work by examining the accuracy and precision of simple slow and fast-exchange 9 

models for tissue blood volume estimates with intravascular T1 contrast agents.45 Schwarzbauer 10 

et al. demonstrated the feasibility of simultaneously quantifying fractional blood volume and 11 

 

Figure 2.2. Dependence of myocardial longitudinal relaxation rate R1myo 

on blood pool relaxation rate R1blood under varying water exchange 

conditions. In all cases, fMBV = 15%, λ = 0.75, and R1ev = 1.0 s-1. In the 

intermediate exchange case (solid line), ki = 5.0 s-1. In the limiting cases 

of fast exchange, ki = 100 s-1 (dashed line) and in the setting of highly 

restricted water exchange, ki = 10-7 s-1 (dotted line).  
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water exchange using a multi-dose contrast enhanced imaging scheme.48 Bjornerud et al. 1 

modified Schwarzbauer’s blood volume model to account for biexponential relaxation, 2 

mitigating overestimation of water exchange rates in the setting of greater fMBV.49 We adapted 3 

the latter formulation of the two-compartment water exchange model in this study. The 4 

two-compartment water exchange model48,49 can be described by the following equation: 5 

𝑅1𝑚𝑦𝑜′ =
2

−𝑐1
𝑢1

−
𝑐2
𝑢2

 6 

where 7 

𝑓𝑀𝐵𝑉 = 𝜆
𝑘𝑒

𝑘𝑒 + 𝑘𝑖
 8 

𝑃𝑆 = 𝑘𝑖  ×  𝑓𝑀𝐵𝑉 9 

𝑎 = 𝑅1𝑖 +
𝑃𝑆

𝑓𝑀𝐵𝑉
+ 𝑅1𝑒 +

𝑃𝑆

𝜆 − 𝑓𝑀𝐵𝑉
 10 

𝑏 = √(𝑅1𝑖 +
𝑃𝑆

𝑓𝑀𝐵𝑉
− 𝑅1𝑒 −

𝑃𝑆

𝜆 − 𝑓𝑀𝐵𝑉
)
2

+
4𝑃𝑆2

𝑓𝑀𝐵𝑉(𝜆 − 𝑓𝑀𝐵𝑉)
 11 

𝑢1 =
𝑎 + 𝑏

2
 12 

𝑢2 =
𝑎 − 𝑏

2
 13 

𝑐1 =
2

𝑢1 − 𝑢2
× (𝑢2 − 𝑅1𝑒 (1 −

𝑓𝑀𝐵𝑉

𝜆
) − 𝑅1𝑖 (

𝑓𝑀𝐵𝑉

𝜆
)) 14 

𝑐2 =
−2

𝑢1 − 𝑢2
× (𝑢1 − 𝑅1𝑒 (1 −

𝑓𝑀𝐵𝑉

𝜆
) − 𝑅1𝑖 (

𝑓𝑀𝐵𝑉

𝜆
)) 15 

R1myo’ [s-1],, calculated myocardial longitudinal relaxation rate 16 

fMBV [%, or unitless], fractional myocardial blood volume 17 

λ [unitless], tissue-blood partition coefficient 18 
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ke [s-1], extravascular water exchange rate 1 

ki [s-1], intravascular water exchange rate 2 

PS [s-1], permeability-surface area product 3 

R1i [s-1], left ventricular blood pool longitudinal relaxation rate 4 

R1e [s-1], extravascular longitudinal relaxation rate 5 

2.6   Development of a two-compartment model for estimation of fMBV 6 

 Using a two-compartment model of the myocardium, which divides a unit of tissue into 7 

an intravascular compartment (composed of plasma and red blood cells) and an extravascular 8 

compartment (composed of the interstitium, myocytes, and other cells),44 the fMBV can be 9 

estimated. In the 2-compartmental model, the intravascular and extravascular compartments 10 

represent separate relaxation environments, in which the longitudinal relaxation rate R1 of 11 

unbound water protons differs due to exposure to the intravascular contrast agent. In this 12 

formulation, an excited water proton spin will spend some fraction i of time in the intravascular 13 

compartment, and some fraction e in the extravascular compartment. These residence times (i 14 

and e) are inversely related to the intercompartmental exchange rates ki and ke, the rates at 15 

which water enters the respective compartments. A single excited spin is exposed to a relaxation 16 

environment with R1i during the time it spends in the intravascular compartment and R1e during 17 

its time in the extravascular compartment. As a result, the overall relaxation rate of the 18 

myocardial tissue is influenced by the water relaxation rate of each compartment. On the scale of 19 

a population of spins in a two-compartment system, the longitudinal relaxation of the bulk 20 

magnetization following an excitation pulse can be described by a biexponential function, as 21 

formulated by Bjornerud et al.49 While water also diffuses into and out of cells in both 22 
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compartments, transcytolemmal water exchange has been shown to be sufficiently fast relative to 1 

vascular exchange to justify a two-compartment, single-exchange model.45,50–52 2 

 3 

 4 
 Applying Bjornerud et al. and Schwarzbauer’s blood volume model48,49 to our current 5 

approximations of fMBV using ferumoxytol as an intravascular contrast agent, the observed 6 

longitudinal relaxation rate of myocardial tissue (R1myo) is modeled as a function of five 7 

parameters: 1) the intravascular longitudinal relaxation rate (R1i), 2) the myocardial 8 

extravascular longitudinal relaxation rate (R1e), 3) the fMBV, 4) the intravascular water 9 

exchange rate ki, and 5) the tissue-blood partition coefficient (λ = ρ/ρi, the ratio of the proton spin 10 

densities of tissue and blood). fMBV is related to ki and the extravascular water exchange rate ke 11 

by the expression 12 

𝑓𝑀𝐵𝑉 = 𝜆
𝑘𝑒

𝑘𝑒+𝑘𝑖
. 13 

 R1myo and R1i can be obtained from myocardial T1 maps acquired at steady state over a 14 

range of cumulative ferumoxytol doses. These repeated measurements of R1myo and R1i can be 15 

plotted and describe the ferumoxytol dose response of the myocardium and LV blood pool. After 16 

constructing these dose-response curves (whole myocardium or segmental), a constrained 17 

nonlinear multivariable optimization solver can be used to find the point (fMBV, R1e, ki, λ) that 18 

minimizes the sum of squared error between the calculated R1myo’ and the measured R1myo.
53–55 19 

 

Figure 2.3. Ferumoxytol multi-dose T1 mapping study protocol.  
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 Two-compartment models of fMBV typically fit four parameters (fMBV, R1e, ki, λ) to a 1 

measured dose response curve (R1myo, R1i). Consistent with the principle of parsimony whereby 2 

the least number of parameters that adequately describe the phenomena is recommended,56 we 3 

developed a method to estimate R1e directly from the (R1myo, R1i) curve in order to use a three- 4 

rather than four-parameter fit. We assumed that the intravascular compartment of the myocardial 5 

tissue (the volume of blood in the capillary bed) and the LV blood pool had equal r1 at contrast 6 

steady state; the time to steady-state duration was determined in a pilot study and is outlined in 7 

the section on image acquisition. As the cumulative ferumoxytol dose was increased such that 8 

the R1i matched R1e, the contrast between the myocardium and LV blood pool was nulled 9 

(R1e = R1myo = R1i). As the cumulative ferumoxytol dose was further increased, the blood pool-10 

myocardium contrast was inverted. We estimated R1e by performing a simple linear interpolation 11 

to find the intersection of the blood and myocardial segmental ferumoxytol dose-response 12 

curves. This treatment assumed that R1e was uniform throughout the myocardium and 13 

independent of ferumoxytol dose. While this method ignored the effect of water exchange on T1e 14 

as the ferumoxytol dose was increased, the crossover of blood and myocardial T1 occurs in the 15 

low dose range where the fast-exchange assumption is more applicable. This method allowed us 16 

to fit three parameters rather than four, thus simplifying the two-compartment model. 17 

2.7   Image processing in tissue compartmental modelling  18 

 This method can be implemented on a pixel-wise basis to map fMBV. Following T1 19 

fitting and image registration T1 is converted to a volume of measured R1 with dimensions (L, 20 

M, D). (L, M) describes the dimensions of the region covering the whole myocardium, while D 21 

represents the number of ferumoxytol doses (including 0.0 mg/kg) in the multi-dose imaging 22 

study. Each pixel (l, m) in the masked registration region corresponds to a one-dimensional 23 
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vector with dimension (1, 1, D). This vector 𝑅1𝑡
⃑⃑⃑⃑⃑⃑  ⃑ contains the R1 measured in voxel (l, m) at each 1 

dose d. Together, (𝑅1𝑣
⃑⃑ ⃑⃑ ⃑⃑  ⃑, 𝑅1𝑡

⃑⃑⃑⃑⃑⃑  ⃑) defines the discrete signal input curve in voxel (l, m). The tissue 2 

compartmental model takes the signal input curve (𝑅1𝑣
⃑⃑ ⃑⃑ ⃑⃑  ⃑, 𝑅1𝑡

⃑⃑⃑⃑⃑⃑  ⃑) in each voxel, as well as R1e in 3 

each voxel, as inputs. Subject to a set of pre-defined upper and lower bounds on the physiologic 4 

parameters fMBV, ki, and , an optimization engine (fmincon, MATLAB)is used to identify the 5 

solution (fMBV, ki, ) which produces a predicted R1t’ with a minimal sum-squared error relative 6 

to the measured R1t. This optimization is repeated for each pixel (l, m) over the masked 7 

registration region. The model-fitted matrices of estimated fMBV and water exchange rate can 8 

be exported spatial maps in DICOM file format for further data analysis. 9 

 Although compartmental modelling approaches have shown early promise for 10 

identification of myocardial ischemia in large animal models,57 pixelwise mapping of fMBV is 11 

complicated by the need for a robust and reliable image processing pipeline. The combination of 12 

multiple parametric mapping approaches used to estimate fMBV compounds common technical 13 

challenges of parametric mapping. A reliable, accurate image registration approach is essential. 14 

Prior studies have developed58 and adapted59 image registration models designed for physiologic 15 

parametric mapping applications with MRI. Additionally, appropriate boundary conditions are 16 

necessary to ensure that a nonlinear optimizer can consistently converge on a solution when 17 

fitting for fMBV and other physiologic parameters.   18 

  19 
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Chapter 3 A novel swine model of myocardial ischemia using 3D 1 

printed intracoronary flow-limiting implants  2 

3.1   Introduction 3 

 Animal models of acute and chronic coronary stenosis have been developed for 4 

preclinical research using both open- and closed-chest techniques. The most popular open-chest 5 

method relies on ameroid constrictors,60–62 which are small, rounded clamps that can be fixed 6 

around an exposed coronary artery, restricting its diameter.61 Deploying ameroid constrictors can 7 

be logistically difficult, requiring aseptic surgery to expose the coronary artery, placement of the 8 

constrictor on a beating heart, and closure of the pericardium and chest.60 A minimum recovery 9 

period of 10 days is recommended and a recovery period of seven weeks is typically 10 

observed.60,63–65 While ameroid constrictors have the benefit of not introducing any foreign 11 

object into the vasculature, open-chest surgery may confound the results of acute investigations.  12 

 In recent years, 3D printing technology has found increased adoption in cardiovascular 13 

research and clinical practice as a tool for education and intervention planning.66–68 3D printing 14 

shows promise for the development of vascular grafts, heart valves and cardiac muscle tissues in 15 

surgical interventions.69,70 Because 3D printing can use a variety of MR compatible resins and 16 

bio-inks, researchers recently pioneered a percutaneous approach for delivery of rapid prototypes 17 

such as 3D printed implants into vascular lumen.17 Despite increasing research and clinical 18 

applications, 3D printing has not been used to facilitate creation of large animal models with 19 

coronary stenosis.  20 

 In the setting of coronary stenosis, myocardial hypoperfusion results. With further blood 21 

flow obstruction, myocardial ischemia in the segment subtended by the obstructed coronary 22 

vessel will ensue.71 To diagnose obstructive coronary disease, exercise or pharmacologic stress 23 
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perfusion MRI can be performed to document inducible ischemia.72 The availability of an MRI-1 

compatible, minimally invasive, relatively inexpensive, closed-chest acute swine model would 2 

facilitate more rapid, cost-effective, translational research in IHD. In this work, we sought to 3 

develop a closed-chest swine model of IHD using high-resolution 3D printed epicardial coronary 4 

implants to create focal, artificial coronary stenoses. Based on quantitative coronary 5 

angiography, in-vivo cardiac MRI, and gross pathology, we aim to demonstrate the feasibility 6 

and efficacy of our new minimally invasive, rapid prototyping technique. 7 

 8 

3.2   Methods 9 

Design and manufacturing of heparin-coated epicardial coronary implant 10 

 Our intracoronary stenosis implants were designed to fit securely in the mid to distal left 11 

anterior descending artery (LAD), causing an acute coronary narrowing after percutaneous 12 

deployment. The 3D printed implant design reflected the shape, contour, and caliber of coronary 13 

vessels and had rounded edges to minimize potential for vessel injury (Figure 3.1 a-d). A library 14 

of implant sizes with a range of inner diameter, outer diameter, and length was available for use 15 

in the catheterization lab. An appropriately sized implant was selected in the cath lab based on 16 

swine coronary size, coronary guide catheter diameter, and degree of desired stenosis. We 17 

designed intracoronary implants using Autodesk Tinkercad (Autodesk Inc., San Rafael, 18 

California). Our in-house fabrication lab (LuxLab, UCLA) printed the implants from Formlabs 19 

grey resin (RS-F2-GPGR-04, Formlabs Inc., Somerville, MA) using a Formlabs Form 2 3D 20 

printer with a minimum XY feature size of 150 µm. Formlabs grey resin was chosen over more 21 

flexible commercial 3D printing resins to minimize compressibility, preventing collapse of the 22 

implant following deployment. After printing, we removed support materials that were created as 23 
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part of the 3D printed proofs. To prevent thrombus formation, implants were dip-coated in a 25% 1 

heparin solution (Surface Solutions Laboratories, Inc., Carlisle, MA) with an aziridine 2 

crosslinker and allowed to air-dry for 24 hours. For quality control of the implants and to ensure 3 

minimal change in the dimensions of the implants, we visually inspected each implant for 4 

surface imperfections using a magnifying glass and measured the length, inner diameter and 5 

outer diameter of the implants following the application of the heparin coating using digital 6 

calipers (Clockwise Tools, Valencia, CA). A limited set of pin gages (Deltronic, Santa Ana, CA) 7 

were used to confirm the nominal accuracy of the digital caliper measurements. 8 

Deployment of implant into swine models and fluoroscopic evaluation of implant location and 9 

extent of coronary narrowing 10 

 In thirteen 25-40 kg male swine (S&S Farms, Ramona, CA) we achieved anticoagulation 11 

with intravenous heparin (5000-10000 units to achieve a target activated clotting time >350 s). 12 

We gained femoral arterial access and engaged the left main coronary artery using a guide 13 

catheter under fluoroscopic guidance. We assembled the implant deployment apparatus by 1) 14 

nesting a deflated, over-the-wire, coronary balloon angioplasty catheter (NC Trek, Abbott 15 

Laboratories, Abbott Park, Illinois, USA) within a mother-and-child catheter (GuideLiner, 16 

Teleflex, Minneapolis, MN, USA), 2) mounting the implant onto the angioplasty balloon, and 3) 17 

inflating the balloon to 2-3 atmospheres to stabilize the implant’s position between radiographic 18 

markers on the angioplasty balloon.17 Under fluoroscopic guidance, we advanced the assembled 19 

implant-balloon-loaded-mother-and-child catheter to the vessel of interest, positioned the implant 20 

in the targeted segment, and acquired angiograms to assess the stability of the implant position. 21 

We then deflated and retracted the balloon through the mother-and-child catheter, leaving the 22 

implant in place. We performed angiograms in orthogonal views to document the new artificial 23 
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stenosis within the vessel and to estimate the severity of stenosis. We deployed implants in either 1 

the mid to distal LAD (left anterior descending coronary artery) or mid LCX (left circumflex 2 

coronary artery). 3 

MRI for evaluation of implant-induced regional wall motion abnormalities, myocardial 4 

perfusion, and infarction. 5 

 Regional wall motion abnormalities, such as myocardial hypokinesis and akinesis, 6 

indicate hypoperfusion and ischemia in the territory targeted by the implanted coronary stenosis. 7 

To assess for these surrogates of myocardial perfusion, we initiated MR imaging within one hour 8 

of femoral arterial access. We used a whole body, 3.0 Tesla clinical magnet (Prisma, Siemens, 9 

Germany) equipped with phased-array coils. The image acquisition protocol is shown in 10 

Figure 3.1e.  After initial localizers, we acquired short- and long-axis cine images using a 11 

gradient-echo sequence to evaluate regional wall motion of the left ventricle (n=13). [FOV = 292 12 

x 360 mm, matrix size = 102 x 126, TR = 5.22 ms, TE = 2.48 ms, slice thickness = 6 mm, pixel 13 

bandwidth = 450 Hz, flip angle = 12˚]. 14 
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 1 

 To visualize myocardial perfusion defects caused by the implanted stenosis, we 2 

performed gadolinium-enhanced first pass perfusion imaging (n=6; gadobutrol, Gadavist, Bayer, 3 

Whippany, NJ, USA; 0.1 mmol/kg, 5 ml/sec at rest and at peak stress) under conditions of rest 4 

and at peak pharmacologic stress (n=6; adenosine, 300 µg/kg/min, 4 min infusion).73 Inducible 5 

myocardial ischemia is indicated by the presence of a visible perfusion defect at stress and the 6 

absence of a perfusion defect at rest or by a rest perfusion defect that increases in extent at peak 7 

stress. We used a spoiled-gradient-echo perfusion sequence with representative parameters: FOV 8 

= 320 x 320 mm, slice thickness = 10 mm, matrix size = 130 x 130, TR = 2.5 ms, TE = 1.1 ms, 9 

pixel bandwidth = 650 Hz, flip angle = 12˚. To exclude the presence of acute myocardial 10 

infarction in the segment subtended by the artificial coronary stenosis, we performed late 11 

gadolinium enhancement (LGE) imaging (n=6) using an ECG-gated, segmented, spoiled 12 

gradient-echo phase-sensitive-inversion-recovery sequence [FOV = 225 x 340 mm, slice 13 

 

Figure 3.1. Design of 3D-printed coronary implant and MR imaging protocol. 

Oblique view (a), short-axis cross-sectional view (b) and long-axis side view (c) 

of an implant. The printed 3D implant is shown in (d). Following catheterization, 

subjects were transferred to MRI suite for imaging (e). 
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thickness = 8 mm, matrix size = 131 x 175 mm, TR = 5.2 ms, TE = 1.96 ms, inversion time (TI) 1 

=optimized to null the myocardium, pixel bandwidth = 465 Hz, flip angle = 20˚] at 10 minutes 2 

after the second bolus of gadolinium infusion. 3 

Stenosis implant retrieval and post-mortem tissue histopathology examination 4 

 After MR image acquisition and euthanasia, we performed a lateral thoracotomy, excised 5 

the heart, and exposed the coronary arterial vasculature. After careful dissection of the coronary 6 

vessel, we located the epicardial coronary implant by visual inspection. We removed and 7 

inspected the implants for intraluminal thrombus formation. We evaluated the exposed coronary 8 

vessel for abrasions by gross inspection. We rinsed explanted hearts from three subjects in saline, 9 

sliced the ventricles parallel to the atrioventricular sulcus from apex to base (~1cm thickness), 10 

digitally photographed the fresh tissue, and then incubated the slices in 1% solution 11 

triphenyltetrazolium chloride (TTC) buffered in 0.2 M Tris buffer (pH 7.8) at 37ºC for 5-7 12 

minutes as previously described.74 TTC staining causes regions of viable myocardium to appear 13 

deep or dark red, and infarcted /necrotic regions bright white. Previous work has shown that the 14 

spatial extent of enhancement on LGE images correlates closely (r > 0.95) with the spatial extent 15 

of infarction on TTC staining.75 16 

Image analysis and statistics 17 

 To compare the dimensions of the implanted stenosis with the degree of coronary 18 

narrowing visible on angiograms, vessel diameter and minimum lumen diameter were quantified 19 

in orthogonal fluoroscopic images using the Osirix DICOM viewer (Pixmeo, Bernex, 20 

Switzerland), with the guide catheter as a size reference (n=12). Percent diameter stenosis was 21 

evaluated relative to a reference vessel diameter immediately proximal to the implant, as 22 

previously described.76 A reader (>8 years’ experience in cardiovascular MRI and perfusion 23 
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imaging and who had no identifying information about the location of coronary implant 1 

placement) visually inspected the first-pass perfusion images for perfusion defects (ischemia) 2 

and evaluated the LGE images for the presence or absence of myocardial infarction using a 3 

commercially available software (Argus, Siemens, Erhlangen, Germany). We visually assessed 4 

the cine images for regional wall motion abnormalities and performed quantitative feature-5 

tracking strain analysis (n=8 swine subjects, TomTec, 2D CPA MR). Data are summarized as 6 

mean ± standard deviation (SD). Data ranges are included where appropriate. For group 7 

comparisons of segmental circumferential strain, we used a two-tailed paired Student’s t-test 8 

(MedCalc v19.1, Belgium). A p value of <0.05 was considered significant. 9 

 10 

3.3   Results 11 

Intracoronary Stenosis Implant Sizing 12 

 We created a library of coronary implants with a range of dimensions to facilitate ease of 13 

intra-operative sizing. Based on the range of swine size and the diameter of an 8F coronary guide 14 

catheter used during the experiments, the outer diameter of the implants was limited to 2.1 mm. 15 

The minimum wall thickness of the implant was 0.3 mm and their length ranged from 2.6 to 16 

4.0 mm.  Digital caliper measurements found a mean deviation from nominal implant 17 

dimensions of -0.03±0.07 mm in length, 0.00±0.06 mm in outer diameter and -0.39±0.06 mm in 18 

inner diameter following application of the heparin coating. Application of the heparin coating 19 

caused a decrease in implant inner diameter of 0.09±0.11 mm on average.  20 

Swine survival outcomes and quantitative analysis of coronary stenosis 21 

 We deployed 13 implants in 13 swine subjects. Following implant deployment, subjects 22 

showed a median baseline heart rate of 80 bpm (beats per minute, IQR 76 – 84), systolic blood 23 
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pressure (SBP) of 98 mmHg (IQR 88 – 104) and diastolic blood pressure (DBP) of 56 mmHg 1 

(IQR 51 – 62). A summary of swine subject outcomes is presented in Table 3.1. The overall 2 

animal survival rate was 85% (11 of 13). One subject developed ventricular fibrillation; one 3 

became profoundly hypotensive and died. The swine models were hemodynamically stable post-4 

implant, completed all imaging study procedures, and survived for at least 6 hours (from implant 5 

deployment to euthanasia). We were able confirm successful deployment by retrieving the 6 

implant in 12 of 13 subjects (92%). Subject outcomes improved over the course of the study. Of 7 

the first six cases, three were fully successful (deployment, retrieval, and subject survival until 8 

completion of imaging). The latter seven cases were fully successful. During the first six cases, 9 

each implant deployment took approximately one hour to complete. During the latter seven, 10 

improvements in our deployment technique allowed us to complete implant deployment in less 11 

than 30 minutes. 12 

  13 
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Table 3.1. Summary of implant deployment procedures and results. 1 

Subject  Location of 

implant 

Size of implant* 

(OD, ID, L [mm]) 

Implant 

retrieved 

Animal 

survived 

Implant retrieved and 

animal survived 

1 LAD 2.1, 1.5, 4 -- ✔ -- 

2 LAD 1.5, 1.1, 4 ✔ ✔ ✔ 

3 LCX 2.1, 1.5, 2.6 ✔ -- -- 

4 LAD 2.1, 1.5, 4 ✔ ✔ ✔ 

5 LAD 2.1, 1.5, 4 ✔ -- -- 

6 LAD 2.1, 1.5, 4 ✔ ✔ ✔ 

7 LAD 2.1, 1.5, 4 ✔ ✔ ✔ 

8 LAD 2.1, 1.5, 4 ✔ ✔ ✔ 

9 LCX 2.1, 1.5, 4 ✔ ✔ ✔ 

10 LAD 2.1, 1.5, 4 ✔ ✔ ✔ 

11 LAD 2.1, 1.5, 4 ✔ ✔ ✔ 

12 LAD 2.1, 1.5, 4 ✔ ✔ ✔ 

13 LAD 2.1, 1.5, 4 ✔ ✔ ✔ 

*Mean deviation from nominal implant dimensions of -0.03±0.07 mm in length, 0.00±0.06 mm 

in outer diameter and -0.39±0.06 mm in inner diameter following application of the heparin 

coating. On average, heparin coating caused a decrease in implant inner diameter of 

0.09±0.11 mm. 

 

ID, inner diameter; LAD, left anterior descending artery; LCX, left circumflex artery; L, length; 

mm, millimeter; OD, outer diameter 

 2 

 Quantitative analysis of post-deployment fluoroscopic angiograms showed focal coronary 3 

stenosis severity ranging from 40.6% to 62.7% (mean stenosis 56.8±7.0%, n=12 swine subjects). 4 

The mean minimum luminal diameter was 0.75±0.13 mm (range: 0.63-1.04 mm) and mean 5 

vessel diameter proximal to the implant was 1.75±0.27 mm.  Figure 3.2 shows an illustrative 6 

angiogram from subject 11. 7 

 8 
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 1 

MRI validation of efficacy 2 

 All thirteen subjects demonstrated visible hypokinesis in the target myocardial segment 3 

on MR cine imaging within two hours of implant deployment. Figure 3.3 shows sample MR cine 4 

images acquired in subject 2 following implant deployment, analyzed for longitudinal and 5 

circumferential strain by semi-automated endocardial border feature tracking. New regions of 6 

hypokinesis indicate a reduction in blood supply to the myocardial segment subtended by the 7 

implant, as well as the onset of myocardial stunning.77 Subjects showed significantly decreased 8 

circumferential strain in ischemic regions compared to remote regions on Student’s paired t-test 9 

(-9.1±5.8% vs -18.3±6.6%, p=0.014). 10 

 11 

 

Figure 3.2. Orthogonal fluoroscopic images. Posteroanterior (PA, a) and left 

anterior oblique (LAO 40, b) views from subject 11 show visible arterial 

narrowing (inserts) following deployment of the implant into the left anterior 

descending artery. Minimum lumen diameter 0.85 mm, percent diameter 

stenosis 59%. 
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 1 

 Subjects that underwent stress perfusion imaging showed a median baseline heart rate of 2 

81 bpm (IQR 80 – 88), SBP of 96 mmHg (IQR 94 – 102), DBP of 55 mmHg (IQR 52 – 59). At 3 

peak adenosine stress, subjects showed a median heart rate of 84 bpm (IQR 81 – 89), SBP of 4 

76 mmHg (IQR 74 – 78), DBP of 38 mmHg (IQR 34 – 42) and rate pressure product of 6090 5 

(IQR 5550 – 6500). There were no adenosine stress-induced adverse events. Subjects that 6 

underwent adenosine stress first-pass perfusion and LGE MRI each showed perfusion defects in 7 

the target myocardial segments without evidence of myocardial infarction. Infarcted myocardium 8 

appears hyper-enhanced on LGE images.78 The absence of myocardial enhancement in target 9 

regions with perfusion defects indicates the presence of myocardial ischemia without infarction. 10 

 

Figure 3.3. Illustrative cine MR images of a swine with a 3D-printed coronary 

stenosis implant in the left anterior descending artery. Two-chamber (a) and 

short-axis (b) left ventricular cine MR images from subject 2 show mid to distal 

left ventricular anterior and septal hypokinesis (white arrows).  
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Figure 3.4a shows an illustrative example from subject 7.  A rest perfusion defect is present in 1 

the basal to mid anteroseptal wall after deployment of an implant into the proximal LAD. 2 

Corresponding LGE images showed no visible myocardial signal enhancement in regions 3 

corresponding to the perfusion defect (Figure 3.5a). These findings indicate the presence of 4 

myocardial ischemia without infarction. 5 

 6 

 7 

 

Figure 3.4. Gadolinium-enhanced rest and stress first pass perfusion images. 

Perfusion defect (arrows) is present in the basal to mid anteroseptal to inferior 

wall in subject 7 (LAD, a). Perfusion defect (arrows) is present in the basal to 

mid inferolateral wall in subject 9 (LCX, b). 
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 1 

 2 

Post-mortem evaluation and gross pathology 3 

 Implants were retrieved from the target coronary segment in all subjects except subject 1. 4 

This indicates that our method allows investigators to control the implant location within the 5 

coronary artery with less concern about distal migration or proximal retraction during balloon 6 

removal. Only one of the early subjects showed gross abrasions in the coronary vessel upon 7 

visual inspection. Figure 3.6 provides an example from subject 9; no gross denudation of the 8 

endothelium (Figure 3.6b), and no evidence of intraluminal thrombus formation in the implant 9 

(Figure 3.6c) were observed. Explanted heart tissues from subjects 9 and 13 confirmed the 10 

absence of myocardial infarction by TTC staining (Figure 3.6d-g). 11 

 

Figure 3.5. Late gadolinium-enhanced images (base, mid, apex) using a phase-

sensitive inversion recovery gradient echo sequence. No evidence of myocardial 

infarction is visible in myocardial segments subtended by the left anterior 

descending coronary artery (subject 7, (a)) or the left circumflex artery (subject 

9 (b)). 
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 1 

3.4   Discussion 2 

 Our proof-of-concept study demonstrates the feasibility and efficacy of a new minimally 3 

invasive and cost-effective percutaneous technique for creating large animal models of acute 4 

focal coronary stenosis using 3D printed epicardial coronary implants. Our method enables 5 

selective delivery into the arterial segment of interest. The resultant degree of coronary 6 

narrowing can be tailored to produce baseline hypoperfusion or vasodilator-induced ischemia 7 

 

Figure 3.6. Retrieval of epicardial coronary implants from subjects 9 and 13. 

The implant in subject 9 is seen in the left circumflex artery (white arrow, a). 

There is no evidence of gross denudation of the endothelium (b). Inspection of 

the implant showed lack of thrombus formation (c, cross-sectional view with 

magnified insert). Gross specimen (d) and triphenyltetrazolium chloride staining 

(e) from subject 9 showed no evidence of myocardial tissue infarction in the left 

ventricle (LV). Gross (f) and stained (g) specimen from subject 13 likewise 

showed no evidence of infarction. 
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without infarction or intraluminal thrombus formation. Our technique has promising applications 1 

for validation of new diagnostic MR imaging methods in IHD. 2 

 Closed-chest methods for inducing or mimicking atherosclerosis include atherogenic 3 

diets,79,80 partially inflated angioplasty balloons,19,81 endothelial injury models,82 modified 4 

covered stents,76,83 and intracoronary implanted flow reducers.84 These methods each have 5 

distinct advantages and disadvantages. Atherogenic diets are logistically simple to implement but 6 

can take as long as six months to take effect, and results are unpredictable. Balloon angioplasty 7 

techniques are advantageous for modelling acute myocardial ischemia and reperfusion but pose 8 

challenges for models of non-occlusive coronary stenosis. Failure rates due to ventricular 9 

fibrillation can be high when complete occlusions are created in ischemia-reperfusion 10 

experiments.81 Endothelial injury models require a waiting period to allow stenosis to develop 11 

and do not reliably induce significant stenoses in all subjects. Covered stents may prove 12 

prohibitively expensive, and stents that are not fully expanded pose a risk of collapse, triggering 13 

acute thrombosis. Stainless steel stents create MR image artifacts that can completely obscure the 14 

vessel of interest and significantly distort the surrounding image.85 The epicardial coronary flow 15 

reducers described by Kraitchman et al. are relatively simple to deploy, but are more challenging 16 

to manufacture and are machined individually by hand.84 They also demonstrate a relatively low 17 

success rate of 57% in two studies.84,86 18 

 Open-chest methods include extracoronary ameroid constrictors, and perfused explanted 19 

beating heart models.60,87 The most popular method of inducing focal coronary stenosis in swine 20 

models remains the ameroid constrictor – a steel or plastic outer sleeve with an inner layer of 21 

casein material that swells when positioned around an artery.61,62,88 Ameroid constrictors are 22 

difficult to implant: aseptic technique is required, as imaging studies typically follow a recovery 23 
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period of seven weeks.63 Placement of ameroid constrictors requires significant surgical expertise 1 

and may be operator-dependent with a steep learning curve. Ameroid constrictors reliably induce 2 

coronary stenosis, but variability in the rate of casein swelling leads to an inability to precisely 3 

control the degree of coronary occlusion.89 However, the gradual development of the stenosis 4 

may be an advantage for chronic studies. The purpose of our technique is not to model the 5 

natural history of atherosclerotic disease, but to produce swine models of acute myocardial 6 

hypoperfusion for MR imaging studies. 7 

 Our new method using 3D printed implants compares favorably with existing methods on 8 

logistical simplicity, efficacy, precision, and reliability. The outer diameter of the implants was 9 

limited to 2.1 mm but could be varied if needed for larger vessels. The inner diameter was 10 

designed to accommodate a deflated, clinically available coronary angioplasty balloon. We 11 

manufactured implants with a range of lengths, allowing investigators to choose a longer implant 12 

when more severe stenosis was desired. In the cath lab, we further refined the outer diameter size 13 

selection based on the subject’s body weight and coronary size estimates at the time of 14 

catheterization. Compared to hand-machined nylon flow reducers, these 3D printed implants are 15 

simple to manufacture. Stereolithographic 3D printing produces smooth, high quality prints that 16 

can be heparin-coated for improved biocompatibility. Our implants are printed on a commercial 17 

3D printer using a standard resin and can be made in-house or made to order by commercial 18 

printing services. 3D printing can be used to produce implants at scale from low-cost materials. 19 

This allows investigators to prepare implants with a range of dimensions and select one to fit 20 

coronary segment of interest based on intracoronary sizing in the cath lab. If a more precise, 21 

subject-specific implant is desired, a coronary CT may be performed, and coronary images can 22 

be imported into commercially available software for implant design. 23 
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 Our results are comparable to those reported by Foin et al. using modified covered stents. 1 

Our implants induced a mean diameter stenosis of 56.7±7.0%. Foin et al. report a mean diameter 2 

stenosis of 54.1±5.9%.76 Wu et al. report a mean percent diameter stenosis of 91±4% using an 3 

endothelial injury model.82 We achieved a success rate of 75%, which is comparable to other 4 

published methods. The method most similar to our technique consists of intracoronary nylon 5 

flow reducers, which has a success rate of 57%.84,86 Studies using ameroid constrictors typically 6 

show a success rate of 80% to 90%.63,64,90 Our overall lower success rate compared to ameroid 7 

constrictors may be related to the initial optimization period. Our success rate was 100% after the 8 

first five cases. Relative to ameroid constrictors, intracoronary methods may have a higher rate 9 

of complications due to the introduction of a foreign body into the coronary vasculature.91 It is 10 

known that swine coronary endothelium is sensitive to vasospasm, and as swine lack collateral 11 

vessels, they are more sensitive to sudden severe coronary occlusion.62 Our study demonstrates 12 

that this risk can be managed with an appropriate anticoagulation strategy and use of anti-13 

arrhythmics and nitroglycerin. 14 

Limitations 15 

 Our study has several limitations. The measured minimum lumen diameter of the 16 

implant-induced coronary narrowing on fluoroscopic images was smaller than the measured 17 

inner diameter of the implants following heparin coating. Possible reasons include use of image 18 

viewing software rather than quantitative coronary angiography (QCA) software and streaming 19 

of contrast or out-of-plane motion. Although the 3D printed implants used in this study can be 20 

manufactured in arbitrary dimensions, we ultimately tested a small range of sizes. Likewise, 21 

while we used coronary angiography to confirm new coronary stenosis following implant 22 

placement, this method can only be used to quantify the geometry of a stenosis. The reference 23 
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standard for physiologic assessment of stenosis is fractional flow reserve (FFR), measured using 1 

coronary pressure wires.92,93 Our method can be adapted to include measurement of FFR 2 

following implant deployment. Future studies can investigate the correlation of implant size with 3 

FFR, which may better characterize the relative severity of stenosis and ischemic burden 4 

imposed by implants of varying sizes. While we used multimodal MRI to confirm the location of 5 

new perfusion defects in the targeted myocardial segment, we did not distinguish between mild, 6 

moderate, and severe perfusion defects or correlate this severity with the implant size or percent 7 

diameter stenosis. Future studies may investigate the correlation of post-implant FFR with the 8 

extent of myocardial perfusion defects. 9 

 10 

3.5   Conclusion 11 

 Our new method for creating large animal models of focal coronary stenosis opens new 12 

avenues for translational MR imaging studies of myocardial ischemia. This swine model may be 13 

used to evaluate novel diagnostic MR imaging methods for IHD or investigations involving the 14 

physiological effect of multiple sequential stenoses or stenoses in multiple arterial branches. 15 

Future work to test a wider range of implant sizes, materials, and resulting physiological 16 

measurements are needed. Overall, our rapid prototyping method offers a success rate 17 

comparable to that of open-chest delivery of ameroid constrictors, while using percutaneously 18 

delivered intracoronary implants. 19 

 20 

  21 
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Chapter 4 Ferumoxytol-enhanced magnetic resonance T1 reactivity 1 

for depiction of myocardial hypoperfusion 2 

4.1   Introduction 3 

 In the setting of coronary stenosis, autoregulation increases MBV resulting in decreased 4 

myocardial perfusion reserve.23 Native tissue T1 lengthens in healthy myocardium in response to 5 

vasodilator stress. The response of T1 in ischemic myocardium is severely blunted.36 Recent 6 

findings suggest that T1 reactivity, the relative difference in T1 between rest and peak 7 

vasodilator stress states, can be used to distinguish between remote and ischemic 8 

myocardium,36,37 spurring interest in using T1 reactivity as a biomarker for tissue perfusion. 9 

However, native T1 reactivity has a narrow dynamic range.36,37 In routine clinical practice, 10 

myocardial blood flow (MBF) reserve is assessed using first-pass stress gadolinium-enhanced 11 

perfusion MRI to diagnose clinically significant coronary stenosis.94 Prior work using contrast-12 

enhanced echocardiography41 and electron beam computed tomography,42 however, suggests a 13 

nonlinear relationship between MBV and MBF; at high oxygen consumption, changes in MBV 14 

may outstrip changes in MBF.43 By taking oxygen consumption and compensatory changes in 15 

the microcirculation into account, T1 reactivity, as a proxy for MBV change, may serve as a 16 

comprehensive estimate of tissue perfusion.43  17 

 Early data suggest that ferumoxytol, with its long intravascular fidelity and high r1, 18 

increases the apparent T1 reactivity of myocardium by sensitizing myocardial T1 to 19 

vasodilation.19 We hypothesize the increase in dynamic range of T1 reactivity with ferumoxytol 20 

may also increase the sensitivity and specificity of T1 reactivity as a measure of myocardial 21 

ischemia. In this study, we sought to determine the diagnostic performance of ferumoxytol-22 

enhanced (FE) relative to native T1 reactivity as proxies for myocardial tissue hypoperfusion. 23 
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We aim to address the following questions: 1) (Primary objective) Relative to native T1 1 

reactivity, can FE T1 reactivity differentiate between ischemic and remote myocardium?  2) 2 

(Secondary objective) To what extent does ferumoxytol contrast affect the magnitude of 3 

MOLLI- and SASHA-derived T1 reactivity? 3) (Secondary objective) What are sensitivity and 4 

specificity thresholds and effect sizes for using FE and native T1 reactivity to predict regional 5 

wall motion abnormalities (RWMAs) as proxies for tissue hypoperfusion? 6 

 7 

4.2   Methods 8 

Swine models of acute myocardial hypoperfusion 9 

 We induced a focal single coronary vessel stenosis in the mid left anterior descending 10 

(LAD) artery in thirteen healthy juvenile male Yorkshire swine (20-40 kg, S&S Farms, Ramona, 11 

CA) using a heparin-coated, 3D printed intracoronary stenosis implant as previously described.18 12 

Briefly, following femoral arterial access and under fluoroscopic guidance, we percutaneously 13 

deployed the implants using a transcatheter delivery technique to induce myocardial 14 

hypoperfusion.17 We used orthogonal angiograms to estimate the stenosis location. To determine 15 

the severity of stenosis, we used the Thrombolysis in Myocardial Infarction (TIMI) flow grading 16 

system to visually assess coronary perfusion on angiographic images (0 = no perfusion or no 17 

antegrade flow beyond the point of occlusion; 1 = penetration without perfusion, or faint 18 

antegrade flow beyond the occlusion with incomplete filling of the distal coronary bed; 2 = 19 

partial perfusion, or delayed antegrade flow with complete filling of the distal territory; 3 = 20 

complete perfusion, or normal flow with complete filling of the distal territory).95 We measured 21 

percent diameter stenosis on angiographic images using a reference vessel diameter immediately 22 

proximal to the implant. In all swine, we maintained an activated clotting time (ACT) above 300 23 
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seconds with intravenous heparin throughout the procedure to prevent thrombus formation. This 1 

technique has been shown to reliably induce myocardial ischemia without infarction.18 2 

Image Acquisition 3 

 Immediately following the intervention, the swine underwent cardiac MRI (whole body 4 

clinical 3.0 T scanner equipped with phased-array coils, Prisma®, Siemens, Germany). 5 

Following localizers, we acquired short- and long-axis cine images using a cine gradient-echo 6 

sequence to assess the location of ischemic defects, based on RWMAs. Representative scanning 7 

parameters were: FOV = 292 x 360 mm, matrix size = 102 x 126, TR = 5.2 ms, TE = 2.5 ms, 8 

slice thickness = 6 mm, pixel bandwidth = 450 Hz, flip angle = 12˚. We then performed native 9 

and FE adenosine stress testing (Figure 4.1). A left ventricular short-axis stack of T1 maps (base, 10 

mid, apex) was acquired at rest and at peak pharmacologic stress (adenosine, 300 µg/kg/min, 4 11 

min infusion)96 using the 5(3)3(3)3 MOLLI sequence26 with a balanced steady-state free 12 

precession (bSSFP) readout and ECG triggering in all swine (n=13) [FOV = 240 x 300 mm, TR 13 

= 2.6 ms, TE = 1.1 ms, TI = 100 – 180 ms, slice thickness = 8 mm, pixel bandwidth = 1085 Hz, 14 

flip angle = 35˚]. Because SASHA was borne out of efforts to reduce systematic T1 15 

measurement errors related to off-resonance, flip angle, T2 dependence, heart rate fluctuations, 16 

and magnetization transfer, we also, in 8 swine, performed ECG-triggered rest and stress native 17 

T1 mapping using the SASHA27 (Siemens WIP 1041B) sequence (n=8) [FOV = 240 x 300 mm, 18 

TR = 2.8 ms, TE = 1.2 ms, fixed saturation time (TS) = 600 ms,97 slice thickness = 8 mm, pixel 19 

bandwidth = 1085 Hz, flip angle = 70˚]. After native stress testing, we administered ferumoxytol 20 

(4mg/kg) over a 12-minute infusion and repeated the stress testing protocol. Following 21 

ferumoxytol infusion, we used a SASHA sequence with variable TS (81 – 634 ms). Two 22 

additional swine subjects underwent two FE MOLLI T1 stress testing cycles immediately 23 
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following implant deployment in order to assess the potential interaction between hypoperfusion 1 

and time since implant deployment. Veterinary technologists used sodium pentobarbital (100 2 

mg/kg) at the end of the study to humanely euthanize the swine subjects. 3 

Image Processing and Analysis 4 

 In addition to the commercially available MOLLI T1 fitting algorithm, we used the 5 

Instantaneous Signal Loss simulation (InSiL) algorithm for T1 fitting of MOLLI images in order 6 

to minimize T1 error at high heart rates (>80 bpm) (MATLAB R2019b, MathWorks, Natick, 7 

MA).33 Although inline motion-correction was available, in our hands, the algorithm did not 8 

work well for swine imaging with ferumoxytol. Thus, for images with visible motion, we co-9 

registered raw images using a groupwise image registration method based on principal 10 

component analysis (Elastix, 5.0.0) prior to InSiL fitting.58,98 We fit SASHA images using the 11 

inline T1 fitting algorithm (WIP 1041B MyoMap, Siemens). 12 

 Two readers independently assessed native and FE T1 maps acquired at rest and stress for 13 

image artifacts. Artifacts were graded using a 5-point Likert scale (0 = no artifacts, 1 = mild 14 

artifacts, 2 = moderate artifacts, 3 = substantial artifacts, 4 = severe artifacts) for each segment of 15 

the AHA model.99 Segments containing artifacts graded three or greater were rejected. One 16 

reader assessed the MR cine images for RWMAs using a 3-point Likert scale (1 = normal, 2 = 17 

hypokinetic, 3 = akinetic). We categorized myocardial segments within the LAD territory with 18 

RWMA scores of two or greater as ischemic because myocardial contractile dysfunction is an 19 

indicator of hypoperfusion and the onset of myocardial stunning.77 We chose RWMAs as the 20 

reference because both dobutamine and exercise stress echocardiography rely on RWMAs for 21 

the diagnosis of clinically relevant obstructive epicardial coronary disease and data support  22 

higher specificity with RWMAs relative to nuclear perfusion imaging.100 We categorized 23 
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segments perfused by the LAD, right coronary artery (RCA), and left circumflex (LCX) artery, 1 

that have normal wall motion as remote myocardium. 2 

 To compute pixelwise myocardial T1 reactivity maps, we co-registered rest and stress T1 3 

maps using a nonrigid B-spline transform and an adaptive stochastic gradient descent 4 

optimization method in Elastix.101,102 Following registration, we computed pixelwise T1 5 

reactivity and generated T1 reactivity maps (MATLAB R2019b, MathWorks, Natick, MA). 6 

Using RWMAs present on the cine images as reference, we drew regions of interest (ROIs) 7 

(approximately 50 mm2) within ischemic myocardial segments on T1-reactivity maps (Osirix, 8 

Pixmeo, Bernex, Switzerland). Care was taken to avoid blood pool contamination near the left 9 

ventricular endocardial border. We placed corresponding ROIs in the contralateral remote 10 

segment. Segments with artifact scores of three or greater were excluded from analysis. 11 

Statistical Analysis 12 

 Data were tested for normality using the Kolmogorov-Smirnov test. Data are reported as 13 

mean ± standard deviation or median (IQR) according to normality. To determine whether native 14 

and FE T1 reactivity can distinguish between ischemic and remote myocardial regions in the 15 

same subject, we used paired, two-sided Student’s t-tests and paired Wilcoxon signed rank tests 16 

for group comparisons. We used a two-sided Wilcoxon signed rank test to compare the blood-17 

tissue partition coefficient fe of ferumoxytol in ischemic and remote regions. To further evaluate 18 

the diagnostic performance of InSiL-MOLLI- and SASHA-derived FE T1 reactivity relative to 19 

native T1 reactivity as predictors of tissue perfusion, we computed the receiver operating 20 

characteristic (ROC) curves with binary variable responses based on RWMAs. The presence of 21 

RWMAs was used as an indicator of ischemia/hypoperfusion and coded as 1; normal wall 22 

motion was coded as zero. We compared the areas under the ROC curves (AUC). We report the 23 
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sensitivity, specificity and threshold values associated with Youden’s J statistic, max {sensitivity 1 

+ specificity – 1}. The effect sizes of using native and FE InSiL-MOLLI- and SASHA-derived 2 

T1 reactivity to differentiate ischemia and remote myocardium were calculated using Glass’s 3 

.103 In two additional swine subjects that received repeated cycles of adenosine stress, we used 4 

paired t-tests to evaluate the relationship between T1 reactivity in ischemic and remote 5 

myocardium relative to time. A p-value <0.05 was considered statistically significant. Statistical 6 

analysis was performed using MedCalc 19.0.5 (MedCalc Software, Ostend, Belgium). 7 

 8 

4.3   Results 9 

 All 13 swine had single vessel LAD coronary stenoses of at least moderate severity. 10 

Stenosis implant length averaged 5.2 ± 1.5 mm (range = 4.0 to 8.0 mm). Angiograms showed a 11 

mean percent diameter stenosis of 54.8 ± 7.4% and a TIMI score of one (penetration without 12 

perfusion, n=4) to two (partial perfusion, n=9). No ferumoxytol-related adverse events occurred. 13 

All animals tolerated the adenosine stress testing cycles without stress testing-related 14 

complications. Native MOLLI images in one subject (n=16 segments) were rejected due to 15 

severe in-plane and through-plane motion. Seven of 448 (1.56%) remaining myocardial 16 

segments on MOLLI images were rejected while 10 of 392 segments (2.55%) on SASHA images 17 

were rejected due to image artifacts. Using a 5-point Likert scale with zero reflecting no artifacts 18 

and four reflecting severe artifacts, the mean artifact score was 0.146 ± 0.097 for InSiL-MOLLI 19 

and 0.189 ± 0.111 for SASHA. Of 180 myocardial segments scored for RWMAs, we identified 20 

147 as normal (remote myocardium), 26 as hypokinetic and 7 as akinetic (hypoperfused, 21 

ischemic, or stunned myocardium). The segments with hypokinesis and akinesis corresponded to 22 

the LAD perfusion territories. 23 
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Pharmacologic stress 1 

 At baseline, swine showed an average heart rate of 89 ± 15 bpm (beats per minute), 2 

average systolic blood pressure of 100 ± 9 mmHg and diastolic blood pressure of 60 ± 9 mmHg, 3 

and average rate pressure product (RPP=SBPxHR, SBP=systolic blood pressure, HR=heart rate) 4 

of 8897 ± 1521. At peak adenosine infusion, the swine subjects showed an average heart rate of 5 

89 ± 15 bpm, average systolic blood pressure of 74 ± 10 mmHg, average diastolic blood pressure 6 

of 37 ± 6 mmHg, and average RPP of 6598 ± 1337. 7 

Native and ferumoxytol-enhanced myocardial T1  8 

 We computed the blood-tissue partition coefficient fe of ferumoxytol using InSiL-9 

MOLLI T1 with the expression 𝜆𝑓𝑒 = ∆𝑅1𝑚𝑦𝑜/∆𝑅1𝑏𝑙𝑜𝑜𝑑.104 We found a median fe of 7.5% 10 

(5.4, 10.1%) in ischemic and 6.4% (5.8, 7.4%) in remote regions, with no significant difference 11 

between remote and ischemic regions (p=0.34). 12 

 13 

Native and ferumoxytol-enhanced T1 reactivity 14 

 Both native and FE T1 reactivity were significantly different between remote and 15 

ischemic myocardial regions. Pixelwise T1 reactivity maps demonstrate dynamic differences in 16 

perfusion gradient from base to apex and visibly depict regions of blunted reactivity perfused by 17 

the mid to distal LAD territory (Figure 4.2).  Because adenosine stress shortens myocardial T1 in 18 

 

Figure 4.1. Stress testing protocol with T1 mapping at 3.0T. 



 

 45 

the setting of increased ferumoxytol biostribution in the intravascular space, FE T1 reactivity is 1 

typically negative (red). Native T1 lengthens with vasodilation and thus native T1 reactivity is 2 

typically positive (blue). On both sets of maps, blunted T1 reactivity in ischemic regions (white 3 

arrows) appears pale or white. NativeT1 reactivity in remote regions was 1.9-fold higher than in 4 

ischemic regions across all subjects (T1 reactivity: 1.65±0.72% in the ischemic and 3.08±1.70% 5 

in the remote regions). Absolute FE T1 reactivity in remote regions was 3.3-fold greater than 6 

ischemic regions (FE T1 reactivity: -3.18 [-7.24, -2.53]% in ischemic and -10.43±3.69% in 7 

remote regions).  8 

 9 

 The dynamic range of FE T1 reactivity was wider relative to native T1 reactivity (Figure 10 

4.3). Ferumoxytol increased the average remote T1 reactivity by 3.4-fold with both InSiL-11 

MOLLI (p<0.001) and SASHA (p<0.001). Ferumoxytol increased average T1 reactivity in 12 

ischemic regions by 2.5-fold with InSiL-MOLLI (p=0.001) and 2.9-fold with SASHA (p=0.002). 13 

 

Figure 4.2. Illustrative example of native and ferumoxytol-enhanced (FE) T1 

reactivity maps at 3.0T. Native (left panel; base, mid, apex) and FE (right panel; 

base, mid, apex) rest and stress T1 and T1 reactivity maps acquired at 3.0T using 

5(3)3(3)3 bSSFP-MOLLI with InSiL fitting in a swine subject with a 3D printed 

intracoronary stenosis implant in the mid left anterior descending coronary 

artery.  
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We found a significant difference between remote and ischemic myocardial native T1 reactivity 1 

using both InSiL-MOLLI (remote 3.08 ± 1.70%, ischemic 1.65 ± 0.72%, p<0.001) and SASHA 2 

(remote 2.76 ± 1.43%, ischemic 1.63 ± 0.54%, p=0.023). Similarly, there was a significant 3 

difference between FE T1 reactivity in remote and ischemic regions using InSiL-MOLLI 4 

(remote -10.43 ± 3.69%, ischemic -3.18 [-7.24, -2.53], p<0.001) and SASHA 5 

(remote -9.25 ± 2.71%, ischemic -4.68 ± 2.6%, p<0.001).  6 

 7 

 Table 4.1 summarizes the mean native and FE T1 reactivity for remote and ischemic 8 

myocardial regions. In swine subjects that underwent repeated cycles of FE T1 stress testing 9 

immediately following implant deployment, we found no significant relationship between FE T1 10 

reactivity and time from implant deployment in both ischemic (p=0.397) and remote (p=0.581) 11 

myocardium.  12 

 

Figure 4.3. Native and ferumoxytol-enhanced (FE) T1 reactivity in remote and 

ischemic myocardium at 3.0T.  
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 1 

Receiver operating characteristics of native and ferumoxytol-enhanced T1 reactivity 2 

 Figure 4.4 shows the ROCs for native and FE InSiL-MOLLI-derived T1 reactivity of 12 3 

swine subjects with at least moderate acute focal coronary stenosis in the LAD territory. The 4 

AUC for FE MOLLI T1 reactivity is higher relative to native MOLLI T1 reactivity (native AUC: 5 

0.717, 95% CI 0.555-0.846; FE AUC: 0.915, 95% CI 0.786-0.979; P=0.036). Relative to native 6 

MOLLI-derived T1 reactivity, FE MOLLI-derived T1 reactivity had a two-fold larger effect size 7 

for prediction of RWMAs (native T1 reactivity effect size 0.84, 95% CI 0.18-1.30; FE T1 8 

reactivity effect size 1.71, 95% CI 1.08-2.36). A native MOLLI-derived T1 reactivity threshold 9 

of 1.69% had 73.3% sensitivity and 76.9% specificity for prediction of RWMAs. A FE MOLLI-10 

derived T1 reactivity threshold of -4.65% had 73.3% sensitivity and 96.2% specificity.  11 

 In the set of 8 subjects that underwent both MOLLI and SASHA imaging, native and FE 12 

SASHA T1 reactivity did not show significantly different AUC (native AUC: 0.788, 95%CI 13 

0.611-0.910; FE AUC: 0.905, 95% CI 0.751-0.979; P=0.209). However, the effect sizes for 14 

Table 4.1. Native and ferumoxytol-enhanced (FE) myocardial T1 reactivity at 

3.0T. * Denotes remote T1 reactivity values that are significantly different from 

ischemic T1 reactivity (p<0.05 on paired t-test or Wilcoxon rank-sum test). 

Mean ± standard deviation; median (IQR). 

  

 T1 reactivity (%) 

Native InSiL-MOLLI MOLLI-MOLLI SASHA 

Ischemic 1.65 ± 0.72 1.64  2.06 1.63 ± 0.54 

Remote 3.08 ± 1.70* 2.80 (1.73, 6.20)* 2.76 ± 1.43* 

FE    

Ischemic -3.18 (-7.24, -2.53) -4.41  2.61 -4.68 ± 2.64 

Remote -10.43 ± 3.69* -9.15  5.36* -9.25 ± 2.71* 
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SASHA-derived T1 reactivity were comparable to those of native and FE MOLLI T1 reactivity. 1 

The finding that effect size is larger with ferumoxytol-enhancement relative to native T1 2 

reactivity remains consistent regardless of pulse sequence choice (native SASHA-derived T1 3 

reactivity effect size 0.79, 95% CI 0.22-1.26; FE SASHA-derived T1 reactivity effect size 1.69, 4 

95% CI 0.80-2.61). A native SASHA-derived T1 reactivity threshold of 2.19% showed a 5 

sensitivity of 91.75% and specificity of 66.7% for prediction of RWMAs. A FE SASHA-derived 6 

T1 reactivity threshold of -5.25% had a 75.0% sensitivity and 95.2% specificity for prediction of 7 

RWMAs.  8 

 9 

 10 

4.4   Discussion 11 

 Our results indicate that vasodilator stress FE T1 mapping has favorable diagnostic 12 

performance relative to native T1 mapping for quantitative differentiation between regions of 13 

 

Figure 4.4. Receiver operating characteristic (ROC) curves of native and 

ferumoxytol-enhanced (FE) T1 reactivity for prediction of regional wall motion 

abnormalities as a proxy for tissue hypoperfusion.  
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ischemic and remote myocardium using pixelwise T1 reactivity maps. Relative to SASHA T1 1 

mapping, InSiL-MOLLI yielded images with a lower average artifact score and fewer rejected 2 

segments. 3 

 A prior study using adenosine (140 µg/kg/min) stress testing study at 1.5 T in humans 4 

found an average MOLLI T1 reactivity of 4.3 ± 2.8% in normal controls, 2.6 ± 3.4% in remote 5 

myocardium and 0.2 ± 0.7% in ischemic myocardium using gadolinium first pass perfusion 6 

imaging as reference.105 A subsequent study found a median MOLLI T1 reactivity of 4.15% 7 

(3.20–7.03%) in normal controls, 3.54% (1.48–5.78%) in remote and 0.00% (− 0.18 to 0.16%) in 8 

ischemic myocardium.36 A study at 3.0T in humans found T1 reactivity values of 6.2 ± 0.5% in 9 

normal controls, 3.9 ± 0.6% in remote, and 0.2 ± 0.8% in ischemic myocardium (ShMOLLI; 10 

adenosine: 140-210 µg/kg/min, 3-6 min).106 Our native InSiL-MOLLI studies at 3.0T in swine 11 

found a T1 reactivity of 3.08 ± 1.70% in remote and 1.65 ± 0.72% in ischemic myocardial 12 

regions. The mean native T1 reactivity in ischemic regions of our swine models is greater than 13 

values typically reported in humans. This may reflect differences in the severity of coronary 14 

stenosis induced by our implants relative to the severity of coronary stenosis in human patients 15 

for published studies, as well as our use of an acute, rather than chronic, model of myocardial 16 

hypoperfusion. This difference in ischemic T1 reactivity may also stem from differences in the 17 

method used to identify and contour regions of ischemic myocardium. While RWMAs on cine 18 

imaging show high specificity for myocardial hypoperfusion, this technique is not used for direct 19 

quantification of myocardial perfusion on a pixelwise basis.  20 

 Recent publications investigating T1 reactivity as a biomarker for myocardial ischemia or 21 

infarction have used gadolinium-enhanced first pass perfusion and late gadolinium enhancement 22 

(LGE) to contour and classify myocardium as remote, ischemic or infarcted.36,105,107 We 23 
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identified ischemic myocardial regions based on assessment of RWMAs, which is highly 1 

specific for stunned and hypoperfused myocardium (e.g. dobutamine stress echocardiography 2 

relies on the detection of RWMAs as surrogate for dobutamine-induced ischemia). A recent 3 

study at 3.0T in patients on hemodialysis reported a mean native T1 reactivity of 3.01% in 4 

regions with normal wall motion and 1.6% in hypokinetic regions (MOLLI; adenosine: 5 

140-210 µg/kg/min, 3 mins).108 The results in the latter study are descriptive, and the presence of 6 

advanced kidney disease in this patient population limits direct comparison of the native T1 7 

reactivity, which may be affected by underlying microvascular dysfunction. However, the results 8 

support the use of wall motion to distinguish between normal and pathologic myocardial tissue 9 

and demonstrate applicability at a comparable magnet strength used in our study. 10 

 Previously published feasibility data on FE T1 reactivity using MOLLI in swine models 11 

found a mean FE T1 reactivity of -7.2 ± 0.7% in ischemic myocardium and -15.7 ± 1.7% in 12 

remote myocardium at 3.0T.19 The present study found a mean FE T1 reactivity of -3.18 (-7.24, -13 

2.53)% in ischemic myocardial regions and -10.43 ± 3.69% in remote regions. The greater 14 

variability of T1 reactivity in the present study may be due to a greater variation in the degree of 15 

ischemia in our swine models, adenosine infusion dosage, and the technique employed to create 16 

focal coronary stenosis. Our 3D printed implants had a range of stenosis severity on 17 

angiographic images. Another recent study in patients with coronary disease found that native T1 18 

reactivity can distinguish between remote, ischemic, and infarcted myocardium.36 The ROC 19 

curves of native and FE MOLLI T1 reactivity for prediction of RWMAs indicate that 20 

ferumoxytol increases the dynamic range of T1 reactivity as a measure of myocardial vasodilator 21 

response (native AUC: 0.717, 95% CI 0.555-0.846; FE AUC: 0.915, 95% CI 0.786-0.979; 22 

P=0.036). While the 95% CIs of these results indicate that further confirmation is needed prior to 23 
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clinical adoption, the increased dynamic range of FE T1 reactivity may be helpful in clinical 1 

practice where additional confounding factors may be present. 2 

 The results of this study do not demonstrate a significant advantage to using InSiL-fitted 3 

bSSFP-MOLLI over SASHA for the assessment of myocardial ischemia. However, in the 4 

absence of such results it is still necessary for researchers to choose the most appropriate pulse 5 

sequence for the clinical application. The bSSFP-MOLLI T1 mapping sequence used in this 6 

study has several well-documented advantages over other sequences, most notable is its 7 

precision and reproducibility. MOLLI typically demonstrates less absolute accuracy than 8 

saturation recovery sequences like SASHA and SAPPHIRE.35 However, T1 reactivity is a 9 

measure of relative change in T1 between baseline and vasodilator stress states, and absolute 10 

accuracy of raw T1 measurements in the setting of stress testing does not necessarily translate to 11 

meaningful improvement in clinical utility. As a result, greater precision should likely be valued 12 

over absolute accuracy in measured T1 for stress testing applications. Overall, our data support a 13 

favorable diagnostic profile for FE T1 reactivity relative to native T1 reactivity when using 14 

5(3)3(3)3 MOLLI with InSiL T1 fitting. 15 

  This study has several limitations. Our swine model reflects artificially induced acute 16 

tissue hypoperfusion rather than a model of chronic stable coronary stenosis. Confirmation in 17 

patient studies with chronic stable ischemic coronary disease will be needed. Second, visual 18 

assessment of coronary stenoses using X-ray angiography showed some heterogeneity in the 19 

degree of coronary narrowing. As a result, our ischemic T1 reactivity data likely encompasses a 20 

range of ischemic severity. RWMAs are known to indicate myocardial hypoperfusion and the 21 

onset of myocardial stunning, RWMAs do not directly reflect the state of tissue perfusion, but 22 

have been shown to have high specificity as a proxy for clinically relevant obstructive coronary 23 
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disease.100 As a result, our analyses of T1 reactivity maps have direct relationship with RWMAs 1 

and indirect relationship with tissue hypoperfusion. Additionally, known sources of measurement 2 

variation in T1 mapping will affect the results of T1 reactivity measurements. In addition to the 3 

heart rate dependence of myocardial T1, which we mitigate with the use of InSiL T1 fitting, T1 4 

reactivity measurements can also be impacted by noise in T1 maps and test-retest variability in 5 

myocardial T1. By sensitizing the myocardial T1 to adenosine stress and increasing the dynamic 6 

range of myocardial T1 reactivity, ferumoxytol enhancement may help to minimize the impact of 7 

these sources of inherent measurement variability in T1 stress testing, improving the sensitivity 8 

and specificity of the technique. Last, although our technique demonstrates favorable 9 

quantitative diagnostic performance for FE T1 reactivity as an imaging biomarker, our FE T1 10 

reactivity maps do not show qualitative conspicuity of ischemic segments on visual inspection. 11 

The use of ferumoxytol is not without risks and has several well-documented disadvantages. 12 

First, ferumoxytol, as an intravenous iron medication, can in rare cases induce serious 13 

hypersensitivity reactions. However, a multi-center safety study of 3215 patients found off-label 14 

diagnostic use of ferumoxytol to be associated with no serious adverse events.10 Although 15 

ferumoxytol’s long intravascular half-life is advantageous for steady-state imaging exams and 16 

delayed imaging in some cases of inflammatory disease, its long half-life can alter the MR signal 17 

for weeks to months following administration. Radiologists should be informed of its recent use 18 

when interpreting subsequent images. 19 

4.5   Conclusion 20 

 Future investigations on FE T1 mapping to depict regions of myocardial hypoperfusion 21 

and ischemia should address whether the diagnostic benefits of stress testing can be obtained 22 

solely with peak stress T1 mapping alone and without baseline imaging. Likewise, future work 23 
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should address whether changes in MBV due to hypoperfusion can be identified with baseline 1 

native and FE T1 mapping, which could potentially eliminate the need for pharmacologic stress. 2 

Ferumoxytol contrast increases the dynamic range of T1 reactivity as a biomarker for myocardial 3 

hypoperfusion in adenosine stress T1 mapping studies. Our results indicate that ferumoxytol may 4 

also increase the AUC and effect size of T1 reactivity as a measure of myocardial ischemia 5 

(defined by RWMAs), improving its diagnostic performance relative to native T1 reactivity. 6 

 Additional confirmation is needed to determine whether an advantage exists to using 7 

MOLLI or SASHA for T1 reactivity quantification. Pixel-wise T1 reactivity maps computed 8 

from FE rest and stress T1 maps show early promise as a means of distinguishing ischemic from 9 

remote myocardial tissues in large animal models of acute myocardial hypoperfusion. 10 

 11 

 12 

  13 
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Chapter 5 A tissue compartmental model of intramyocardial blood 1 

volume and water exchange in healthy swine models 2 

5.1   Introduction 3 

 Fractional myocardial blood volume (fMBV) provides insight into myocardial ischemia 4 

severity beyond that provided by myocardial blood flow (MBF) alone.22,43  Multi-compartmental 5 

modelling can be used to quantify fMBV from contrast-enhanced cardiac MRI.44,45 Of these 6 

models, two-compartment strategies have been used to describe the effect of contrast agents and 7 

vascular water exchange on MR signal intensity in the myocardium.44 One major challenge for 8 

measurement of fMBV in 2-compartment models however, is the intravascular fidelity and 9 

corresponding kinetics of the contrast agent. Thus, exploiting contrast agents with true 10 

intravascular properties for fMBV studies is an obvious choice because they eliminate the need 11 

to model contrast leakage into the extravascular space.38,39  Ferumoxytol’s long intravascular 12 

half-life (10-14 hours) and high R1 relaxivity (9.5 s-1 mM-1 at 3.0T in human plasma at 37°C)7,8 13 

make it an ideal intravascular contrast agent for estimating fMBV. However, it is only marketed 14 

in the United State and is its diagnostic use is off label. 15 

 We hypothesized that ferumoxytol-enhanced (FE) T1 MRI using a multi-dose sampling 16 

scheme could be combined with a two-compartment model to quantify fMBV as a proxy for 17 

myocardial perfusion. Consequently, the aim of this study was to derive and test a two-18 

compartment, water exchange model based on FE-MRI for fMBV quantification and to compare 19 

it to other proposed T1 MRI proxies of blood volume estimation. We also aimed to define an 20 

optimal ferumoxytol dosing and sampling scheme needed to quantify fMBV, and to show in a 21 

swine model with coronary stenosis that fMBV differentiates hypoperfused and perfused 22 

myocardium. 23 



 

 55 

5.2   Methods 1 

Image Acquisition 2 

 To determine the time to steady-state distribution of ferumoxytol in vivo, in a preliminary 3 

study in two separate healthy, normal swine subjects, we sequentially measured mid-ventricular 4 

myocardial and LV blood pool T1 once per minute following ferumoxytol infusion (4mg/kg). T1 5 

maps using the 5(3)3(3)3 MOLLI sequence109 with a balanced steady-state free precession 6 

(bSSFP) readout were acquired: [FOV = 240 x 300 mm, matrix size = 384 x 308, TR = 2.6 ms, 7 

TE = 1.08 ms, slice thickness = 8 mm, pixel bandwidth = 1085 Hz, flip angle = 35˚, TI = 100 – 8 

180 ms].  9 

 Ten 22-46 kg, adult male Yorkshire swine (S&S Farms, Ramona, CA) were included in 10 

the main study. For the core experiments in this paper, after anesthesia alone (N=9) or anesthesia 11 

and coronary implant deployment17,18 (N=1), we transferred the swine subjects to a whole body 12 

clinical 3.0 T magnet (Prisma®, Siemens Medical Solutions USA, Malvern, PA) equipped with 13 

phased-array coils. Following localizers, we performed a ferumoxytol multi-dose T1 mapping 14 

study (Figure 1.2). We acquired non-contrast short-axis T1 maps using the 5(3)3(3)3 Modified 15 

Look-Locker Inversion (MOLLI) recovery sequence109 with a balanced steady-state free 16 

precession (bSSFP) readout in the mid left ventricle in all healthy, normal swine (N=9), and in 17 

the left ventricular apex in the single instrumented swine model (N=1) [FOV = 240 x 300 mm, 18 

matrix size = 384 x 308, TR = 2.6 ms, TE = 1.08 ms, slice thickness = 8 mm, pixel bandwidth 19 

= 1085 Hz, flip angle = 35˚, TI = 100 – 180 ms]. After native imaging, we administered a 20 

cumulative ferumoxytol dose of 4.0 mg/kg over multiple infusions (cumulative dose 0.25, 0.5, 21 

1.0, 2.0, 3.0 and 4.0 mg/kg, 20-fold dilution) at a rate of 0.33 mg/kg/min. Informed by results 22 

from our preliminary work on time to steady-state distribution of ferumoxytol in vivo, we 23 
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observed a five-minute delay following each incremental ferumoxytol dose prior to T1 MRI to 1 

ensure contrast steady state. The MOLLI T1 mapping pulse sequence was repeated in the same 2 

short-axis slice after a five-minute delay following each dose of ferumoxytol (FOV = 240 x 300 3 

mm, matrix size = 384 x 308, TR = 2.6 ms, TE = 1.08 ms, slice thickness = 8 mm, pixel 4 

bandwidth = 1085 Hz, flip angle = 35˚, TI = 100 – 180 ms). Following a preliminary analysis, 5 

we added an additional dose at 0.125 mg/kg in the latter four swine subjects to sample the low-6 

dose range more densely. The typical total duration of the ferumoxytol multi-dose imaging study 7 

was approximately 55 minutes. For all FE T1 acquisitions following the initial native T1 8 

acquisition, we used a MOLLI sequence with inversion times optimized for shorter post-contrast 9 

T1 relaxation time. After imaging, healthy normal swine subjects were transferred to an invasive 10 

protocol.  11 

Image Processing 12 

 We used the Instantaneous Signal Loss simulation (InSiL) algorithm with an inversion 13 

factor of 96% for T1 fitting of MOLLI images in order to minimize T1 error at high heart rates 14 

(>80 bpm).33 Using commercially available software (Osirix, Pixmeo, Bernex, Switzerland), we 15 

contoured and segmented each mid-ventricular MOLLI InSiL-fitted T1 map into six segments 16 

based on the AHA 17-segment model, and excluded segments with severe artifacts (CMC, 3 17 

years cardiovascular MRI experience; contours confirmed by KLN, >9 years cardiovascular MRI 18 

experience).99 We contoured a central region of the mid-LV blood pool with careful attention to 19 

exclusion of trabeculation and papillary muscles. In raw images with visible motion artifacts, we 20 

manually fitted myocardial segmental T1 using InSiL. We exported segmental myocardial 21 

ferumoxytol (R1myo, R1i) curves to MATLAB (MathWorks, Natick, MA) for fMBV modelling. 22 
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We estimated R1e as described above and fitted fMBV, ki and λ for the whole myocardium and 1 

for each myocardial segment for all subjects. 2 

 We used the two-compartment water exchange model to generate pixel-wise fMBV maps 3 

of one healthy swine and one swine with artificially induced myocardial hypoperfusion. To 4 

capture the full extent of myocardial hypoperfusion downstream from the intracoronary stenosis 5 

implant, fMBV was measured in the left ventricular apex in the instrumented swine model. Prior 6 

to fMBV fitting, we co-registered the set of eight InSiL T1 maps generated at each cumulative 7 

ferumoxytol dose (0-4.0 mg/kg) using a groupwise image registration method designed for 8 

parametric mapping applications in Elastix (5.0.0).58,98 Using the R1i and R1e derived from 9 

segmental data, we computed fMBV and intravascular water exchange for each pixel using a 10 

three-parameter fit. We segmented the pixel-wise fMBV maps into 6 segments (normal swine 11 

subject, mid slice) and 4 segments (instrumented swine subject, apical slice) respectively, based 12 

on the AHA 17-segment model. 13 

Comparison of fMBV to Other Proxies of Blood Volume Estimation and Identification of an 14 

Optimized Ferumoxytol Dosing and Sampling Scheme 15 

 Due in part to the long exam time required for performance of a multi-dose T1 16 

acquisition, several simplified surrogates of blood volume have been proposed. We evaluated 17 

fast-exchange fMBV (equation 1-2) in nine normal swine subjects to assess its agreement with 18 

our model-fitted fMBV. R1 subtraction maps have also been proposed as a substitute for model-19 

fitted blood volume because change in tissue R1 is related to local blood volume fraction.110 We 20 

evaluated the percent increase in myocardial R1, (
𝑅1𝑝𝑜𝑠𝑡 𝑓𝑒𝑟𝑢𝑚𝑜𝑥𝑦𝑡𝑜𝑙−𝑅1𝑝𝑟𝑒 𝑓𝑒𝑟𝑢𝑚𝑜𝑥𝑦𝑡𝑜𝑙

𝑅1𝑝𝑟𝑒 𝑓𝑒𝑟𝑢𝑚𝑜𝑥𝑦𝑡𝑜𝑙
), following a 21 

cumulative ferumoxytol infusion of 4.0 mg/kg. 22 
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 To optimize the number of ferumoxytol infusions necessary for accurate quantification of 1 

fMBV using the two-compartment model, we evaluated segmental fMBV in four swine subjects 2 

using various dose under-sampling schemes with three parameter fitting. Each under-sampled 3 

scheme used four doses out of the complete set of eight that were acquired. In order to capture 4 

the full range of the (R1myo, R1i) curve, each four-dose scheme included the minimum and 5 

maximum ferumoxytol dose (0.0 and 4.0 mg/kg), with two additional doses in the intermediate 6 

range (0.125 to 3.0 mg/kg). 7 

Statistical Analysis 8 

 We used the Kolmogorov-Smirnov test to assess data normality. Normally distributed 9 

data are represented as mean ± standard deviation (SD). Following contouring of myocardial T1 10 

maps in accordance with the AHA 17-segment model and fitting of fMBV, we used one-way 11 

analysis of variance (ANOVA) to assess variation in fMBV between subjects and between 12 

myocardial segments. We generated Bland-Altman plots to assess agreement of image-derived 13 

and model-fitted T1e. We assessed the agreement between 1) fast-exchange fMBV (equation 1-2) 14 

and our model-fitted fMBV estimates; and 2) fMBV fitted to under-sampled (4 doses) curves 15 

relative to our fully sampled (8 doses), model-fitted fMBV. We used Pearson R-correlation to 16 

determine the relationship between fMBV and percent-increase in myocardial R1. We performed 17 

statistical analyses in MATLAB and MedCalc (v19.0.5, MedCalc Software, Ostend, Belgium). A 18 

p value < 0.05 was considered statistically significant. 19 

5.3   Results 20 

Ferumoxytol Dose-Response of LV Blood Pool and Myocardial T1 21 

 Myocardial and LV blood pool T1 reached steady state within three to four minutes 22 

following ferumoxytol infusion in a preliminary study in two swine subjects. Ferumoxytol dose-23 
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response of myocardial and blood pool T1 is summarized in Figure 5.1. Prior to ferumoxytol 1 

infusion, the myocardium and LV blood pool at 3.0T showed a mean native T1 of 1389 ± 23 ms 2 

and 1846 ± 73 ms, respectively. Mean myocardial and LV blood pool T1 decreased 3 

monotonically with increasing ferumoxytol dose. The multi-dose T1 imaging study captured the 4 

inversion of contrast between the myocardium and LV blood pool between 0.125 mg/kg and 5 

0.25 mg/kg of ferumoxytol. Following the cumulative infusion of 4.0 mg/kg, we found a steady 6 

state mean myocardial and blood pool T1 of 832 ± 26 ms and 115 ± 10 ms, respectively. No 7 

ferumoxytol-related adverse events occurred, and vital signs were stable throughout the course of 8 

the exams. 9 

 10 

Image-Derived and Model-Fitted Extravascular T1 11 

 We found a mean image derived extravascular T1 of 1328 ± 35 ms and a mean 12 

model-fitted extravascular T1 of 1331 ± 27 ms. The mean percent-difference between the two 13 

 

Figure 5.1. Ferumoxytol dose-response curves for left ventricular (LV) blood 

pool and myocardial T1. T1 (ms) is plotted as mean ± sd.  
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extravascular T1 estimates across all subjects was 0.28 ± 0.95%. Bland-Altman analysis found 1 

no significant bias (p=0.409, n=9) and limits of agreement (LOA) of -20.9 ms [95% CI -38.0, -2 

3.79 ms] to 28.2 [11.07, 45.30 ms]. 3 

Segmental fMBV and Water Exchange 4 

 We quantified segmental fMBV and water exchange in the mid-ventricular myocardium 5 

of all swine subjects using a two-compartment model with three-parameter curve fitting and 6 

image-derived extravascular T1. The constrained nonlinear multivariable optimization solver 7 

was able to converge to a solution for all segments in all subjects. Model-generated (R1myo, R1i) 8 

curves fit the imaging data well, with a median R2 of 0.997 (IQR 0.992 – 0.998; range 9 

0.919 – 1.000). We found a mean mid-ventricular fMBV of 7.2 ± 1.4% and a mean intravascular 10 

water exchange rate of 11.3 ± 5.1 s-1. These results are presented alongside the results of similar 11 

published methods in Table 5.1. 12 

Table 5.1. Comparison of steady-state contrast-enhanced multi-compartmental 13 

models of myocardial blood volume and water exchange using iron-based contrast 14 

agents. fMBV and ki reproduced as reported or computed from reported model 15 

parameters and results. *Wacker et al. report fMBV, water exchange fitted to 16 

complete (N=6) dataset. fMBV, fractional myocardial blood volume; ki, 17 

intravascular water exchange rate. 18 

Study Subject Contrast T1 sequence 
Field 
strength 

Model 
fMBV 
(%) 

ki (s-

1) 

Wacker et 
al. (2002)111 

Human, 
CAD (6) 

NC1001
50 

Saturation- 
recovery 
turboFLASH 

1.5 T 
2-compartment, 
model-fitted 

12.9* 3.72 

Bjornerud et 
al. (2003)49 

Swine, 
Healthy 
(8) 

NC1001
50  

Look-Locker 1.5 T 
2-compartment, 
model-fitted 

12.4±
2.3 

9.35±
5.5 

Bane et al. 
(2015)47 

Canine, 
Healthy 
(1) 

Ferumox
ytol 

5(3)3(3)3 
MOLLI 

1.5 T 
2-compartment, 
slow exchange 

5 14 

Colbert et al. 
Swine, 
Healthy 
(9) 

Ferumox
ytol 

5(3)3(3)3 
MOLLI 

3.0 T 
2-compartment, 
model-fitted 

7.2 ± 
1.4 

11.3±
5.1 



 

 61 

 One-way ANOVA across nine healthy swine subjects showed significant variance in 1 

global fMBV between subjects (7.95 ± 2.00%, 7.25 ± 2.92%, 8.07 ± 1.38%, 9.59 ± 2.21%, 2 

7.80 ± 1.44%, 5.93 ± 1.43%, 6.84 ± 0.65%, 5.78 ± 2.05%, 8.31 ± 1.94%; p <0.05), indicating 3 

that individual normal swine subjects can present with slightly different baseline fMBV. We 4 

performed one-way ANOVA across the six mid-ventricular myocardial segments in this 5 

population of normal swine subjects to evaluate whether an underlying pattern of variation in 6 

fMBV existed among coronary territories. One-way ANOVA showed no significant variance in 7 

fMBV across the six mid-ventricular coronary territories (8.60 ± 2.95% [anterior], 7.61 ± 2.56% 8 

[anteroseptal], 6.91 ± 1.80% [inferoseptal], 7.74 ± 1.85% [inferior], 6.84 ± 1.49% [inferolateral], 9 

7.30 ± 1.43% [anterolateral]; p=0.387). Figure 5.2 summarizes fMBV across the mid myocardial 10 

segments in the nine healthy swine subjects. There was no significant correlation between global 11 

fMBV and total body mass across all subjects (p=0.117).  12 

 13 

 

Figure 5.2. Segmental fMBV in nine healthy swine models (mean  SD). One-

way ANOVA shows significant variance in baseline fMBV between swine 

subjects (p=0.027), and no significant variance in fMBV between segments 

(p=0.387). 
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Comparison of Model-Fitted fMBV to Other Proxies of Blood Volume Estimation 1 

 Fast-exchange fMBV computed at 2.0 mg/kg ferumoxytol showed the best nominal 2 

agreement with model-fitted fMBV. Linear regression analysis showed a moderate correlation 3 

between fast-exchange fMBV at 2.0 mg/kg and model-fitted fMBV (r = 0.71, p <0.05). Bland-4 

Altman analysis of the fast-exchange vs model fitted fMBV found LOA of -2.60% [-3.29, -5 

1.92%] to 2.76% [2.08, 3.45%] without significant bias (mean difference=0.08, p=0.688, Figure 6 

5.3).  Linear regression also showed a significant, but poor correlation between percent-change 7 

in R1 following ferumoxytol infusion of 4.0 mg/kg and model-fitted fMBV (r=0.50, p <0.05). 8 

 9 
Optimized Sampling Scheme and Ferumoxytol Dosing for fMBV Quantification 10 

 The optimal dosing scheme that maximized the agreement of fMBV derived from the 11 

under-sampled and the complete dataset was 0.0, 0.125, 2.0, and 4.0 mg/kg ferumoxytol. Linear 12 

regression analysis showed significant and strong positive correlation between fMBV estimates 13 

from the under-sampled and the complete dataset (r=0.95, p <0.05). Bland-Altman analysis of 14 

under-sampled relative to the complete dataset for fMBV showed LOA of -1.04% [-1.45, -15 

0.62%] to 1.18% [0.77, 1.59%] without significant bias (mean difference=0.07, p=0.541, Figure 16 

 

Figure 5.3. Bland-Altman analysis of model-fitted and simple fast-exchange 

fMBV at 2.0 mg/kg ferumoxytol. The mean difference is 0.08 (p=0.688). Wide 

limits of agreement may obscure subtle findings in the clinical setting if a simple 

fast-exchange approach is used. 

 



 

 63 

5.4). When extravascular T1 was fitted as a model parameter in both the complete and under-1 

sampled datasets, the same dose under-sampling scheme showed a strong correlation (r=0.97, 2 

p <0.05), no significant bias (mean difference=0.19, p=0.08), and fMBV LOA of -0.80% 3 

[-1.16, -0.43%] to 1.17% [0.80, 1.53%]. 4 

 5 

 6 

Pixel-Wise Myocardial Blood Volume  7 

 We used our two-compartment water exchange model to generate pixel-wise fMBV maps 8 

for a swine subject with myocardial hypoperfusion in the mid to distal LAD coronary territory, 9 

as well as a single healthy, normal swine subject (Figure 5.5). Pixel-wise fMBV for each 10 

myocardial segment is reported in Table 5.2. In the swine with artificially-induced stenosis of the 11 

LAD, we found a mean pixelwise fMBV of 11.90  4.00%, 16.10  5.71%, 9.59  3.35%, and 12 

9.38  2.35% in the anterior, septal, inferior and lateral segments respectively. Quantitative 13 

pixel-wise fMBV showed regional differences in hypoperfused relative to perfused segments. 14 

When fMBV is plotted on colorized maps as in Figure 5.5, this difference is readily visible in the 15 

segments that are hypoperfused by the stenotic LAD.  16 

 

Figure 5.4. Bland-Altman analysis of fMBV in 4 swine subjects fitted using the 

complete dataset and an undersampled dataset of 4 ferumoxytol doses (0.0, 

0.125, 2.0, 4.0 mg/kg). The mean difference is 0.07 (p=0.541). 
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Table 5.2. Pixel-wise fMBV values in a swine model of myocardial hypoperfusion and a normal 1 

swine subject. *Segments perfused by the artificially induced left anterior descending artery 2 

coronary stenosis. 3 
Swine subject with myocardial hypoperfusion 

Myocardial Segment fMBV (%) 
Water exchange 

rate (1/s) 

13 (apical anterior)* 11.90 ± 4.00 4.54 ± 1.89 
14 (apical septum)* 16.10 ± 5.71 3.57 ± 2.11 
15 (apical inferior) 9.59 ± 3.35 5.55 ± 3.68 
16 (apical lateral) 8.38 ± 2.35 5.53 ± 2.90 
   

Normal swine subject 

Myocardial Segment fMBV (%) 
Water exchange 

rate (1/s) 

7 (mid anterior) 7.74 ± 1.70 11.29 ± 4.18 
8 (mid anteroseptal) 8.36 ± 2.86 9.75 ± 3.85 
9 (mid inferoseptal 7.83 ± 1.17 10.16 ± 3.95 
10 (mid inferior) 8.13 ± 2.51 10.17 ± 5.38 
11 (mid inferolateral) 7.33 ± 2.06 18.30 ± 12.90 
12 (mid anterolateral) 7.10 ± 1.16 11.78 ± 3.35 

 4 

 5 

 

Figure 5.5. Illustrative examples of pixelwise fMBV and water exchange maps 

in a swine model of regional myocardial hypoperfusion (a, b) and a normal 

swine subject (d, e). Angiographic image (c) acquired following deployment of 

a 3D-printed coronary implant in the mid LAD shows severe coronary 

narrowing. 
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5.4   Discussion 1 

 Our study demonstrated the feasibility of fMBV quantification from FE-MRI using a 2 

two-compartment water exchange model with three-parameter curve fitting in nine healthy, 3 

normal swine subjects and a single swine with artificially-induced coronary stenosis. We showed 4 

that extravascular T1 can be derived directly from imaging data to simplify the model. Although 5 

simple linear interpolation of extravascular T1 from imaging data ignores the effect of water 6 

exchange on extravascular T1, an assumption that we avoided elsewhere in our fMBV model, we 7 

have shown empirically that extravascular T1 values extracted directly from imaging data match 8 

closely with values derived from four-parameter curve fitting. To further facilitate clinical 9 

translation of the proposed work, we also identified a sparser dose sampling scheme that 10 

maintained the accuracy of fMBV estimates. These findings have important clinical implications 11 

for the characterization of tissue perfusion. 12 

 Several other approaches have been proposed to estimate fMBV, including simple fast-13 

exchange fMBV (equation 1-2) and percent change in R1 (pre and post contrast). Although our 14 

calculations showed good correlation between simple fast-exchange fMBV and model-fitted 15 

fMBV, Bland-Altman analysis showed wide limits of agreement which may obscure subtle 16 

changes in regional myocardial hypoperfusion. On the other hand, percent change in R1 17 

following 4 mg/kg ferumoxytol showed a weaker correlation with model-fitted fMBV and is 18 

likely to be least useful clinically. In the clinical setting, where patients frequently present with 19 

multi-vessel disease, we expect to observe a wide degree of heterogeneity in ischemia severity 20 

across myocardial segments within individual patients. We also expect a greater incidence of 21 

respiratory motion artifacts. As a result, a relatively sensitive imaging biomarker is desired. 22 

While the fast-exchange fMBV approach and the percent change in R1 methods are simple, they 23 
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are less promising as reliable surrogates for fMBV. Further comparisons should be made in the 1 

clinical setting, where disease is more nuanced, to confirm our hypothesis. 2 

 Little has been published about the minimum number of contrast doses needed to 3 

accurately model fMBV, and published studies employ a range of sampling schemes.48,49,111 4 

Among the under-sampling schemes tested, the (0.0, 0.125, 2.0, and 4.0 mg/kg ferumoxytol) 5 

scheme showed closest agreement with the fully-sampled scheme. When compared to the 6 

difference in fMBV between perfused and hypoperfused myocardial segments in a single 7 

instrumented swine model, the small limits of agreement with this scheme suggested that 8 

differentiation of regional myocardial hypoperfusion using model-fitted fMBV may be feasible 9 

with four T1 acquisitions rather than eight. This dose sampling scheme would reduce the total 10 

study time to approximately 35 minutes – comparable to the duration of a typical stress perfusion 11 

MRI study. These results are promising, as long exam times and complex acquisition protocols 12 

can deter clinical adoption of new imaging approaches. 13 

 Multi-compartmental modelling with intravascular contrast agents has been used to 14 

investigate fMBV in healthy volunteers, patients, and large animal models,47,49,111 but data using 15 

clinically available intravascular contrast agents such as ferumoxytol are limited.47 The published 16 

literature reflects a range of contrast agents, dosages, T1 imaging pulse sequences and fitting 17 

algorithms.47,49,111 A comparison between our fMBV estimation and a selection of similar 18 

published methods47,49,111 demonstrates a range of complexity for both compartmental models 19 

and acquisition protocols. Our two-compartment model is moderately complex relative to other 20 

published methods.47,49,111 Pixel-wise mapping of fMBV using our method requires the 21 

extraction of blood and whole-myocardial R1 prior to fMBV fitting. While our imaging protocol 22 
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required the acquisition of eight individual MOLLI images, our dose optimization study found 1 

that a four-dose protocol may perform comparably well. 2 

 Published fMBV values range from 5% to 12% and water exchange rates range from 8.5 3 

to 14.2 s-1 in human, swine and canine studies using the iron-based intravascular contrast agents 4 

ferumoxytol and NC100150.47,49 Our segmental fMBV and water exchange results in nine 5 

healthy swine models fall within the published ranges. McCommis et al. found an absolute MBV 6 

of 6.1 ± 0.5 mL/100g in healthy canine subjects using first pass perfusion MRI with a dendritic 7 

gadolinium-based contrast agent112 that has intravascular properties, which correlated well with 8 

their reference MBV values derived from red blood cell radiolabeling. Differences between our 9 

fMBV values and those from McCommis et al may relate to differences in contrast agents, 10 

subject population, imaging pulse sequence, and model fitting. We employed a true intravascular 11 

indicator, ferumoxytol, which has an intravascular residence time of 10-15 hours in healthy 12 

vasculature. Most clinically available gadolinium-chelates are extracellular agents that leak into 13 

the extravascular space. Even when extravasation is taken into account during modeling,47 the 14 

use of extracellular agents may be less desirable for steady-state fractional blood volume 15 

modelling. 16 

 Our fMBV values using a two-compartment water exchange model based on FE-MRI in 17 

a swine with a focal LAD stenosis are hypothesis-generating. We found that increased fMBV in 18 

the myocardial segment perfused by the stenosed LAD (septum) relative to remote segments. 19 

Elevated fMBV has been proposed as a compensatory response in the setting of regional 20 

myocardial hypoperfusion downstream from a significant coronary stenosis22 and our interesting 21 

observation in a swine model with artificially-induced regional myocardial hypoperfusion 22 
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complements work by McCommis et al. who measured MBV in dogs with first pass perfusion 1 

imaging.112 Further work is underway to closely evaluate this finding. 2 

Limitations 3 

 First, our model-fitted fMBV has been derived using data obtained with a specific 4 

intravascular contrast agent (ferumoxytol) in combination with a specific MOLLI derived T1 5 

mapping sequence. Second, our model of fMBV was based on only nine healthy normal swine 6 

subjects and one swine with moderate to severe LAD coronary stenosis. While we obtained 7 

mean segmental fMBV within the range of published values for similar studies conducted in 8 

humans and large animals, the broad range of published contrast doses, imaging pulse sequences 9 

and fitting algorithms complicates one-to-one comparison of methodologies. Likewise, we chose 10 

to implement a two- , rather than three-compartment model, ignoring the effects of 11 

transcytolemmal water exchange. Third, while anesthesia enables high quality pixelwise fMBV 12 

mapping in this preclinical study, respiratory motion will pose a greater challenge in the clinical 13 

setting. Likewise, Baudelet et al. found that intraperitoneal ketamine (80 mg/kg) significantly 14 

reduced perfusion of skeletal muscle in a mouse liver tumor model.113 While the ketamine dose 15 

used in our swine protocol (10 mg/kg, intramuscular) was much less, it is possible that 16 

intramuscular ketamine could result in a slight reduction in myocardial perfusion in this swine 17 

model, affecting measured fMBV. Fourth, we did not compare our model-fitted fMBV to other 18 

reference techniques. Nevertheless, our model-fitted fMBV values aligned with published values 19 

for fMBV in swine models using MRI. We evaluated our pixel-wise blood volume mapping 20 

technique in a single instrumented swine model, rather than in a clinical study, to eliminate 21 

artifacts due to respiratory motion and precisely control the degree and location of single-vessel 22 

coronary stenosis. This allowed us to directly compare fMBV in ischemic and remote myocardial 23 
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regions, while ensuring the highest possible quality of T1 and fMBV maps in the proof-of-1 

concept stage. Our preliminary observation of elevated fMBV in the myocardial territory 2 

perfused by the LAD is promising and provides very early evidence that tissue blood volume 3 

could potentially be used to discriminate between hypoperfused relative to perfused tissues.22,47 4 

However, these findings clearly require further study and validation. Last, while the safety 5 

profile for off-label, diagnostic use of ferumoxytol is favorable to date,10,114,115 there remains a 6 

rare risk for severe hypersensitivity reactions associated with the use of intravenous iron agents. 7 

 8 

5.5   Conclusion 9 

 Two-compartment modelling for estimation of fMBV is feasible using steady-state 10 

MOLLI T1 mapping over multiple doses of the clinically available iron-based intravascular 11 

agent ferumoxytol. fMBV derived from FE-MRI may have the potential to provide a unique 12 

means of assessing myocardial perfusion, particularly in settings where renal function may 13 

preclude the use of gadolinium-based agents. If confirmed in patients, model-fitted fMBV may 14 

serve as a potential direct marker of myocardial tissue perfusion. 15 

 16 

  17 
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Chapter 6 Implementation of an integrated nonrigid image 1 

registration and pixelwise fMBV mapping framework 2 

6.1   Introduction  3 

 Elevated fMBV has been proposed as a potential biomarker for significant coronary 4 

stenosis.24  Contrast-enhanced cardiac MRI can be combined with a tissue compartmental 5 

modelling approach to estimate myocardial transvascular water exchange in order to produce 6 

pixelwise myocardial blood volume maps.24,57 This technique is complicated by the need for a 7 

robust and reliable image processing pipeline. The layered parametric mapping approach 8 

required to estimate fMBV compounds common technical challenges of parametric mapping. 9 

Following multiple repeated Modified Look-Locker Inversion recovery (MOLLI) acquisitions, 10 

image artifacts in any individual inversion-recovery image or T1 fitting errors in an individual 11 

MOLLI T1 map are carried forward into final fMBV map. Likewise, misregistration in either 12 

layer is carried forward into the final fMBV map. As a result, a reliable, high-quality image 13 

registration approach is essential. Prior studies have developed58 and adapted59 image registration 14 

models designed for physiologic parametric mapping applications with MRI. Additionally, 15 

unconstrained optimization of physiologic parameters over a three-parameter solution space 16 

results in a heavy computational burden and occasionally unstable solutions. Appropriate 17 

boundary conditions are necessary to ensure that a nonlinear optimizer can consistently converge 18 

on a solution when fitting for fMBV and other physiologic parameters. In this work, we aim to 19 

investigate potential image registration and nonlinear optimization approaches to improve the 20 

quality and reliability of fMBV maps in a cohort of healthy human volunteers and swine models 21 

with artificially induced coronary stenosis. We aim to optimize our integrated Nonrigid ImAGe 22 

Registration and pArametric (NIAGRA) mapping pipeline to minimize image noise and 23 
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misregistration effects. In this study, we aim to (1) optimize a PCA-based image registration 1 

method for adaptation of blood volume mapping to a clinical study, (2) to investigate the 2 

boundary and initial conditions which minimize image noise in model-fitted fMBV maps. 3 

6.2   Methods 4 

Large animal studies 5 

 We induced an artificial focal coronary stenosis in the mid left anterior descending 6 

(LAD) artery of all swine using a 3D printed, heparin-coated coronary implant as previously 7 

described in five juvenile Yorkshire swine (3 female; 26 – 29 kg; Premier BioSource, Ramona, 8 

CA) .17,18 The MRI exam was begun within 60 minutes of stenosis confirmation on x-ray 9 

fluoroscopic angiography. All swine were humanely euthanized while under general anesthesia. 10 

We transferred the swine subjects to a clinical 3.0 T magnet (Prisma®, Siemens Medical 11 

Solutions USA, Malvern, PA) with phased-array coils. Following localizers, we acquired short- 12 

and long-axis cine images using a gradient-echo sequence to assess myocardial contractility 13 

[FOV = 292 x 360 mm, matrix size = 102 x 126, TR = 5.2 ms, TE = 2.5 ms, slice thickness = 6 14 

mm, pixel bandwidth = 450 Hz, flip angle = 12˚].  15 

 We performed a ferumoxytol multi-dose T1 mapping study in all swine (N=5). We 16 

acquired short-axis T1 maps (base, mid, apex) using the 5(3)3(3)3 MOLLI sequence109 with a 17 

bSSFP readout [FOV = 240 x 300 mm, matrix size = 384 x 308, TR = 2.6 ms, TE = 1.08 ms, 18 

slice thickness = 8 mm, pixel bandwidth = 1085 Hz, flip angle = 35˚, TI = 100 – 180 ms]. After 19 

acquiring a set of native MOLLI T1 images, 4.0 mg/kg ferumoxytol was administered 20 

intravenously in six aliquots (cumulative dose 0.125, 0.25, 0.5, 1.0, 2.0, 3.0 and 4.0 mg/kg; 21 

infusion rate 0.33 mg/kg/min). We acquired the same set of T1 images at contrast steady state 22 
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following each incremental ferumoxytol dose. The typical total duration of the ferumoxytol 1 

multi-dose imaging study was approximately 55 minutes.57 2 

Human studies 3 

 We recruited five healthy human subjects (5 female, average age 33 years) for a cardiac 4 

MRI exam with feruomxytol. Subjects were imaged on a clinical 3.0 T magnet (Skyra®, 5 

Siemens Medical Solutions USA, Malvern, PA) with phased-array coils. We performed an 6 

abbreviated multi-dose T1 mapping study in all subjects (N=5). We acquired short-axis MOLLI 7 

T1 maps (base, mid, apex) at contrast steady state following a cumulative ferumoxytol dose of 8 

0.0, 0.125, 2.0, and 4.0 mg/kg. The typical total duration of the multi-dose imaging study in 9 

human subjects was approximately 35 minutes.57 10 

Image postprocessing 11 

 Figure 6.1 outlines the structure of the image postprocessing pipeline. Ferumoxytol-12 

enhanced (FE) multi-dose images from all human and animal studies underwent T1 fitting with 13 

the InSiL algorithm, a novel T1 fitting method designed to account for the perturbation of the 14 

longitudinal magnetization due to each single-shot imaging readout in a MOLLI acquisition.33 15 

Prior to fMBV mapping, a binary mask was drawn to cover a conservative central region of the 16 

LV blood pool at each ferumoxytol dose. A second mask was drawn to generously cover the 17 

entire myocardium. Following groupwise image registration, the 3D transform generated by the 18 

registration algorithm was applied to the 3D volume defined by the stack of LV blood pool 19 

masks, preserving the blood pool masks’ correspondence to only blood pool pixels. The 20 

transformed 3D blood pool mask was then applied to the co-registered T1 volume to extract 21 

blood pool R1 at each contrast dose. This vector 𝑅1𝑣
⃑⃑ ⃑⃑ ⃑⃑  ⃑ serves as one of two primary inputs to the 22 

tissue compartmental model.  23 
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 1 

 Following T1 fitting, image registration and vascular R1 extraction, the tissue 2 

compartmental model was applied to each pixel in the imaged slice within the masked 3 

registration region. Subject to a set of pre-defined upper and lower bounds on the physiologic 4 

parameters fMBV, ki, and , a nonlinear convex optimization function is used to identify the 5 

solution (fMBV, ki, ) which produces a predicted R1t’ with a minimal sum-squared error relative 6 

to the measured R1t. This optimization is repeated for each pixel over the masked registration 7 

region. The model-fitted matrices of estimated fMBV and water exchange rate are exported as 8 

DICOM maps for further data analysis. 9 

 

Figure 6.1. Conceptual flow of the image registration and fMBV mapping 

pipeline.  
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Nonlinear optimizer boundary conditions 1 

 To compare the effects of optimizer boundary conditions on tissue compartmental 2 

modelling results, all human and swine datasets underwent postprocessing with two different 3 

parametric fitting schemes. We investigated the differences in fMBV produced using two sets of 4 

optimizer constraints: narrow upper and lower bounds on the water exchange rate, ki, and 5 

partition coefficient, λ,  based on published literature24,49,111 as well as upper and lower bounds 6 

several orders of magnitude broader.  7 

 Following image registration using a principal component analysis (PCA)-based 8 

groupwise registration method designed for parametric mapping applications and implemented in 9 

Elastix, fMBV fitting was performed using a constrained nonlinear multivariable optimization 10 

solver54 to fit for fMBV, ki, and λ. We defined the upper and lower bounds of fMBV, ki, and λ as 11 

[0, 100%], [2, 50 s-1], and [0.5, 1] respectively. Then, we fit for fMBV again using a broader set 12 

of upper and lower bounds: [0, 100%], [1e-3, 500 s-1], [1e-3, 1]. Pixelwise fMBV maps were 13 

segmented according to the AHA model.116 We evaluated the inherent noise in the pixelwise 14 

fMBV maps by computing the percent-standard deviation: %-stdev = 100*stdev(pixelwise 15 

fMBV) / mean(pixelwise fMBV). 16 

Registration quality analysis 17 

 Two image registration methods were used in this study. The first, a principal component 18 

analysis (PCA)-based groupwise image registration method designed for parametric mapping 19 

applications in Elastix (5.0.0),98 co-registers quantitative MRI (qMRI) datasets by minimizing 20 

the contribution of all but the lowest-indexed eigenvalues to the signal input curve.58 This results 21 

in a signal input curve with a variance that is primarily explained by a small number of large-22 

value eigenvectors.58,59 This PCA-based registration method exploits the reality that, in most 23 
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cases, qMRI signal can be described by a low-dimensional model. The second, more simple 1 

linear groupwise registration method computes the sum of pair-wise correlation coefficients 2 

between the images acquired at each dose.98 3 

 Image registration quality was quantified using a registration quality metric designed to 4 

quantify the noise in the signal input curve represented by each pixel as follows:  5 

∑
|𝑇1𝑑 − 𝑇1𝑑+1|

|𝑇1𝑑
̅̅ ̅̅ ̅ − 𝑇1𝑑+1

̅̅ ̅̅ ̅̅ ̅̅ |

𝐷−1

𝑑=1

 6 

Where T1d represents the T1 in the pixel (l,m,d), and 𝑇1𝑑
̅̅ ̅̅ ̅ represents the mean T1 over the 7 

masked registration region at dose d. A greater registration quality metric represents greater 8 

noise in the signal input curve. 9 

 In addition to computing the pixel-wise registration quality metric, we measured the 10 

apparent septal myocardial width on fMBV maps fitted with and without registration. Poor co-11 

registration of the myocardium results in an intermediate range of fMBV values along the endo- 12 

or epicardial border. One-dimensional ROIs (regions of interest) were drawn from the RV (right 13 

ventricular) blood pool to the LV (left ventricular) blood pool, crossing the epi- and endocardial 14 

borders of the myocardial septum orthogonally in the basal, mid-ventricular, and apical slices in 15 

all subjects (N=5 healthy humans; N=5 ischemic swine models). A thresholding function was 16 

used to measure the distance over which the fMBV values in each voxel along this transmural 17 

profile fell below 15% blood volume. The 15% blood volume threshold was chosen to include 18 

most myocardial pixels, while excluding blood pool pixels, as well as pixels demonstrating 19 

intermediate fMBV due to misregistration or partial volume effects. Apparent myocardial width 20 

was measured in the basal and mid-ventricular antero- and inferoseptum, and in the apical 21 

septum.  22 
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Image Analysis 1 

 Pixelwise fMBV maps were exported as DICOM images and segmented based on the 2 

AHA 17-segment model99 using commercially available software (Osirix, Pixmeo, Bernex, 3 

Switzerland). We excluded segments with severe artifacts. One reader (CMC, 4 years 4 

cardiovascular MRI experience) assessed short axis cine images acquired in all swine models 5 

(N=5) for regional wall motion abnormalities (RWMAs) to evaluate myocardial contractile 6 

dysfunction using a 3-point Likert scale (1 = normal, 2 = hypokinetic, 3 = akinetic).16 7 

Myocardial segments within the LAD territory were categorized as ischemic when they showed 8 

RWMA scores of two or greater.  9 

Statistical analysis 10 

 Data were tested for normality using the Kolmogorov-Smirnov test. Data are reported as 11 

mean ± standard deviation or median (inter-quartile range) according to normality. Bland-12 

Altman analysis was used to test for bias and limits of agreement between the mean pixelwise 13 

fMBV in each myocardial segment following fitting with narrow and wide boundary conditions. 14 

In ischemic swine models, we used Student’s t-tests and nonparametric Mann-Whitney tests to 15 

compare fMBV between ischemic and remote myocardial regions in the same subject. Noise in 16 

pixelwise fMBV maps was compared between methods using Student’s t-tests and 17 

nonparametric Mann-Whitney tests. A repeated measures ANOVA was used to compare the 18 

mean computed image registration metric across datasets fitted with no registration, and 19 

following PCA or linear groupwise registration, and a nonparametric Friedman test was used to 20 

compare apparent myocardial septal width. A p-value <0.05 was considered statistically 21 

significant. Statistical analysis was performed using MedCalc 19.0.5 (MedCalc Software, 22 

Ostend, Belgium). 23 
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 1 

6.3   Results 2 

 No ferumoxytol-related adverse events occurred. Across N=5 healthy human subjects, 3 

one multi-dose dataset in a single slice was rejected due to significant bulk motion, and a single 4 

additional myocardial segment was rejected due to artifact. In N=5 ischemic swine models, a 5 

single myocardial segment was rejected due to artifact. 6 

Compartmental modelling 7 

 Figure 6.2 shows an example of fMBV maps in the basal, mid-ventricular, and apical 8 

myocardium fitted with narrow (Figure 6.2 a) and wide (Figure 6.2 c) boundary conditions 9 

applied to the three model-fitted physiologic parameters. In the setting of wide boundary 10 

conditions, fMBV maps show greater noise and poorer conspicuity of the endocardial border. 11 

Following myocardial segmentation, fMBV polar maps (Figure 6.2 b, d) show the overall effect 12 

of blunted fMBV due to frequent failed optimization attempts, although with overall preservation 13 

of the distribution of fMBV within each myocardial slice. 14 

 15 

 

Figure 6.2. Pixelwise fMBV maps (base, mid, apex) in a single healthy human 

subject fitted with both narrow (a), and wide boundary conditions (b).  
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 In N=5 healthy, normal volunteers, fMBV fitting with narrow boundary conditions 1 

produced a mean pixelwise fMBV of 8.701.89% across all 73 myocardial segments. Following 2 

fMBV fitting with wide boundary conditions, we found a median fMBV of 4.94% (IQR 4.18 – 3 

5.59%). Bland-Altman analysis found a bias between the narrow and wide boundary condition 4 

methods (P<0.01). The two methods showed a mean percent-difference of 52.3% (95% CI 50.4 – 5 

54.7%), and limits of agreement of 34.6% (95% CI 30.9 – 38.2%) to 70.6% (95% CI 66.9 – 6 

74.3%).  7 

 Although fMBV fitting with narrow and wide bounds on physiologic parameters 8 

produces broadly different mean pixelwise fMBV in our maps, both methods show a significant 9 

difference in fMBV between remote and ischemic myocardial segments in N=5 ischemic swine 10 

models. Following fMBV fitting with narrow boundary conditions, we found a median fMBV of 11 

10.52% (IQR 10.00 – 12.03%) in N=13 ischemic segments and a mean pixelwise fMBV of 12 

6.171.33% in N=73 remote segments. A Mann-Whitney test found a significant difference in 13 

fMBV between these remote and ischemic segments (P<0.01). Likewise, we also found a 14 

significant difference between ischemic (8.342.10%) and remote (4.801.09%) fMBV fitted 15 

using wide boundary conditions on an independent samples t-test (P<0.01).  16 

 Noise inherent in pixelwise fMBV maps was computed as the percent-standard deviation 17 

of pixelwise fMBV in each segment. In the healthy human subjects, fMBV maps showed 18 

significantly lower noise when fitted with narrow boundary conditions (%-standard deviation 19 

43.1914.39%) than with wide boundary conditions (86.24%, IQR 85.19 – 101.17%) on a 20 

Wilcoxon rank sum test (P<0.01). Likewise in N=5 ischemic swine subjects a paired t-test found 21 

a significant difference in noise between the narrowly bounded (44.5117.64%) and broadly 22 

bounded (73.0124.24) fMBV maps. 23 
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Image registration 2 

 Signal input curve noise was quantified as previously described in all multi-dose datasets 3 

and exported as a registration quality map. Figure 6.4 shows a representative example of 4 

 

Figure 6.3. Computational flow of the image registration and fMBV mapping 

pipeline.  
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registration quality maps in the mid-ventricular myocardium in a single healthy, normal 1 

volunteer alongside corresponding fMBV maps. Regions of high signal input noise in the 2 

myocardium (Figure 6.4 a – c) often correspond to regions of intermediate fMBV (Figure 6.4 d – 3 

f), indicating mixed myocardial and blood pool signal. PCA and LG registration methods shows 4 

conspicuous improvement in signal input curve noise in the anterior, inferior, and inferolateral 5 

segments.  6 

 7 

 Signal input curve noise was averaged across the registration mask to compute an overall 8 

registration quality score. A lower numerical score indicates superior image quality, with 9 

typically lower noise in the signal input curve. With no registration applied, human multi-dose 10 

datasets showed a mean score of 84.3436.69. Following PCA and LG registration, human 11 

datasets showed registration scores of 69.4231.26 and 68.8431.33 respectively. A repeated 12 

measures ANOVA found that multi-dose datasets showed a significantly higher registration 13 

 

Figure 6.4. Pixel-wise maps of a registration metric derived from the total signal 

input curve noise (a, b, c) and model-fitted fMBV (d, e, f) in the mid-ventricular 

myocardium in a single subject. Registration metric maps show visible variation 

in registration quality in the inferolateral endocardial boundary (dark grey 

arrows) and anterior epicardial boundary (light grey arrows). 
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score without registration than with either the PCA (P<0.01) or LG method (P<0.01), but no 1 

significant difference in registration score between the PCA and LG methods (P>0.05, Figure 2 

6.5). 3 

 4 

 Apparent myocardial septal width was measured in all datasets (N=5 healthy humans; 5 

N=5 ischemic swine models) on fMBV maps fitted with either no registration or following 6 

image registration using the LG and PCA methods. We found a mean septal width of 4.051.49 7 

mm at the 15% fMBV threshold in fMBV maps fitted with no image registration. Following LG 8 

and PCA registration, fMBV maps showed a myocardial septal width of 4.69 mm (IQR 3.75 – 9 

5.47 mm) and 4.371.36 mm respectively. A nonparametric Friedman test found a significant 10 

difference in apparent myocardial septal width among the three registration methods (P=0.020). 11 

fMBV maps registered with the LG and PCA methods both showed significantly greater 12 

apparent myocardial width than fMBV maps fitted without registration. A further paired t-test 13 

 

Figure 6.5. Registration score: mean, SD. A repeated measures ANOVA found 

that datasets registered with the groupwise PCA and linear groupwise methods 

show significantly lower mean overall registration scores relative to 

unregistered datasets in 5 healthy human subjects (p<0.01).  
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found no significant difference in myocardial septal width between the LG and PCA methods 1 

(P>0.05).  2 

6.4   Discussion 3 

 In this study, we evaluated the performance of a PCA-based groupwise image registration 4 

method pixelwise fMBV quantification and investigated the effect of optimizer boundary 5 

conditions on image noise in model-fitted fMBV maps. We find that pixelwise fMBV maps 6 

fitted with wide boundary conditions on all model-fitted physiologic parameters produce 7 

apparently blunted fMBV due to frequent failed optimization attempts, although with overall 8 

preservation of the distribution of fMBV within each myocardial slice. An investigation of the 9 

performance of PCA-based image registration compared to a simple linear groupwise method, as 10 

well as non-registered results, found no significant difference in apparent septal myocardial 11 

thickness or image registration quality score between the PCA and linear groupwise methods.   12 

 Much prior work has been done to develop and evaluate image registration methods for 13 

parametric mapping approaches. The PCA-based groupwise image registration method used in 14 

this study was developed by Huizinga et al. to improve contrast-based image registration for 15 

parametric mapping applications, exploiting the predictable change in image contrast observed in 16 

inversion- or saturation recovery experiments, as well as dynamic contrast-enhanced 17 

acquisitions.58 Tao et al. expanded this technique for ECV mapping with pre- and post-18 

gadolinium contrast MOLLI T1 maps.59 In the present work, we apply a similar implementation 19 

of the PCA-based registration method for co-registration of ferumoxytol-enhanced multi-dose 20 

MOLLI T1 datasets for fMBV mapping. We find that although multi-contrast MOLLI T1 21 

acquisitions fit the quantitative MRI paradigm described by Huizinga et al., a more traditional 22 

linear groupwise registration method performs comparably. This is likely a consequence of the 23 
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monotonically decreasing blood pool and myocardial T1 throughout the multi-dose dataset. The 1 

steady change in image signal throughout the acquisition allows the sum of pairwise correlation 2 

coefficients metric to appropriately quantify image registration without the computation of 3 

eigenvalues of the signal input curve.   4 

 In this study, the spatial distribution of fMBV was visualized using both pixelwise maps 5 

and myocardial polar maps based on the AHA model. Polar maps that plot mean fMBV in each 6 

myocardial AHA segment can be combined with an fMBV threshold value derived from ROC 7 

analysis to identify coronary territories suspicious for obstructive CAD. While the projection of 8 

fMBV results onto a polar map helps to highlight the coronary territory or territories suspicious 9 

for ischemia, this method may obscure elevated blood volume present only in the 10 

subendocardium or in small focal regions. Pixelwise fMBV maps can be used to identify these 11 

patterns more precisely. Thresholding methods can also be applied to pixelwise fMBV maps to 12 

identify ischemic defects. If combined with a quantitative assessment of the transmural extent of 13 

the defect (i.e., the fraction of the myocardial wall thickness that shows a pixelwise blood 14 

volume above the ischemic threshold), these measures may provide a powerful tool for the 15 

prediction of clinically significant coronary stenosis. 16 

Limitations 17 

 This work has several limitations which merit discussion. First, while we performed a 18 

comparison of motion correction methods in-plane motion between T1 maps in a ferumoxytol-19 

enhanced multi-dose dataset, these motion correction methods are unable to correct for through-20 

plane motion resulting from cardiac mis-triggering in the setting of single-slice imaging. While 21 

reliable, high-quality in-plane registration significantly improves the quality of fMBV maps, 22 

through-plane motion remains an unresolved challenge. Second, the investigation of tissue 23 
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parameter boundary conditions is limited to the setting of a single constrained nonlinear 1 

optimization solver. While a wide range of optimization methods exist, this function is a popular 2 

choice for use in pixel-wise fitting applications in which long processing times are compounded 3 

across many pixels.  4 

6.5   Conclusions  5 

 Tissue compartmental modeling utilizing novel iron-based intravascular contrast agents 6 

has the potential to provide additional insight into myocardial perfusion. We have demonstrated 7 

that reliable, high-quality image registration and sensible optimization boundary conditions are 8 

both necessary components of the image processing pipeline used to generate pixelwise maps of 9 

the intramyocardial vascular distribution volume. While a PCA-based image registration 10 

technique designed for parametric mapping applications produces high-quality image registration 11 

in both human and large animal studies, simpler image registration methods are also effective. 12 

Boundary conditions on compartmental model parameters, chosen with care based on an 13 

expected range within a given tissue, also improve fMBV mapping results.  14 
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Chapter 7 fMBV in ischemic swine models: an investigation of the 1 

diagnostic performance of a novel imaging biomarker 2 

7.1   Introduction 3 

 Elevated fMBV has been proposed as a compensatory response to myocardial 4 

hypoperfusion downstream from a significant coronary stenosis.24 MBV and myocardial blood 5 

flow (MBF) demonstrate a non-linear relationship in the setting of elevated myocardial oxygen 6 

consumption.41,42 As a result, fMBV provides additional insight into myocardial perfusion 7 

beyond what is provided by MBF alone.43 However, clinically relevant diagnostic methods 8 

available for estimation of fMBV are limited and thus remain an area of intense cardiovascular 9 

imaging research. To fill this gap, multi-compartmental modeling approaches can be combined 10 

with contrast-enhanced cardiac MRI to quantify fMBV and produce pixelwise myocardial blood 11 

volume maps.24,57 A true intravascular contrast agent eliminates the need to account for contrast 12 

leakage into the extravascular space.38 As the only true intravascular agent clinically available 13 

for off-label diagnostic MRI, ferumoxytol is well-suited for translational MRI studies of fMBV 14 

and perfusion.10,12,13,15 The suitability of ferumoxytol for use in patients with impaired renal 15 

function is also a desirable characteristic.  16 

 Estimation of fMBV from contrast-enhanced MRI using a two-compartment tissue model 17 

requires the simultaneous estimation of myocardial transvascular water exchange. Recently, 18 

researchers have proposed a two-compartment water exchange model based on ferumoxytol-19 

enhanced MRI for the estimation of fMBV in normal swine.57 The present study aims to 20 

determine whether fMBV can be used to differentiate between perfused and hypoperfused 21 

myocardial regions in swine models of acute myocardial hypoperfusion, and to characterize its 22 

diagnostic performance in the setting of single vessel coronary stenosis. We aim to address the 23 
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following questions: 1) Can pixel-wise fMBV maps quantitatively distinguish hypoperfused 1 

from normal and remote myocardium at rest, without requiring the use of a pharmacologic stress 2 

agent? 2) What are the sensitivity and specificity thresholds for fMBV as a predictor of resting 3 

tissue hypoperfusion? 3) To what extent do regions of rest ischemia and remote myocardial 4 

regions show differences in the myocardial transvascular water exchange rate?  5 

   6 

7.2   Methods 7 

Healthy and ischemic swine models 8 

 Twenty-three juvenile Yorkshire swine (11 female, 12 male; 20 – 33 kg; Premier 9 

BioSource, Ramona, CA) were included in the study. Our healthy, control cohort consisted of 10 

four swine (4 female, 22 – 26 kg) and our ischemic swine cohort consisted of 19 swine (7 11 

female, 12 male; 20 – 33 kg). To create our ischemic swine models, we induced an artificial 12 

stenosis in the mid-LAD artery previously described.17,18 Following implant deployment, we 13 

measured the resting full-cycle ratio (RFR) across the artificial coronary stenosis at rest, as well 14 

as fractional flow reserve (FFR) at peak pharmacologic stress (adenosine, 300 µg/kg/min, 4 min 15 

infusion) using a coronary pressure wire (PressureWire X, Abbott Laboratories, Abbott Park, IL, 16 

USA; CoroFlow Cardiovascular System, Coroventis, Uppsala, Sweden).117,118 In all swine 17 

receiving invasive intervention, we maintained an activated clotting time above 300 seconds with 18 

intravenous heparin throughout the procedure to prevent thrombus formation.  19 

Magnetic resonance image acquisition 20 

 After anesthesia alone (N=4) or anesthesia with subsequent coronary implant deployment 21 

(N=19), we transferred the swine subjects to a whole body clinical 3.0 T magnet (Prisma®, 22 

Siemens Medical Solutions USA, Malvern, PA) equipped with phased-array coils. Following 23 
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localizers, we acquired short- and long-axis cine images using a gradient-echo sequence to assess 1 

myocardial contractility [FOV = 292 x 360 mm, matrix size = 102 x 126, TR = 5.2 ms, TE = 2.5 2 

ms, slice thickness = 6 mm, pixel bandwidth = 450 Hz, flip angle = 12˚]. 3 

 We performed a ferumoxytol multi-dose T1 mapping study in all swine (N=23). We 4 

acquired basal, mid-ventricular, and apical short-axis T1 maps using the 5(3)3(3)3 MOLLI 5 

sequence109 with a bSSFP readout [FOV = 240 x 300 mm, matrix size = 384 x 308, TR = 2.6 ms, 6 

TE = 1.08 ms, slice thickness = 8 mm, pixel bandwidth = 1085 Hz, flip angle = 35˚, TI = 100 – 7 

180 ms]. We acquired a set of native MOLLI T1 images. A total intravenous dose of 4.0 mg/kg 8 

ferumoxytol (20-fold dilution) was administered in six aliquots via slow infusion (cumulative 9 

dose 0.25, 0.5, 1.0, 2.0, 3.0 and 4.0 mg/kg; infusion rate 0.33 mg/kg/min). We acquired the same 10 

set of T1 images at steady state following each incremental ferumoxytol dose. The typical total 11 

duration of the ferumoxytol multi-dose imaging study was approximately 55 minutes.57 12 

Ex vivo Tc-99m radiolabeled red blood cell fMBV assay 13 

 To evaluate the performance of ferumoxytol-enhanced MRI-fMBV relative to an existing 14 

nuclear medicine MBV technique for prediction of regional wall motion abnormalities (RWMA) 15 

as markers of hypoperfusion, we performed Tc-99m radiolabeled red blood cells (RBCs) assays 16 

in four normal swine subjects and one ischemic swine. We acquired multi-dose ferumoxytol-17 

enhanced MRI T1 maps in left ventricular (LV) short axis slices covering the entire LV 18 

myocardium as described. Following MRI, we radiolabeled and intravenously administered 19 

RBCs (3.0 mCi/kg, UltraTag, Curium Pharma, Saint Louis, MO), and drew a 5 mL reference 20 

whole blood sample. After euthanasia with an intravenous injection of a concentrated solution of 21 

potassium chloride (100 mg/kg), we excised the heart and sectioned the LV into 8mm short axis 22 

slices, which were segmented and weighed (Figure 7.1). We measured the activity of all 23 
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myocardial tissue segments and reference blood samples using a Packard Cobra II gamma 1 

counter (PerkinElmer Inc, Shelton, CT) calibrated for Tc-99m. Tissue blood volume was 2 

computed as the ratio of tissue specific activity to blood specific activity.119  3 

 4 

Image Processing and Analysis 5 

 We used the Instantaneous Signal Loss simulation (InSiL) algorithm for T1 fitting of 6 

MOLLI images.33 Following T1 fitting, we co-registered each set of multi-dose InSiL T1 maps 7 

(0.0 – 4.0 mg/kg ferumoxytol) using Elastix 5.0.0.57,98 Taking care to exclude trabeculations and 8 

papillary muscles, we contoured a central region of the mid-LV blood pool to extract blood R1 at 9 

each ferumoxytol dose. We used a two-compartment water exchange model with three-parameter 10 

 

Figure 7.1. Segmentation of heart tissues for radiolabeled red blood cell study 

in an ischemic swine. Yellow arrow indicates location of the intracoronary 

stenosis implant (A). Dashed lines indicate boundaries of short-axis slices (B). 

Short-axis slices are arranged from most basal (SL1) to most apical (SL7, C) 

and three representative short axis slices were prepared for radioactivity 

measurements (D).  
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fitting implemented in MATLAB (MathWorks, Natick, MA) to fit for pixelwise fMBV and 1 

water exchange rate in all slices.57  2 

 After pixelwise computation, both fMBV and water exchange maps were exported as 3 

DICOM images. Using commercially available software (Osirix, Pixmeo, Bernex, Switzerland), 4 

we contoured and segmented each pixelwise fMBV map and its corresponding water exchange 5 

map based on the AHA 17-segment model, excluding segments with severe artifacts (CMC, 4 6 

years cardiovascular MRI experience).99  7 

 Because myocardial contractile dysfunction ranging in severity from hypokinesis to 8 

akinesis is indicative of hypoperfusion and the onset of myocardial stunning, one reader also 9 

assessed short axis cine images for RWMAs using a 3-point Likert scale (1 = normal, 2 = 10 

hypokinetic, 3 = akinetic).16 We categorized myocardial segments within the LAD territory with 11 

RWMA scores of two or greater as ischemic. Segments perfused by the right coronary artery 12 

(RCA) and left circumflex (LCX) artery that showed normal wall motion were characterized as 13 

remote. 14 

Statistical Analysis 15 

 Data were tested for normality using the Kolmogorov-Smirnov test. Data are reported as 16 

mean ± standard deviation or median (inter-quartile range) according to normality. To determine 17 

whether model-fitted fMBV and water exchange can distinguish between ischemic and remote 18 

myocardial regions in the same subject, we used paired, two-sided Student’s t-tests and paired 19 

Wilcoxon signed rank tests for group comparisons. We used a Kruskal-Wallis test to compare 20 

ischemic, remote, and normal fMBV. To examine sex-specific differences between ischemic and 21 

remote fMBV in male and female swine subjects, we used a Kruskal-Wallis test with a post-hoc 22 

Conover test120 for pairwise comparison of subgroups. To further evaluate the diagnostic 23 
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performance of fMBV as a marker for myocardial hypoperfusion, we computed its receiver 1 

operating characteristic (ROC) curve with binary variable responses (0 = remote, 1 = ischemic) 2 

based on RWMA grading. To compare the diagnostic performance of MRI-fMBV relative to 3 

99mTc-fMBV to predict RWMA as markers of tissue hypoperfusion, we performed pairwise 4 

comparison of the area under the ROC curves (AUC) for both techniques.  A p-value <0.05 was 5 

considered statistically significant. Statistical analysis was performed using MedCalc 19.0.5 6 

(MedCalc Software, Ostend, Belgium). 7 

 8 

7.3   Results 9 

 Across all 23 swine included in the study, no ferumoxytol-related hypotension or allergic 10 

reactions occurred. In swine with coronary stenosis implant insertion, no intervention-related 11 

ventricular fibrillation, ventricular tachycardia, or deaths occurred. 12 

 All 19 swine models that underwent percutaneous coronary stenosis implant placement 13 

had single vessel LAD coronary stenosis of at least moderate severity on x-ray angiograms by 14 

visual assessment. Stenosis implant length averaged 7.3  3.1 mm (range = 4.0 to 15.0 mm). The 15 

mean corresponding FFR measurements at peak adenosine stress in 11 swine was 0.90  0.05 16 

while mean RFR measurements acquired at rest was 0.92  0.07. The threshold value for 17 

clinically significant ischemia in humans has been proposed as 0.86 using iFR (instantaneous 18 

wave-free ratio),121 a method that has shown string agreement with measures of RFR.117 Of 210 19 

myocardial MRI segments acquired in ischemic swine models, one was rejected due to a severe 20 

artifact. Of the remaining 209 segments, we identified 169 segments as remote, and 40 as 21 

ischemic (hypoperfused, ischemic, or stunned myocardium). Thirty-eight of the 40 myocardial 22 
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segments identified as hypokinetic or akinetic corresponded to the LAD perfusion territory. Two 1 

swine had hypokinesis of the apical inferior LV segment due to the course of the LAD. 2 

fMBV and water exchange rate in ischemic, remote, and normal myocardium 3 

 Both fMBV and transvascular water exchange rate differed significantly between remote 4 

and ischemic myocardial segments. In 19 swine models of acute myocardial hypoperfusion, 5 

mean ischemic fMBV was greater than mean remote fMBV by a factor of 1.42. Ischemic 6 

segments showed significantly higher mean fMBV relative to remote segments (11.72 ± 3.00% 7 

vs 8.23 ± 2.12%, p < 0.0001, N = 40 ischemic ROIs). No significant difference in fMBV was 8 

observed between remote and normal myocardial segments (8.23 ± 2.12% vs 8.38 ± 2.23%, 9 

p>0.05) (Figure 7.2).  Prior work indicates that fMBV estimation based on the fast-exchange 10 

approximation45 would be insufficiently precise to discriminate ischemic from remote fMBV in 11 

this range.57 A full summary of the fMBV and transvascular water exchange rate by coronary 12 

territory in all swine subjects is provided in Appendix 1.2. 13 

 14 

 

Figure 7.2. Pixel-wise fractional myocardial blood volume (fMBV) of ischemic 

(N=40), remote (N=169), and normal (N=136) left ventricular myocardial 

segments at 3.0T.  
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 Though less severe, we found a similar difference in the median transvascular water 1 

exchange rate ki (s-1)48 between ischemic and remote segments. Ischemic segments showed a 2 

mean ki of 15.32 ± 8.69 s-1, while we found a median ki of 17.78 (11.60, 26.36) s-1 in remote 3 

segments and 19.13 (12.82, 26.69) s-1 in normal segments. Using a non-parametric Wilcoxon 4 

signed rank test, we found a significant difference in ki between contralateral ischemic and 5 

remote segments (P=0.0006, N = 40 ischemic ROIs).  6 

 7 

 Sex-specific differences for fMBV in ischemic and remote myocardial tissues are shown 8 

in Figure 7.3. We found no statistically significant difference in ischemic fMBV between male 9 

and female swine. In seven female swine, the mean fMBV was 11.20 ± 2.74% in ischemic 10 

(N=18) and 8.57 ± 1.89% in remote (N=97) segments, respectively. In 12 male swine, the mean 11 

fMBV was 12.15 ± 3.20 in ischemic (N=22) segments and 7.76 ± 2.35 in remote (N=71) 12 

segments, respectively. Relative to male swine, female swine had higher fMBV in remote 13 

segments at rest. The mean fMBV ratio of ischemic to remote segments was higher for male 14 

 

Figure 7.3. Sex-specific fractional myocardial blood volume (fMBV) at 3.0T. 

N=7 female [18 ischemic, 97 remote segments]; N=12 male [22 ischemic, 71 

remote segments]. A Kruskal-Wallis test found significant difference in remote 

fMBV between male and female swine (P<0.05), but no significant difference 

in ischemic fMBV (P>0.05).  
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(1.7) relative to female (1.3) swine. The Kruskal-Wallis test found a significant difference 1 

between the male-ischemic, male-remote, female-ischemic, and female-remote subgroups 2 

(P<0.001). The post-hoc pairwise Conover test found a significant difference between the male-3 

remote and female-remote subgroups (all P values <0.05), but no significant difference between 4 

the male-ischemic and female-ischemic subgroups (all P values >0.05). 5 

Pixel-wise fMBV and transvascular water exchange maps in normal and ischemic swine models 6 

 Representative polar maps and pixelwise fMBV maps from three swine subjects are 7 

shown as illustrative examples in Figures 7.3-7.4: a healthy normal 26 kg female swine, a 8 

moderately ischemic 26 kg male swine model, and a severely ischemic 28 kg female swine 9 

model. These swine subjects were selected for their superior image quality and comprehensive 10 

range of ischemic severity. Both polar maps based on AHA classification (Figure 7.4) and 11 

pixelwise color-rendered maps (Figure 7.5) depict the phenomenon of elevated fMBV and 12 

restricted water exchange in myocardial tissues downstream from an artificially induced focal 13 

coronary stenosis. In the healthy swine, mean pixelwise fMBV and transvascular water exchange 14 

polar maps (Figure 7.4A) show a gradient of increasing fMBV and shortening water exchange 15 

rate from the basal to apical regions of the LV. In the two ischemic swine subjects shown (Figure 16 

7.4, B-C), we expect all myocardial segments in the territory downstream from the stenotic 17 

proximal LAD to be hypoperfused, and to present with elevated fMBV in response. Elevated 18 

fMBV, appearing yellow to white, can be seen in the basal, mid-ventricular, and apical slices of 19 

the hypoperfused LAD territory in both ischemic swine models, while restricted water exchange 20 

(appearing white to cerulean) corresponds to the same myocardial segments showing elevated 21 

fMBV (Figure 7.4 B-C). 22 
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 1 

 2 

 3 

 

Figure 7.4. Polar maps of mean segmental fMBV [%] and water exchange rate 

[s-1] in three swine models. (A) healthy normal 26 kg female swine, (B) 

moderately ischemic 26 kg male swine model, (C) severely ischemic 28 kg 

female swine model.  
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 1 

 Regional differences in elevated blood volume can also be depicted on a pixel level using 2 

colorized pixelwise fMBV maps. Figure 7.5 shows pixelwise maps of fMBV and water exchange 3 

in the same healthy, normal 26 kg female swine and severely ischemic 28 kg female swine. X-4 

ray fluoroscopic images in the severely ischemic swine (Figure 7.5C) show angiographic 5 

coronary narrowing caused by the stenosis implant in the LAD. Following deployment of the 6 

implant, the artificially stenosed LAD showed an FFR of 0.89, RFR of 0.97. Figure 7.5 C depicts 7 

the LAD, RCA, and LCX territories in the basal, mid-ventricular and apical myocardial short-8 

axis slices. The apical inferior segment may be perfused primarily by the LAD or RCA, 9 

 

Figure 7.5. Illustrative examples of fMBV maps of the left ventricle in a normal 

26 kg female swine and a severely ischemic 28 kg female swine mode. fMBV 

and water exchange maps in a healthy, normal swine (A) show normal blood 

volume distribution. Maps in a severely ischemic swine model (B) show 

elevated fMBV in the left anterior descending (LAD) territory (white arrows) 

and restricted water exchange (white arrows), respectively. X-ray fluoroscopic 

images (C)  show severe coronary narrowing (white arrow) and a corresponding 

fractional flow reserve (FFR) value of 0.89.  
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dependent on individual coronary anatomy. These pixelwise maps (Figure 7.5 A-B) show 1 

qualitative and quantitative heterogeneity in fMBV and water exchange across ischemic, remote, 2 

and normal myocardial tissue.  3 

Diagnostic performance of pixelwise MRI-fMBV relative to 99mTc-fMBV as a biomarker of 4 

myocardial ischemia 5 

 Using pairwise comparison of the AUCs, MRI-fMBV has higher diagnostic performance 6 

for the prediction of RWMAs as a proxy for tissue hypoperfusion relative to 99mTc-fMBV 7 

(P=0.013, 95% CI 0.04, 0.38). The MRI-fMBV ROC curve is shown in Figure 7.6.  We found an 8 

AUC for pixelwise MRI-fMBV of 0.89 (P < 0.001, 95% CI 0.80, 0.95). The fMBV criterion of 9 

9.60% is associated with a specificity of 90.0% (95% CI 76.3,97.2) and a sensitivity of 72.5% 10 

(95% CI 56.1, 83.4). 99mTc-fMBV has an AUC of 0.59 (P <0.001, 95% CI 0.52, 0.67). In the 11 

ischemic swine cohort that underwent both MRI and ex vivo measurement of 99mTc RBC 12 

activity, MRI-fMBV is able to distinguish between ischemic and remote segments (P<0.001, 13 

[95% CI 1.72, 5.90]) while 99mTc-fMBV was not statistically significant between ischemic and 14 

remote segments (P=0.19, [95% CI -0.16, 0.79]). 15 
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 1 

7.4   Discussion 2 

 Our results provide early support for ferumoxytol-enhanced MRI-derived pixel-wise 3 

fMBV maps to depict a resting perfusion deficit in swine with artificially-induced coronary 4 

stenosis. In these swine models, we found an fMBV threshold of 9.60% has a specificity of 5 

90.0% and a sensitivity of 73% to detect tissue hypoperfusion. Similarly, ischemic and remote 6 

myocardial regions show differences in the myocardial transvascular water exchange rate. While 7 

there is higher baseline MRI-fMBV in the remote segments of our female swine models, no 8 

statistically significant sex-specific differences in fMBV for ischemic and remote myocardial 9 

tissue was noted. Our preliminary findings lay the groundwork for using fMBV derived from 10 

ferumoxytol-enhanced MRI to distinguish ischemic from remote myocardium at rest, obviating 11 

the need for pharmacologic stress agents. 12 

 In our two-compartment model of myocardial tissue for estimation of fMBV, the 13 

exchange rate of water molecules from the intracapillary blood pool to the extravascular space, 14 

 

Figure 7.6. Receiver operating characteristic (ROC) curve of segmental 

pixelwise fractional myocardial blood volume (fMBV). 
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ki, corresponds to the inverse of the mean intracapillary water residence time τi.49,57 Two-1 

compartment, single-exchange models such as ours are simpler to formulate than higher order 2 

models that account for more tissue compartments and multiple water exchange patterns. Two-3 

compartment models assume the exchange rate of water between the intracellular and 4 

extracellular spaces to be sufficiently fast as to produce a negligible effect on MRI signal. This 5 

assumption is supported by studies in ex-vivo animal tissues.50,52 As intravascular contrast agents 6 

remain entirely within the intracapillary blood pool within our specified sampling time frame, 7 

intramyocardial water is exposed to two separate spin relaxation environments as it diffuses 8 

between compartments. As a result, the rate of water exchange between these compartments 9 

significantly impacts the MRI signal of a given voxel of perfused myocardial tissue. Measuring 10 

myocardial and blood pool T1 over a range of intravascular contrast agent doses allows us to fit 11 

for the fMBV and exchange rate that best describes the MR signal in each voxel. 12 

 Although previous works have investigated the use of intravascular contrast agents 13 

combined with a compartmental modelling approach to estimate fMBV, studies conducted in the 14 

setting of myocardial ischemia using iron-based agents are sparse. A 2002 study investigated 15 

fMBV in six patients presenting with evidence of CAD on x-ray angiography using the contrast 16 

agent NC100150, a saturation recovery turbo Fast Low-Angle Single sHot (FLASH) sequence, 17 

and a two-compartment water exchange model. The study reported a mean fMBV of 12.9% and 18 

an intracapillary water residence time τi  (1/ki) of 269 ms across the whole short-axis myocardial 19 

view, fitted to the complete dataset, and did not individually analyze fMBV in ischemic and 20 

remote regions.111 We found a mean fMBV and water exchange rate of 11.72 ± 3.00% and 15.32 21 

± 8.69 s-1 in ischemic segments, compared to values of 8.23 ± 2.12% and 17.78 (11.60, 26.36) s-1 22 

in remote segments. 23 
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 fMBV holds promise both as a means of discriminating between ischemic and remote 1 

myocardial territories and quantifying the severity of myocardial hypoperfusion where it exists. 2 

Using pairwise comparison of AUCs, we showed that ferumoxytol-enhanced MRI-fMBV may 3 

be more sensitive for discrimination between ischemic and remote myocardial tissues segments 4 

relative to 99mTc-fMBV. Tc-99m RBC activity did not significantly differ in the hypoperfused 5 

LAD territory relative to other coronary territories. 6 

 The clinical availability of fMBV as a noninvasive imaging biomarker with high 7 

specificity in the detection of physiologically significant coronary stenosis would carry important 8 

implications for therapeutic decisions. Multiple techniques exist to qualitatively and 9 

quantitatively image ischemia and perfusion using CMR, and most of these rely on 10 

pharmacologic stress agents which complicate imaging workflow and carry additional risk of 11 

side effects.122 While exercise CMR ameliorates this risk, high-quality exercise stress CMR 12 

images are challenging to acquire, and MR-compatible exercise equipment is typically costly. 13 

Stress perfusion CMR techniques, which use gadolinium contrast to image perfusion defects in 14 

the first-pass phase, have notable limitations in addition to their reliance on pharmacologic 15 

stress. Semiquantitative perfusion imaging is not sensitive to diffuse disease, while quantitative 16 

approaches require consistent implementation of complex acquisition protocols.122 GBCAs also 17 

carry safety concerns associated with long term tissue deposition even in the setting of normal 18 

kidney function.123 19 

 The unique value proposition of our ferumoxytol-enhanced fMBV mapping technique is 20 

that it does not require either pharmacologic or exercise stress to capture the effects of inducible 21 

ischemia. Rather, our technique directly captures the increase in myocardial intracapillary blood 22 

volume at rest that results in observably blunted perfusion reserve with stress testing techniques. 23 
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While our full multi-dose steady-state CMR technique entails longer exam times than a typical 1 

perfusion imaging study, early evidence supports use of an abbreviated imaging protocol 2 

requiring only three ferumoxytol-enhanced acquisitions.57 By reducing total scan time to 35 3 

minutes, this abbreviated protocol may facilitate translation of the technique to clinical imaging 4 

studies.  5 

 Several limitations of this study warrant further discussion. First, we demonstrated our 6 

technique in swine models to isolate the effects of focal single vessel coronary stenosis on 7 

model-fitted fMBV in a preclinical study, free of confounding factors. However, in patients who 8 

undergo stress perfusion imaging, diffuse luminal coronary disease and multi-vessel disease are 9 

common, and both epicardial coronary as well as underlying microvascular ischemic disease 10 

may be at play. To tune our fMBV model for a wide spectrum of pathology in chronic ischemic 11 

heart disease, further validation in patients will be necessary. Second, while prior work has 12 

demonstrated evidence of significant myocardial ischemia in swine models with intracoronary 13 

stenosis implants in the size range used in this study,18,84 we measured a mean FFR of 14 

0.90  0.05 in the setting of fluoroscopically defined moderate to severe coronary stenosis. 15 

Although well established in human patients to define clinically significant coronary stenosis,124 16 

the human-centered FFR < 0.8 threshold may not be equally applicable to our juvenile swine 17 

models because orthogonal coronary views during fluoroscopy confirmed the moderate to severe 18 

stenosis and flow-limiting lesion created by our coronary stenosis implant. Third, while 19 

ferumoxytol contrast is ideal for steady-state blood volume mapping applications, it is only 20 

marketed in the United States, and its use for MRI remains off-label. Finally, the use of 21 

intravenous iron agents carries the risk of rare, severe hypersensitivity reactions; however, the 22 

safety profile of ferumoxytol for off-label diagnostic use is highly favorable.10 23 
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 1 

7.5   Conclusion 2 

 Pixel-wise fMBV maps derived from ferumoxytol multi-dose T1 MRI can be used to 3 

distinguish ischemic from remote myocardial tissues in swine models of myocardial 4 

hypoperfusion. For patients with renal impairment, the availability of a suitable method for 5 

estimating myocardial perfusion is particularly valuable. Validation of our model-fitted fMBV 6 

derived from ferumoxytol-enhanced MRI in patients with chronic ischemic heart disease will be 7 

needed to fully characterize the distribution of fMBV in ischemic and remote myocardial 8 

regions. If confirmed in a broader translational study of patients, fMBV may serve as a potential 9 

direct marker of myocardial tissue perfusion at rest.  10 
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Chapter 8 In vitro and in vivo MRI properties of three ultrasmall 1 

superparamagnetic iron oxide nanoparticles  2 

8.1   Introduction 3 

 The search for new and alternative MRI contrast agents is motivated by the goal of 4 

improved diagnostic performance while ensuring patient safety. In recent years, ferumoxytol has 5 

garnered attention as a blood pool MRI contrast agent with powerful imaging attributes. 6 

However, ferumoxytol lacks an approved imaging label, is only marketed in the U.S., and 7 

commands a high price point, impeding widespread adoption. Ferumoxytol has shown strong 8 

biosafety and biocompatibility in-vitro and in-vivo.125 It has been employed successfully for 9 

magnetic resonance angiography (MRA), particularly blood pool imaging and tissue 10 

compartmental modelling.12,24,57,126 Similar in characteristics to Feraheme, two alternative 11 

USPIOs have recently gained attention: Molday ION (BioPal, Worcester, MA) and generic 12 

ferumoxytol (Sandoz, Princeton, NJ). Currently used as a research agent for cell labeling127 and 13 

pre-clinical imaging,128–130 Molday ION shares many chemical and biological properties with 14 

Feraheme. Molday ION was developed to achieve a comparable r1 and r2 relaxivity, biological 15 

half-life, and similar safety profile to Feraheme. Generic ferumoxytol has U.S. FDA approval for 16 

the same therapeutic indication as Feraheme.   17 

 In this study, we compared the relaxivities of Feraheme, generic ferumoxytol, and 18 

Molday ION, and we evaluated their contrast effects in a combined in-vitro and in-vivo MRI 19 

study. We hypothesize that at 3.0T, Feraheme, generic ferumoxytol, and Molday ION (1) 20 

demonstrate similar r1 and r2 relaxivities in saline, human plasma, and whole blood; (2) perform 21 

similarly in vivo across several pulse sequences for bright-blood and dark-blood cardiovascular 22 

and abdominal applications; and for quantitative applications such as the estimation of fractional 23 
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intravascular contrast distribution volume as surrogates for tissue blood volume, (3) computed 1 

values derived from each agent will be similar across a cohort of normal swine. 2 

8.2   Methods 3 

In-vitro phantom experiments 4 

 Three units of fresh healthy human whole blood were combined to form a homogeneous 5 

blood sample. Five additional units of whole blood underwent centrifugation and separation. 6 

Separated plasma was combined to yield a homogeneous plasma sample.  We prepared MRI 7 

phantoms composed of normal saline, human whole blood, and plasma, doped with Feraheme, 8 

generic ferumoxytol, or Molday ION at concentrations of 1/2048 [0.26 mM] (least concentrated), 9 

1/1024 [0.52 mM], 1/512 [1.05 mM], 1/256 [2.10 mM], and 1/128 [4.20 mM] (most 10 

concentrated). A contrast concentration of 1.0 mM corresponds to an in-vivo dose of 11 

approximately 4.0 mg/kg in a 75 kg patient with a total circulating blood volume of 5 liters. 12 

Relaxation measurements were performed in a single session using a 3.0T clinical MRI scanner 13 

(Skyra®, Siemens Medical Solutions, Malvern, PA) at ambient temperature (22 C). Phantoms 14 

were allowed one hour to calibrate to the same temperature as the MRI scanning room. The 15 

temperature of the non-contrast normal saline tube was measured with a digital thermometer 16 

immediately prior to and following completion of the experiment. Inversion-recovery spin echo 17 

sequences with 10 different inversion times (TIs) were used to measure the longitudinal spin 18 

relaxation rate R1 (s-1) in three coronal slices (upper, middle, lower) without parallel imaging. 19 

The transverse relaxation rate R2 (s-1) was measured using a multi-echo spin echo sequence with 20 

9 echo times (TEs). We chose the range of TE times to minimize the effects of stimulated echoes 21 

at short TE times, as well as the effect of the noise floor at long TEs. Scan parameters are 22 

provided in Appendix 1.1. R1 and R2 acquisitions were performed twice for repeatability. We 23 
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performed a simple linear regression of R1 and R2 against contrast concentration to estimate the 1 

r1 and r2 relaxivities (mM-1s-1) of Feraheme, generic ferumoxytol, and Molday ION in saline, 2 

plasma, and whole blood; TI and TE values at which image signal registered below the noise 3 

floor were excluded. A second-order polynomial regression was used to describe r1 relaxivity in 4 

blood for all three agents. Due to high noise (low signal) in the sample with the highest contrast 5 

concentration (4.20 mM), R2 fitting was performed only for the concentration range 6 

0.26 – 2.10 mM. R1 and R2 maps were fitted in MATLAB (MathWorks, Natick, MA) using a 7 

nonlinear least-squares fitting algorithm. 8 

In-vivo imaging 9 

 Sixteen swine underwent MRI on a whole body clinical 3.0T magnet (Prisma®, Siemens 10 

Medical Solutions USA, Malvern, PA) using T1w and T2w pulse sequences (Appendix 1.2). 11 

Seven swine received Molday ION, eight received Feraheme, and one received generic 12 

ferumoxytol. In N=9 swine (N = 7 with Molday ION, N=1 with Feraheme, N=1 with generic 13 

ferumoxytol), we acquired 1) pre- and post-contrast 3D bright-blood T1w gradient echo images 14 

using the VIBE (volumetric interpolated breath-hold examination) sequence,131 2) pre- and post-15 

contrast multiplanar 2D dark-blood T2w images using HASTE (half-Fourier acquisition single-16 

shot turbo spin echo),132 and 3) post-contrast high resolution 4D cardiac phase-resolved images 17 

using the MUSIC (Multiphase, Steady-state Imaging with Contrast) pulse sequence,11 which is 18 

specifically designed for contrast-enhanced imaging using intravascular MR contrast agents 19 

(Appendix 1.3). Post-contrast HASTE and VIBE imaging was performed 15 minutes after 20 

completion of the contrast infusion protocol. Thoracic and abdominal VIBE images (100 – 200 21 

mm overlap) were processed inline to produce a composed, extended field-of-view (eFOV) 22 

image series. 23 
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 To demonstrate the feasibility of quantitative MRI using Molday ION, Feraheme, and 1 

generic ferumoxytol for estimation of fractional intravascular contrast distribution volume in 2 

myocardium, liver, and spleen, we also performed contrast-enhanced multi-dose T1 mapping 3 

studies57 in all swine (N=16) . Briefly, we acquired native (non-contrast) T1 maps of the left 4 

ventricular (LV) basal, mid, and apical short-axis using the 5(3)3(3)3 MOLLI sequence109 5 

without contrast. Then, MOLLI T1 imaging was repeated following sequential cumulative doses 6 

of 0.25, 0.5, 1.0, 2.0, 3.0 and 4.0 mg/kg (20-fold dilution, infusion rate 0.33 mg/kg/min). The 7 

maximum cumulative dose of 4.0 mg/kg corresponds to a contrast concentration of 8 

approximately 1 mM. Swine were humanely euthanized with sodium pentobarbital (100 mg/kg) 9 

while under general anesthesia following completion of experiments.  10 

Image processing and analysis of in-vivo experimental data 11 

 Across our VIBE and HASTE images, we analyzed the signal-to-noise ratio (SNR) and 12 

contrast-to-noise ratio (CNR) across the blood pool (abdominal aorta and inferior vena cava), 13 

longissimus muscle, liver, and spleen. The ROI area was typically 1 cm2, and when necessary, 14 

smaller ROIs within vessels were used. The standard deviation (SD) of SI was recorded in the air 15 

outside the body to quantify image noise:  SNR=mean(SItissue/SD(SIair). The CNR values of 16 

muscle, liver, and spleen were computed relative to blood signal: 17 

CNR=(SItissue - SIblood)/SD(SIair). 18 

 To compute the intravascular contrast distribution volume as a surrogate for fractional 19 

tissue blood volume, we used the Instantaneous Signal Loss simulation (InSiL) algorithm33 to fit 20 

MOLLI T1 images for functional quantitative estimation of fractional myocardial blood volume 21 

(fMBV) and abdominal organ blood volume. To analyze left ventricular (LV) blood pool and 22 

myocardial T1, we contoured ROIs (Osirix, Pixmeo, Bernex, Switzerland) within the 23 



 

 106 

anterolateral – lateral myocardial wall (base, mid, apex), and in the mid-LV blood pool 1 

(excluding trabeculations and papillary muscles). We co-registered each set of multi-dose InSiL 2 

T1 maps (Elastix 5.0.098, MATLAB 2020a) and applied a two-compartment water exchange 3 

model to fit for fMBV.57 We segmented each fMBV map based on the AHA 17-segment model, 4 

excluding segments with severe artifacts (CMC, 4 years cardiovascular MRI experience).99 To 5 

compare the performance of the contrast agents as abdominal organ blood volume imaging 6 

agents, we fit for fractional blood volume (FBV) using MOLLI images that captured liver and 7 

splenic tissues. 8 

Statistical analysis 9 

 Data were tested for normality using the Kolmogorov-Smirnov test. Data are reported as 10 

mean ± SD or median and interquartile range (IQR) according to normality. We used analysis of 11 

covariance (ANCOVA)133 to compare r1 and r2 relaxivity constants among Molday ION, 12 

Feraheme, and generic ferumoxytol. We used a two-way analysis of variance (ANOVA) to 13 

compare the change in LV blood pool and myocardial T1 dependence on contrast agents. We 14 

used a nonparametric Mann-Whitney test to compare estimates of fMBV in normal swine. 15 

 16 

8.3   Results 17 

In vitro MRI relaxometry of Feraheme, Molday ION, and generic ferumoxytol 18 

 Feraheme, Molday ION, and generic ferumoxytol show similar r1 and r2 relaxivity 19 

constants (Table 8.1) and relaxivity curves (Figure 8.1) within each medium (normal saline, 20 

plasma, and whole blood). The r1/r2 ratio for Feraheme, Molday ION, and generic ferumoxytol 21 

in saline at 3.0T are 0.11, 0.09, and 0.09, respectively. Relative to Feraheme and generic 22 

ferumoxytol, Molday ION has higher r1. Computed pixel-wise grayscale R1 and R2 maps of the 23 
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contrast phantoms (Figure 8.2) illustrate increasing R1 and R2 with increasing contrast 1 

concentration. We observed a highly linear correlation (R2 > 0.99) between R1 and contrast 2 

concentration for all three contrast agents in saline and in plasma (Figure 8.1). In blood, we 3 

observe a nonlinear R1 relaxation curve and achieved a superior fit by using a second-order 4 

polynomial regression (all R2  0.99). A two-way ANCOVA found no significant difference in 5 

the variance of R1 with contrast concentration among the three contrast agents (p=0.76). R2 was 6 

largely linear (R2  0.99) for contrast concentration between 0.26 and 2.10 mM in all media 7 

(Figure 8.1). Moreover, a two-way ANCOVA found no significant difference in R2 among 8 

contrast agents (p=0.10). We found a coefficient of variation of 2.6% (95% CI 2.1 – 3.2%) for 9 

R1 and 2.2% (95% CI 1.7 – 2.7%) for R2 between the two repeated acquisitions. 10 
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 1 

  2 

 

Figure 8.1. In-vitro magnetic resonance relaxivity of Feraheme, Molday ION 

and generic ferumoxytol were measured in saline, plasma, and whole blood 

(3.0T, 22 C).  
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 1 

Table 8.1. Relaxivity constants for Feraheme, Molday ION, and generic 2 

ferumoxytol in normal saline, human plasma, and human whole blood at 3.0T (22 3 

C). 4 

Contrast Medium 

r1 

relaxivity 

(mM-1s-1) 

SE R2 

r2 

relaxivity 

(mM-1s-1) 

SE R2 

Feraheme 

(AMAG) 

Saline 8.09 0.13 1.00 75.49** 1.08 1.00 

Plasma 6.74 0.02 1.00 93.19 1.24 1.00 

Blood 7.15* 0.37 1.00 64.98 1.77 1.00 

Molday ION 

(BioPal) 

Saline 8.28 0.04 1.00 95.31 3.81 1.00 

Plasma 7.10 0.09 1.00 98.17 1.96 1.00 

Blood 8.45* 0.60 1.00 72.96 1.43 1.00 

Generic 

Ferumoxytol 

(Sandoz) 

Saline 8.12 0.09 1.00 85.56 0.92 1.00 

Plasma 6.86 0.02 1.00 82.18 0.75 1.00 

Blood 7.99* 0.37 1.00 65.49 2.25 1.00 

Note:  ΔR1 = r1*C and ΔR2 = r2*C, where r1 and r2 are the relaxivity constants (mM-1s-1) 

and C is the iron concentration (mM). The r1 fitting in blood was performed for contrast 

concentrations between 0.26 – 4.20 mM using a second-order polynomial; r2 fitting was 

performed only for concentrations of 0.26 – 2.10 mM to minimize inclusion of noise at 

high concentrations. One-way analysis of covariance (ANCOVA) found no significant 

difference in the variance of R1 (p=0.76) or R2 (p=0.15) among the three contrast agents. 

*Values derived from first-order coefficient of a second-order polynomial fit. **The 

lower r2 for Feraheme in saline may be related to the phantom being at the edge of the 

coil and experienced greater B1 inhomogeneity. SE, standard error. 

  5 
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In vivo MRI performance of Molday ION, Feraheme, and generic ferumoxytol 

 No contrast-related hypotension (defined as a decrease in systolic blood pressure of 

>20mmHg) occurred within 6-8 hours post contrast administration. We observed a mean heart 

rate (HR) of 9113 bpm, systolic blood pressure (SBP) of 985 mmHg, and diastolic blood 

pressure (DBP) of 585 mmHg in the Molday ION group and a mean HR of 836 bpm, SBP of 

9211 mmHg, and DBP of 5911 mmHg in the Feraheme group.  

 Based on LV blood pool T1 measurements sampled at 1-minute intervals for 10 minutes 

after contrast injection, Molday ION and Feraheme reached intravascular imaging steady-state 

between 5-6 minutes. We found the imaging performance of Molday ION, Feraheme, and 

generic ferumoxytol at 3.0T using T1w (MUSIC, VIBE) and T2w (HASTE) imaging pulse 

sequences to be similar. MUSIC images acquired with all three USPIOs show similar positive 

contrast enhancement (Figure 8.3). On T1w 3D-VIBE, Molday ION, Feraheme, and generic 

 

Figure 8.2. Grayscale pixelwise R1 and R2 maps of phantoms consisting of 

Feraheme, Molday ION and generic ferumoxytol in saline, whole blood, and 

plasma (3.0T, coronal view) across contrast concentration range of 

0.26-4.20 mM.  
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ferumoxytol all show the expected positive contrast enhancement of liver, spleen, cardiac 

chambers and blood vessels (Figure 8.4). Figure 8.5 shows representative pre- and post-contrast 

coronal HASTE images with Molday ION, Feraheme, and generic ferumoxytol. Post-Molday 

ION HASTE images of the liver showed the expected negative contrast enhancement and low 

signal from the vascular liver parenchyma (SNR 8.8±5.8) with low liver-blood pool contrast 

(CNR 0.1±5.6). On VIBE and HASTE images, the SNR (liver, spleen, skeletal muscle, and 

blood pool), and CNR (liver, spleen, and skeletal muscle relative to blood) are similar across all 

three agents (Table 8.2).  
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Figure 8.3. Contrast-enhanced multiplanar reformatted images belonging to two 

swine acquired using the multiphase, steady-state imaging with contrast 

(MUSIC) pulse sequence at 3.0T, after administration of (A) Molday ION 4.0 

mg/kg, (B) Feraheme 4.0mg/kg, (C) generic ferumoxytol 4.0mg/kg.  
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Figure 8.4. Non-contrast and contrast-enhanced coronal multiplanar reformatted 

images belonging to two swine and acquired using the Volumetric Interpolated 

Breath-hold Exam (VIBE) pulse sequence at 3.0T.  
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Figure 8.5. Non-contrast and contrast-enhanced coronal images belonging to 

two swine and acquired using Half-Fourier-Acquired Single-shot Turbo spin 

Echo (HASTE) at 3.0T.  
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Table 8.2. SNR and CNR of HASTE and VIBE images with Molday ION contrast. 

 Signal-to-noise ratio (SNR) 

 T2w HASTE* T1w VIBE* 

Tissue Feraheme Molday ION 
Generic 

Ferumoxytol 
Feraheme Molday ION 

Generic 

Ferumoxytol 

Blood 8.3 8.6±4 9.6 482.8 459.1±171.8 723.9 

Muscle 69.9 57.5±33.9 72.9 147.4 123.9±41.2 127.2 

Liver 6.3 8.8±5.8 7.3 310.3 317.5±149.6 365.1 

Spleen 34.8 49.6±45.7 83.4 261.8 285.9±128.9 279.2 

 Contrast-to-noise ratio (CNR) 

Muscle 61.6 48.9±32.7 66.4 -335.3 -335.2±133.8 -596.8 

Liver -2.0 0.1±5.6 0.8 -172.5 -141.6±29.9 -358.9 

Spleen 26.5 41±45.5 76.8 -221.0 -173.2±52.5 -444.8 

*SNR of blood pool (descending aorta), longissimus (skeletal) muscle, liver, and spleen from 

regions of interest drawn on coronal HASTE and axial VIBE images. The Feraheme, Molday 

ION, and generic ferumoxytol contrast dose was 4.0 mg/kg.  CNR of longissimus muscle, liver, 

and spleen relative to blood pool were calculated based on signal intensity measurements from 

regions of interest on post-contrast HASTE and VIBE images.  HASTE, Half-Fourier-Acquired 

Single-shot Turbo spin Echo; VIBE, Volumetric Interpolated Breath-hold Exam 

 

 For functional, quantitative MRI using MOLLI T1 mapping, all three USPIOs showed 

closely comparable post-contrast T1 shortening. Across all swine subjects, we found a mean 

Molday ION-enhanced T1 of 103±16 ms in the LV blood pool and 832±107 ms in the 

myocardium. We observed similar T1 values with Feraheme (LV blood pool: 112 ms [109, 119 

ms]; myocardium: 860±47 ms) and generic ferumoxytol (LV blood pool: 94±2.5 ms; 

myocardium: 764±16 ms). Overall, Molday ION induced a mean T1 shortening (T1(%) = 

(T1post -T1pre)*100) of -94.7±0.7% and -40.8±6.3% in the LV blood pool and myocardium. 
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Feraheme induced a median T1 shortening of -94.2% (-94.4, -93.7) and -38.3±3.2%, 

respectively. Generic ferumoxytol caused a mean T1 of -95±0.0% and -43±1.4% in the LV 

blood pool and myocardium. Two-way ANOVA found no significant difference in myocardial 

T1 (p=0.08) or blood pool T1 (p=0.933) between Molday ION and Feraheme. 

 As a method to map the fractional intravascular distribution volume in solid tissues, T1 

mapping with the three USPIOs produced similar fMBV (Figure 8.6) in normal swine models. 

We found a median fMBV of 8.7% (7.4, 10.6%) in normal swine imaged with Molday ION 

(N=4 swine, 64 segments), a mean fMBV of 8.62.2% when imaged with Feraheme (N=5 swine, 

80 segments), and a mean fMBV of 6.71.5% (N=1 swine, 16 segments) with generic 

ferumoxytol. No significant difference in fMBV between the Molday ION and Feraheme groups 

(p=0.13) was observed. In the Molday ION group, we found a mean FBV of 44.17.5% in the 

liver and 23.95.5% in the spleen. With Feraheme, we observed a mean FBV of 58.8% in the 

liver and 17.1% in the spleen. With generic ferumoxytol, we computed a mean FBV of 58.8% in 

the liver and 15.9% in the spleen. 
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8.4   Discussion 

 Although Feraheme has proven advantages for off-label diagnostic MRI, its widespread 

use is limited by availability and cost. The recent availability of generic ferumoxytol and pre-

clinical development of Molday ION offer additional potential alternatives for USPIO-enhanced 

MRI. We compared the in vitro and in vivo MRI performance of these three agents. Feraheme, 

generic ferumoxytol, and Molday ION have nearly identical r1 and similar r2 relaxivities in 

saline, human plasma, and human blood at 3.0T (p>0.05). SNR and CNR values of post-contrast 

images acquired using VIBE and HASTE pulse sequences are indistinguishable. Relative to both 

ferumoxytol formulations, Molday ION produced the expected positive T1 contrast on T1w 

pulse sequences (4D MUSIC and VIBE), and the expected negative T2 contrast on T2w HASTE 

 

Figure 8.6. Representative pixel-wise fractional myocardial blood volume 

(fMBV) maps of the left ventricular (LV) short-axis in normal swine. The fBMV 

maps are computed from MOLLI T1 images acquired at steady-state contrast 

administration of Molday ION (left panel, 4mg/kg), Feraheme (center panel), 

4mg/kg), or generic ferumoxytol (right panel, 4 mg/kg).  
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images in healthy swine. All three agents also produced comparable blood T1 shortening and 

similar fractional intravascular contrast distribution volume in myocardium, liver, and spleen of 

normal swine using MOLLI T1 mapping (all p>0.05). 

 The core diameter of a USPIO agent is closely coupled with its magnetic susceptibility, 

and consequently its relaxivity.134 The iron oxide crystallite core is complexed with a low 

molecular weight semi-synthetic carbohydrate shell. These are attractive features for applications 

that enable theranostic use. Relative to both ferumoxytol formulations, Molday ION has a 

slightly lower particle size range (17-32 nm) with a shorter expected intravascular half-life due to 

its lower zeta potential (-4.8 mV) (Molday ION package insert, BioPAL). Our study however, 

did not directly address the relative blood half-lives of the respective agents, other than to 

confirm that all agents produced enhancement that did not change distinguishably over the time 

interval encompassed by the imaging studies. Feraheme has a mean hydrodynamic diameter of 

30 nm,6 and a stated intravascular half-life of 10-14 hours.7 While not identical to those of 

Knobloch et al., our in vitro relaxometry results for Feraheme demonstrate similar r1 and r2 

relaxivity in saline and plasma at 3.0T. We observed an r1 relaxivity of 8.090.13 mM-1s-1 in 

saline and 6.740.02 mM-1s-1 in plasma at 22 C, while Knobloch et al report values of 10.00.3 

mM-1s-1 and 9.50.2 mM-1s-1 at 37 C.8 Both studies show a nonlinear relationship between 

contrast concentration and blood R1 at contrast concentrations above 2.1mM. Our methods 

differed from those used by Knobloch et al in several ways. Although the magnet strengths were 

both 3.0T, the manufacturers were different. We also imaged our sample tubes in air at ambient 

temperature (22 C), while Knobloch et al. maintained their samples at 37 C.8 Finally, our MRI 

parameters were optimized to improve SNR in inversion-recovery spin echo images based on a 

preliminary study. We used a longer TR (3000 ms) and shorter TE (5 ms) in our inversion-
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recovery spin echo acquisition, and a longer minimum TE and broader echo spacing in our multi-

contrast spin echo acquisition. Importantly, our results indicate closely comparable relaxivity of 

our three chosen USPIOs within the diagnostic imaging dose range for the pulse sequence 

parameters listed, which suggests that the agents can likely be used interchangeably in vivo. 

 Linearity of MRI contrast agent relaxation rates (R1 and R2), corresponding to constant 

r1 and r2 relaxivities over the diagnostic dose range, is an important assumption made by many 

pharmacologic models.135,136 For a theoretical 75 kg patient with a total circulating blood volume 

of 5 liters, a ferumoxytol dose of 4.0 mg/kg maps to a blood concentration of approximately 1 

milli mole per liter (mmol/L) or 1mM. The concentrations used in our in-vitro imaging study 

range from 0.26 – 4.20 mM, or a corresponding in vivo dose range of approximately 1 mg/kg to 

16 mg/kg. Our relaxometry study and previous work8 indicate largely linear R1 and R2 with 

contrast concentration up to 8 mg/kg, twice the maximum dose used in our in-vivo swine study 

and for typical off-label diagnostic purposes in patients.137 Our observation of nonlinear R1 and 

R2 at high contrast concentrations (well above the typical diagnostic dose) aligns with previously 

published results.8 This effect has been proposed to be related to two factors.8 Iron contrast is 

compartmentalized within the extracellular space in the blood samples, whereas in the saline and 

plasma samples, it is distributed homogeneously throughout the medium. The 

compartmentalization of contrast results in two populations of water molecules which occupy 

distinct relaxation environments, which contribute to increasingly heterogeneous magnetization 

within a given voxel. Water is also compartmentalized in the blood samples, though it diffuses 

across the cell membrane. At increased contrast concentrations, water is increasingly 

compartmentalized within the extracellular and intracellular spaces; thereby decreasing the 

apparent R1 and R2 of the voxel.8  
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 T1w 3D-VIBE or 4D-MUSIC bright-blood imaging pulse sequences may be combined 

with T2w 2D-HASTE dark-blood imaging to show complementary features on MRI exams. The 

signal from native blood pool on HASTE images is highly variable, due to the complex interplay 

between radiofrequency pulses and pulsatile blood flow through and within the slice.138 

Although many technically sophisticated methods exist to suppress blood signal on MR images, 

the results can be unreliable and technique dependent. Feraheme has been shown to suppress 

intraluminal blood signal reliably on HASTE images without any magnetization preparation or 

flow dephasing maneuvers, based purely on T2 effects.12 Our results from the current in vivo 

studies indicate that Molday ION performs comparably to both formulations of ferumoxytol and 

shows promise as a viable candidate for further exploration. 

 While gadolinium-based contrast agents (GBCAs) are powerful and have proven value 

over a wide range of diagnostic applications, there are persistent concerns about long term tissue 

deposition even in the setting of normal kidney function.123 Despite diminished concerns about 

nephrogenic systemic fibrosis in patients with impaired renal function, rare occurrence could be 

fatal and the mechanisms remain ill-defined.4 Additionally, in the context of pharmacokinetic 

models, using true intravascular contrast agents can eliminate the need to account for contrast 

leakage into the extravascular space.38 Intravascular USPIOs and extravasating GBCAs also have 

the potential to be used in concert for complementary applications and is a topic of ongoing work 

in our lab. 

 This work has several limitations. Our measurements were made at 3.0T and 

extrapolation to other field strengths can only be inferred. R2 estimation was performed 

following a multi-echo spin echo acquisition. A notable limitation of this technique is its 

sensitivity to signal perturbation due to stimulated echoes. We fit for R2 over 9 TE times chosen 
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to minimize R2 error due to stimulated echoes at short TEs and the signal noise floor at long 

TEs. While a classical spin echo acquisition provides superior accuracy of T2 and R2 estimation, 

for the purpose of comparing relative apparent r2 relaxivity constants among the three USPIO 

agents in order to determine the interchangeability for in-vivo imaging, the multi-echo spin echo 

method and the respective fitting strategy are sufficient. While Molday ION shows promise as an 

intravascular imaging agent in an in-vivo study of normal swine models, no human data are yet 

available. In the meantime, significant further work will be required to characterize the 

biodistribution and metabolism of Molday ION, its biological half-life, the optimal dose for 

various applications, and its overall safety profile before it may be considered for use in human 

subjects. Intravenous iron agents carry a risk of minor infusion reactions including chest or 

lumbar discomfort and flushing.10 Although Feraheme has been associated with serious adverse 

events including fatalities at therapeutic doses (510 mg Fe) administered as a bolus infusion over 

17 seconds,139 its safety profile for off-label diagnostic MRI in multicenter settings has been 

favorable to date.10 

8.5   Conclusion 

 Relative to clinically approved ferumoxytol formulations, Molday ION demonstrates 

similar in-vitro magnetic properties and comparable in-vivo MRI characteristics in swine at 3.0T. 

Molday ION shows promise as a candidate for further testing, development, and possible use in 

humans as a more widely available alternative to ferumoxytol. 
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Chapter 9  Conclusions 

 Emerging quantitative imaging biomarkers of ischemic heart disease have the potential to 

reshape clinical cardiovascular care. However, significant knowledge gaps and practical hurdles 

exist within cardiovascular translational imaging research. The novel preclinical animal model 

using percutaneously delivered intracoronary implants described in this work offers a success 

rate comparable to that of open-chest delivery of ameroid constrictors, allowing for more rapid 

and cost-effective studies of novel diagnostic MR imaging methods for IHD. It enabled a 

subsequent investigation of quantitative MRI stress testing, indicating that ferumoxytol contrast 

improves the diagnostic performance of T1 reactivity as a measure of myocardial ischemia. This 

work has shown that a two-compartment model is feasible for estimation of fMBV using steady-

state MOLLI T1 mapping over multiple ferumoxytol doses, and has the potential to image 

ischemia at rest, minimizing the patient discomfort and occasional serious side effects that result 

from stress testing. The technical developments in the areas of image registration and parametric 

mapping within our image processing pipeline have shifted the current state of pixelwise fMBV 

mapping toward a more integrated in-line approach. Finally, our investigation of the in-vitro and 

in-vivo MRI performance of Molday ION and a ferumoxytol generic demonstrates that these 

alternatives have strong potential as Feraheme alternatives and may help to relieve the limited 

availability and high cost of intravascular MRI contrast agents which continues to limit the 

adoption of USPIO-based techniques. The technical developments and investigations detailed in 

this work all contribute to improving the availability of high-quality noninvasive cardiac MRI for 

ischemic heart disease. 

 In addition to investigating novel imaging biomarkers of heart disease, this work helps to 

highlight existing knowledge gaps and future research directions. A novel swine model of acute 
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myocardial hypoperfusion can be used in future studies to evaluate other diagnostic MR imaging 

methods for IHD. Outside the realm of translational imaging research, this swine model could be 

used for physiology studies investigating the effect of multiple sequential stenoses, or stenoses in 

multiple arterial branches. Further investigation of implant materials, dimensions, and surface 

coatings could improve the adaptability of our 3D printed intracoronary implants for a range of 

applications within IHD research. Fractional myocardial blood volume estimation with 

intravascular agents remains a nascent field of CMR research. Following further validation in a 

large-scale clinical study, model-fitted fMBV may serve as a potential direct marker of 

myocardial tissue perfusion. This validation in patients with chronic ischemic heart disease will 

be needed to fully characterize the distribution of fMBV in ischemic and remote myocardial 

regions. Finally, significant further testing and development of Molday ION for possible use in 

humans will be necessary if it is to become a more widely available alternative to ferumoxytol. 
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APPENDIX 1 

Appendix 1.1. MRI acquisition parameters for in vitro r1 and r2 relaxometry at 3.0T 

 

Parameters 
Inversion-recovery turbo 

spin echo 

Multi-echo 

spin echo 

TI [ms] 
50, 57, 65, 75, 119, 188, 300, 

488, 669, 1000 
N/A 

TE [ms] 7.1 
14.2, 21.3, 28.4, 35.5, 42.6, 49.7, 56.8, 

63.9, 71 

TR [ms] 3000 2000 

Number of 

echoes 
1 14 

Flip angle 

[degrees] 
180, 90 90,180 

Bandwidth 

[Hz/pixel] 
1532 1953 

Resolution 

[mm] 
2.14 x 2.14 x 10 3.20 x 3.20 x 10 
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Appendix 1.2.  Flow chart for in-vivo MRI of swine. Molday ION (BioPal),  

Feraheme (AMAG), or generic ferumoxytol (Sandoz) 4mg/kg were administered 

to swine. Pre- and post-contrast imaging at 3.0T were performed using T1-weighted 

and T2-weighted pulse sequences. T1-weighted pulse sequences include 4D 

MUSIC (Multiphase Steady-state Imaging with Contrast), 3D VIBE (Volumetric 

Interpolated Breath-hold Exam), and MOLLI (Modified Look-Locker Inversion) 

T1 mapping. T2-weighted pulse sequence included HASTE (Half-Fourier-

Acquired Single-shot Turbo-spin Echo). 
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Appendix 1.3. MRI acquisition parameters for HASTE, VIBE, MUSIC, and MOLLI T1 at 3.0T 

 

Parameters HASTE VIBE MUSIC MOLLI T1 

TI [ms] ---- ---- ---- 100 - 180 

TE [ms] 72 0.92 1.19 1.08 

TR [ms] 4000 2.91 18.2 2.6 

Flip angle [degrees] 150 15 12 35 

Cardiac phases ---- ---- 15-16 ---- 

Bandwidth [Hz/pixel] 515 620 ---- 1085 

Resolution [mm3] 0.98 x 0.98 x 8 1.0 x 1.0 x1.8 1.0 x 1.0 x 1.0 0.6 x 0.9 x 8 

Acceleration factor iPAT 2 iPAT 4 

3 

6/8 Fourier in 

phase- and slice-

encoding 

directions 

iPAT 2 
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