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Abstract

Each year, over eight million patients in the USA visit the emergency department for
chest pain or angina. The most common cause of the anginal symptom is myocardial ischemia.
Traditionally, diagnosis of ischemia and the cause of angina has focused on the evaluation of
the obstruction of coronary arteries by angiography for coronary artery disease (CAD).
Nevertheless, a substantial percentage of patients with anginal symptoms and who show
ischemia on stress testing have a normal coronary angiogram.

With the recognition of ischemia without obstructive CAD, the emerging concept in
cardiology is that multiple factors including microvascular disease may be significant
contributors to myocardial ischemia, and that obstructive CAD is one of the multiple potential
causes. Indeed, studies have shown that a significant portion of ischemic patients has coronary
microvascular disease (CMD). Patients with CMD experience recurrent chest pain and have
high rates of cardiovascular events. However, the disease mechanism for CMD is not fully
understood, and there is no established treatment for CMD.

Mouse models of human heart disease are widely used to investigate molecular and
cellular mechanisms of disease and to investigate potential new therapies. Magnetic resonance
imaging (MRI) in mice enables noninvasive and serial assessment of cardiovascular physiology
and pathophysiology. In this dissertation, we aim to develop MRI methods to assess coronary
microvascular function in mice. The new imaging tools combined with gene-modified mice and
diet-induced obese mice would help study molecular mechanisms behind CMD and establish
models of CMD to test traditional or novel treatments.

Coronary microvascular endothelial dysfunction is a biomarker and subtype of CMD. In
Specific Aim 1 and 2, we developed a minimally invasive MRI method to probe coronary
microvascular endothelial function or, more specifically, of coronary microvascular endothelial

nitric oxide synthase (eNOS) function. Using this method, we demonstrated that coronary
3



microvascular eNOS dysfunction precedes impairment of myocardial perfusion reserve
(MPR) in a mouse model of impaired MPR without obstructive CAD. The results from these two

aims are summarized in Chapter 2.

Ischemia can be assessed by perfusion MRI. In Specific Aim 3, we developed an
improved perfusion MRI pulse sequence for mice, called self-gated steady-state pulsed
arterial spin labeling, that quantitatively assess mouse myocardial perfusion in under 5
minutes and without contrast agents. The development and evaluation of the pulse sequence

are summarized in Chapter 3.

Finally, in an additional project, we tested the use of nonmetallic compound nitroxides as
an alternative to gadolinium for first-pass contrast-enhanced myocardial perfusion imaging in

mice. The results of nitroxides-enhance perfusion imaging are summarized in Chapter 4.



Table of Contents

ADSTITACT .ot 3
TaDIE OF CONTENTS ...t e e e e e e e a e e e e e e 5
Abbreviations and SYMDOIS ... e 9
Chapter L INtrOAUCTION ... e 11
1.1 Coronary Microvascular DiSease (CMD)........ccuuuiiiiieeiiieeiies e 12
1.1.1 REIEVANCE OF ..cceeiiiiiiiiiiiiieeieeee ettt ettt ettt ee e 12
1.1.2 Function of Coronary MiCroVaSCUIAEUIE .............cevviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 14
1.1.3 Assessment of Coronary MiICroCirculation ............ccccoeiiieiiiiiiiiiiii e, 14
1.2.4 Treatment fOr CIMD .........oueiiiiiiiiiiiiii et e e e e e e e e e e e 17
1.1.5 MoUSE MOAEIS Of CMD .....ceeiiiiiiiiiiiiiitie ittt e e e e 18

1.2 OVEIAII GO@I ... 21
1.3 Endothelial DYSTUNCHION ........uuiiiiiiiiiiiiii e 21
1.3.1 Relevance of Endothelial DySfunCLioN .............oooiiiiiiiii e 21
1.3.2 Assessment of Coronary Endothelial Health ..., 22
1.3.3 Role of eNOS in Regulating Permeability ... 23
SPECITIC AIM L & 2.ttt 25

1.4 MRI Quantification of Myocardial Perfusion in MICe .............ciii i 26
1.4.1 First-Pass Contrast-enhanced MRI .............oooiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 26
1.4.2 Arterial Spin Labeling (ASL) MRI.......cooiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee e 31
SPECITIC ATM 3 ettt 38



Chapter 2 MRI Assessment of Coronary Microvascular Endothelial Nitric Oxide Synthase

(eNOS) Function using Myocardial TL Mapping .....ceeieeeeiieeiiiiiiie e 39
2.1 ADSITACT .. 40
2.2 INTTOTUCTION. ...ttt e e et e e e e e e ettt e e e e e e e bbb e e e e e e e e e e e s nennnees 41
2.3 IMEENOUS ...t e et e e e e 42

2.3.1 EXPENMENTAI DESIGN ...ttt nnes 42
2.3.2 ANIMAL HANAING ...t 44
2.3.3 MRI ACQUISITIONS ... cciiiiiiiiiiie e e e e e e e e e e e e ettt e e e e e e e eeereaanas 44
2.3.4 IMAGE ANAIYSIS ... e e e e e a 46
2.3.5 SEALSTCAI ANGIYSIS ...ttt bbb bbbeeebnbnnnnnnes 46
24 RESUILS ..o 47
2.4.1 NOS inhibition causes an increase in myocardial T1.........cccoeeeeiiiiiiiiiiiini e, 47
2.4.2 The LNAME-induced myocardial T1 increase is mediated through eNOS.................. 50
2.4.3 Myocardial perfusion does not change with LNAME...............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiinns 52
2.4.4 LNAME T1 mapping detects eNOS dysfunction in HFD miCe................euvveviviiiinnnnnns 53
2.5 DUSCUSSION ...ttt ettt ettt e o4 4ottt e e oo 44 bttt e e e e e e e r et e e e e e e e 55

Chapter 3 Self-gated spASL: Improved Steady-Pulsed Arterial Spin Labeling using

Retrospective Cardiac and Self-Navigated Respiratory Gating with Faster Looping

Structure for Quantification of Myocardial Perfusion in MiCe...........cccccceeeiii i, 58
L ADSIIACT ... 59
3.2 BACKgIOUNGS ... 61
BB MELNOUS ... 64



3.3.1 Self-gated SPASL PUISE SEQUENCE .....ccoeeeiiieeeiiie et e e 64

3.3.2 Retrospective Self-navigated ReCONSIIUCHION ..........cccovvviiiiiiii e 66
3.3.3 EXPErimENtal DESIGN ... 68
3.3.4 ANIMaAl HANAING ... 68
3.3.5 MRIACQUISITIONS ...ttt e e et e e e e e e e ettt e e e e e e e eaeraaaans 69
3.3.6 IMAJE ANAIYSIS ... et e 70
3.3.7 StAtiStICAl ANAIYSIS ... 71
BUA RESUILS ... 71
3.4.1 Effect of ReSPIratory Gating ...........uceeiiiieiiiiiiiiie e e e e e e e aaaas 71
3.4.2 Comparison: Self-gated SpASL versus FAIR-LL ASL ......ccoooiiiiiiiiiiiiiie e, 76
3.5 DISCUSSION ...ttt 79
3.5.1 Self-navigated ReSpPIratory GatiNg........ccooeeeeeeeaeeeeeeeee e 80
3.5.2 Comparison of Perfusion Methods .............oouiiiiiiiiiiiiccee e 81
35,3 LIMIEALIONS ..ottt e e e ettt e e e e e e e e e e e e e e eeeas 82
3.6 CONCIUSIONS ... 83

Chapter 4 First-pass Nitroxide-enhanced MRI for Imaging Myocardial Perfusion without

G O MU L 84
A1 ADSTIACT ...ttt 85
o a1 (o To (U To{ 1o ] o O PSP 85
G Y111 g To Lo £SO T PR 87

4.3.1 RelaxiVity MEASUIEIMENT ... ...ciiiiiiiiiiiee et e e e e e ettt e e e e e e e e eeeeeennns 87



4.3.2 ANIMAl EXPEIIMENT.....ouiiiiii e e e e e et s e e e e e e e e ettt eeeaeeeeeeranana s 88

4.3.3 IMAGE ANGIYSIS....cciiiiiiiiiiii et e e e e e e e a 88
A4 RESUILS ...ttt f e 89
4.4.1 RelaxiVity MEASUIEIMENT ... ..ot a e 89
4.4.2 First-pass Nitroxide-enhanced MRIIN MICE .......cooiiiiiiiiiiiiiiiii e 90
4.5 CoNCIUSION AN DISCUSSION .....ceiiiiiiiiiiiie it e et e e e e e e e e 92
Chapter 5 Conclusions and FUtUre DIr€CtIONS ........ciiiiieiiiiiiiicee e 93
5.1 CONCIUSIONS ... 94
5.1.1 Imaging Coronary eNOS Function by LNAME T1 Mapping .........cccuuvveeeeieeeeieeennnnnnnn. 94
5.1.2 Self-gated SPASL MRI N MICE.......ouuiiiiiii e 95
5.1.3 First-pass Nitroxide-enhanced MRI Myocardial Perfusion Quantification................... 95
5.2 FULUIE DIFECHIONS ....coiiiiiiiieieeee ettt 96
5.2.1 Imaging Coronary eNOS Function by LNAME T1 Mapping ..........ccuuvveeeeieeeeeeeeninnnnnn. 96
5.2.2 Improvement for Self-gated Steady State Pulsed ASL MRI in Mice..............ccouvvvnnnnn. 97
5.2.3 First-pass Nitroxide-enhanced MRI Myocardial Perfusion Quantification................... 97

Appendix A: Detection of Increased Coronary Microvascular Permeability with MRI T1

mapping and Gadolinium-labeled AIDUMIN ....... .. 98
Appendix B: List 0f PUDIICAIONS .....ccooiiiiiiic e 103
] =T =] o] = R 107



Abbreviations and Symbols
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Chapter 1 Introduction
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1.1 Coronary Microvascular Disease (CMD)

1.1.1 Relevance of

Each year, over eight million patients in the USA visit the emergency department for
chest pain or angina [1]. The most common cause of the anginal symptom is myocardial
ischemia. Traditionally, diagnosis of ischemia and the cause of angina has focused on the
evaluation of the obstruction of coronary arteries by angiography for coronary artery disease
(CAD) [2]. Nevertheless, a substantial percentage (20 to 30% [3-5] even up to 50% [6]) of
ischemic patients with angina symptoms has a normal coronary angiogram. Current evidence
shows that a significant portion of these patients has coronary microvascular disease (CMD) [7-
9]. Patients with CMD have high rates of cardiovascular events, including hospitalization for
heart failure, sudden cardiac death, and myocardial infarction (MI) [10-15]. These patients also
experience recurrent chest pain resulting in ongoing anxiety, limited exercise tolerance, and
lower quality of life, making them more likely to present to health care services for repeat
medical assessments and procedures [9, 16, 17]. Risk factors for CMD include aging [7, 9, 18],
smoking [19], obesity [20], diabetes [21, 22], hypertension [23, 24] and hyperlipidemia [25].
Findings from the Women'’s Ischemia Syndrome Evaluation (WISE) study also showed that
there is a high prevalence of CMD in women. CMD is present in approximately one half of
women with chest pain in the absence of obstructive CAD and cannot be predicted by risk
factors for atherosclerosis and hormone levels [7].

With the recognition that ischemic heart disease can occur in the presence or absence
of obstructive CAD, the emerging concept in cardiology is that several factors such as
microvascular dysfunction, endothelial dysfunction, thrombosis, inflammation and coronary
vasospasm are significant contributors to myocardial ischemia, and that obstructive CAD is just

one contributing factor [26]. This and additional editorials have proposed a paradigm shift where
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it is understood that coronary microvascular disease (CMD) due to comorbidities is an important
cause of ischemia [26] and a prevalent cause of heart failure with preserved ejection fraction
(HFpEF) [27, 28]. Specifically, comorbidities such as obesity and diabetes lead to a systemic
proinflammatory state, and subsequently causes coronary microvascular endothelial
inflammation and coronary microvascular dysfunction, which in turns promotes left ventricular

hypertrophy, remodeling, fibrosis, and stiffness, Figure 1-1 [27].

Myocardial Remodeling in HFPEF

Importance of Comorbidities

.....................................
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Figure 1-1. A novel paradigm for heart failure with preserved ejection fraction. Figure source:
Paulus, W.J. and C. Tschope, A novel paradigm for heart failure with preserved ejection fraction.

Journal of the American College of Cardiology, 2013. 62(4): p. 263-271.
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1.1.2 Function of Coronary Microvasculature

The coronary arterial system is composed of three compartments [29]. The large
epicardial coronary arteries have diameters ranging from 500 pm to 5 mm. The next level is the
prearterioles, and they have diameters ranging from 100 to 500 um. The smallest are the
arterioles whose diameters are less than 100 um. Prearterioles and arterioles make up the
coronary microcirculation. The prearterioles are responsible for maintaining pressure, and the
arterioles regulate coronary blood flow to match oxygen requirements and metabolic demands.
Under normal physiological conditions, the coronary microcirculation regulates myocardial
perfusion in response to increased demand by endothelial-dependent and —independent
mechanisms [30]. In the pathophysiological state, the inability of the vascular smooth muscle to
relax adequately at the microcirculation level indicates an endothelial-independent
microvascular dysfunction. At the same time, an attenuated increase or a decrease in coronary
blood flow in response to endothelial-dependent vasodilators such as acetylcholine (ACh)
denotes an impairment in microvascular endothelial dysfunction. These abnormalities in the
coronary microvasculature cause ischemia and chest pain in a patient with or without obstructed

coronary arteries.

1.1.3 Assessment of Coronary Microcirculation

Due to the small size of the arterioles, coronary microcirculation cannot be directly
visualized in vivo in humans. Since the microvasculature determines the coronary and
myocardial blood flow, measurement of coronary flow reserve (CFR) is an assessment of the
coronary microvascular function. Specifically, CFR is the magnitude of increase in the coronary
blood flow between baseline and maximal vasodilation. Typically, adenosine and ACh are used
to assess endothelial-independent and endothelial-dependent microvascular dysfunction,
respectively, as shown in Figure 1-2 [31]. Adenosine acts on the A2 receptor of the smooth
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muscle cell and cause smooth muscle cell relaxation [32], and ACh causes the release of nitric
oxide in the endothelium, which act on neighboring smooth muscle cells and cause
vasorelaxation [33]. An intracoronary Doppler guidewire is used to evaluate changes in coronary
blood flow in response to ACh and changes in coronary flow velocity reserve in response to
intracoronary adenosine. The intracoronary Doppler guidewire is the gold standard for
evaluating coronary microcirculation. However, the method is invasive by nature, and it is time-
consuming, technically challenging, and not available in all facilities.

Thermodilution-derived index of microcirculatory resistance (IMR) is another invasive
method for evaluating coronary microcirculation [34]. The thermodilution method estimates the
mean transit time of intracoronary injection of room-temperature saline using a coronary
pressure wire equipped with a temperature thermistors. The inverse of the hyperemic mean
transit time has been shown to be correlated with and is a surrogate of absolute coronary blood
flow [35, 36]. Study published showed that the Doppler guidewire method has superior
diagnostic accuracy and sensitivity over the thermodilution method in predicting microvascular

disease [37].
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Figure 1-2. Left: Mechanisms for endothelial-dependent vasorelaxation by nitric oxide (NO).
Right: Mechanisms for endothelial-independent vasorelaxation by adenosine. Image adapted
from: Feliciano, L. and R.J. Henning, Coronary artery blood flow: physiologic and

pathophysiologic regulation. Clin Cardiol, 1999. 22(12). p. 775-86.

The less invasive methods to assess coronary microvascular function is by measuring
myocardial perfusion reserve (MPR), which also requires the finding by angiography that the
patient does not have obstructive CAD. MPR is the ratio of myocardial perfusion at stress over
rest measured using noninvasive techniques such as positron emission tomography (PET) and
cardiac magnetic resonance imaging (MRI) analysis. Patients with angina and reduced MPR
despite normal coronary angiogram are at risk for CMD. PET scanning monitors radioactive

tracers to determine absolute myocardial blood flow [38]. For MRI, myocardial perfusion can be
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assessed by exploiting the first-pass kinetics of T1-enhancing gadolinium-based contrast agents.
During the first pass, the contrast agents diffuse into the interstitial space from the
microvasculature, resulting in an increase in signal intensity that is proportional to the perfusion.
Stress perfusion is measured during maximal vasodilation and is achieved by exercising or
administering endothelial-independent vasodilators such as adenosine and regadenoson.
Endothelial-dependent vasodilator ACh is not used to measure stress perfusion because
systematic administration ACh causes a severe drop in blood pressure beyond tolerance.
Although there is yet to be a consensus on the diagnostic cutoff for MPR, measurements of
MPR correlate well with results from invasive measurements [39, 40], and patients with the
lowest MPR values have worse prognosis [41, 42]. Other noninvasive methods to measure
MPR include transthoracic Doppler echocardiography and contrast echocardiography; however,

both methods suffer from excessive variability [43, 44].

1.1.4 Treatment for CMD

There is no established treatment for CMD. Current approaches to CMD treatment
include reducing risk factors and incorporating atherosclerosis-treatments or angina-treatments
that were developed and targeted at treating CAD. There is little evidence to support the
effectiveness of the current treatment strategies for objectively-defined CMD [45]. Treatments
targeting the renin-angiotensin-aldosterone system (RAAS), including Eplerenone and Enalapril
have been tested as a CMD treatment, and are believed to be able to modulate the coronary
microvascular tone by inhibiting angiotensin Il which is a potent coronary vasoconstrictor [46-49].
Nitric oxide modulators, such as L-Arginine and Sildenafil that strengthen the guanylate cyclase
signaling pathway and support endothelial nitric oxide mediation of coronary microvasculature
tone has also been shown to improve CFR, but the improvements are not always significant [50-

52]. Statins, with its anti-atherosclerotic effects, has been tested for its potential therapeutic
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effects in CMD patients, but the improvements are not always significant [53-56]. Other studies
have also examined estrogens, alpha-blockers, beta-blockers, and nitrates. Overall, there is still
a lack of established treatment for CMD. A better understanding of the mechanisms underlying

CMD is needed in order to facilitate the discovery and development of effective therapies.

1.1.5 Mouse Models of CMD

Despite the prevalence of CMD, the underlying disease mechanism is not fully
understood, and there is no established treatment. Mouse models of human heart disease are
widely used to investigate molecular and cellular mechanisms of diseases and to investigate
potential new therapies. Mouse models are used extensively in research because of the
similarities in the mouse cardiovascular systems to that of humans, the low cost of mouse
studies, and the relative ease and success of genetic manipulation of mice [57, 58]. The
experimental mouse models with microcirculation impairment can be divided into two types: 1)

diet-induced obesity mouse models and 2) transgenic or knockout mouse models.

Mouse Model of Diet-induced Obesity

Obesity is one of the risk factors for microvascular dysfunction. A variety of rodent diets
that induce obesity, including high-fat diet (HFD), high-fat high-sucrose diet (HFHSD), and high

cholesterol diet (HCD), have been shown to also cause impaired microvascular function.

HED mice: Mice fed an HFD are emerging as a common model of human obesity and diabetes.
Aoqui et al. showed that mice fed an HFD (51% fat) for eight weeks show weight gain, blood
pressure elevation, and microvascular endothelial dysfunction characterized by blunted
response to ACh [59]. Furthermore, Naresh et al. showed that C57BI/6 mice fed an HFD (60%

fat) for 18—-24 weeks have progressively increased LV mass and impaired MPR with fibrosis,
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normal capillary density, and no aortic plaque. These results establish C57BI/6 mice fed an HFD

as a model of impaired MPR without obstructive CAD due to obesity and diabetes.

HCD mice: Stokes et al. showed that mice fed an HCD (1.25% cholesterol, 15.8% fat) for just

three weeks have a significant increase in inflammation compared to control, measured by the
number of leukocytes per area of vessel wall and tissue [60]. Additionally, the HCD mice have
significant impairment of endothelial-dependent vascular relaxation to ACh in arterioles

measured using intravital microscopy [60].

HFEHSD mice: Longitudinal follow-up in mice fed an HFHSD (35 % fat, 34% high sucrose)
showed that these mice developed cardiac dysfunction and a lower cardiac perfusion after four

months of HFHSD feeding [61].

Transgenic Models

Models of genetically altered mice have also been shown to develop impaired

microvascular function [62].

Db/db mice: Diabetes mellitus is associated with vascular complications, including impaired
microvascular endothelial-dependent relaxation. The db/db mice have a mutation in leptin
receptor and is a well-accepted model of type Il diabetes. Starting at 24 weeks of age, db/db
mice demonstrate left ventricular contractile dysfunction with preserved cardiac output and
ejection fraction [63]. It has also been shown that the db/db mice have impaired coronary
microvascular function assessed by examining isolated coronary arterioles [64]. Additionally,
ACh-induced and capsaicin-mediated vasodilation is attenuated compared to wild-type controls,

suggesting impaired endothelial-dependent vascular dysfunction [65, 66].
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Sickle (BERK) mice: In sickle cell disease, intravascular sickling and attendant flow

abnormalities lead to chronic inflammation and vascular endothelial abnormalities. It has been
shown that transgenic-knockout Berkeley (BERK) mice have increased oxidative stress and

attenuated vascular responses to NO-mediated vasoactive stimuli [67].

TRPV1(-/-) mice: DelloStritto et al. showed that TRPV1 signaling is a regulator of coronary

blood flow to metabolism [66]. Contrast echocardiography showed that H,O,-induced
vasodilation was inhibited in TRPV1(-/-) mice. Moreover, in wild-type control mice the H,O,-

induced dilation in coronary microvessels was blocked by the TRPV1 antagonist [66].

SHR rats: In spontaneously hypertensive rats (SHR), an excess of oxidative stress is
characterized by high production of free radicals, which is associated with endothelial
dysfunction. Using this animal model, Neglia et al. showed that treatment with an anti-

hypertensive drug leads to improvement in coronary blood flow [68].
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1.2 Overall Goal

The overall goal of this dissertation is to develop MRI methods to assess coronary

microvascular function in mouse models of CMD. MRI in mice enables noninvasive and

serial assessment of cardiovascular physiology and pathophysiology. The new imaging tools
combined with gene-modified mice and diet-induced obese mice would help study molecular
mechanisms behind CMD and establish models of CMD to test traditional or novel treatments.
Since CMD can be attributed to coronary endothelial-dependent dysfunction and coronary
endothelial-independent dysfunction, we aim to develop noninvasive imaging tools to assess

both aspects of CMD.

1.3 Endothelial Dysfunction

1.3.1 Relevance of Endothelial Dysfunction

The vascular endothelium is a monolayer of squamous epithelial cells that lines the
interior surface of blood vessels. It is not only a physical barrier between circulating blood and
vessel wall and underlying tissue, but it is also involved in multiple functions critical to vascular
biology. Through the production of bioactive factors (most notably production of nitric oxide (NO)
by endothelial nitric oxide synthase (eNOS)), the vascular endothelium closely regulates vessel
tone, blood flow, and microvascular permeability. Because the endothelium is involved in such
a wide range of facets maintaining the homeostasis of the body, its dysfunction is associated
with a broad spectrum of human diseases and cardiovascular risk factors, including smoking [69,

70], hypercholesterolemia [71, 72], hypertension [73-75], hyperglycemia [76], familial history of
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atherosclerosis [71, 77], obesity [78, 79], elevated C-reactive protein [80], and chronic systemic
infection [81-83].

Because coronary endothelial dysfunction is an early and sensitive biomarker of disease
progression [84-89], it has been called a “barometer” of cardiovascular health [90]. It has been
shown that coronary endothelial dysfunction precedes diseases such as atherosclerosis [77, 84,
91] and is an independent predictor of cardiac events [7, 84-86, 92-96]. Suwaidi et al. found that
14% of the patients with severe coronary endothelial dysfunction, assessed by intracoronary
ultrasound, had cardiac events during the 28-month follow-up, compared with no cardiac events
in patients with mild to moderate endothelial dysfunction [86]. In a study of 147 patients
undergoing an assessment of coronary endothelial function, 30% of the patients with CMD
developed obstructive CAD at the 10-year follow-up [95]. Endothelial dysfunction is also highly
prevalent in angina patients with nonobstructive CAD. Tremel and colleagues showed that in a
study of 139 angina patients with nonobstructive CAD, 44% had endothelial dysfunction [97]. In
addition, Ong et al. showed that 24.2% of patients with nonobstructive CAD had microvascular

endothelial dysfunction [98].

1.3.2 Assessment of Coronary Endothelial Health

Strategies that identify coronary endothelial dysfunction can provide valuable information
for better understanding of vascular biology, pathophysiology, and evaluation of therapy. There
are several techniques for assessing endothelial function in the peripheral arteries [73, 77, 99].
However, the correlation between peripheral and coronary endothelial dysfunction is modest
[100, 101]. The gold standard in vivo method for measuring coronary endothelial function is
through invasive cardiac catheterization [102]. This technique uses quantitative coronary
angiography to detect coronary artery dilatation in response to endothelial-dependent

vasodilators such as ACh. In normal blood vessels, ACh causes vasodilation by stimulating
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eNOS to increase endothelium-derived NO, and NO causes smooth muscle cell dilatation.
Reduction or absence of endothelial-dependent dilatation indicates endothelial dysfunction.
Non-invasive imaging methods have been investigated to probe coronary endothelial
function. Myocardial perfusion measured by PET can quantify absolute myocardial blood flow
(MBF). However, the value of MBF is affected by epicardial vessels, resistance vessels, and the
endothelium [103], accordingly, this method does not single out the endothelial effect from the
total response. Coronary MRI is another technique investigated to measure endothelial health.
Hayes and colleague quantitated coronary cross-sectional area and blood flow before and
during isometric handgrip exercise, an endothelial-dependent stressor. Experiments were
conducted in 20 healthy adults and 17 patients with coronary artery disease (CAD) [104].
Results showed that in healthy adults, coronary arteries dilated and flow increased with
endothelial-dependent stress; while in CAD patients, coronary artery area and blood flow
decreased with stress. None of the noninvasive methods investigated yet has the ability to
probe the coronary microvascular endothelial function. We proposed that a potential way to
interrogate coronary microvascular endothelial function may be to probe the role of eNOS in

microvascular permeability.

1.3.3 Role of eNOS in Regulating Permeability

The vascular endothelium is an active paracrine, endocrine, and autocrine organ. In
addition to regulating vessel diameter, the vascular endothelium also regulates the passage of
cells and macromolecules from blood to tissue. Nitric oxide (NO) is an important protective
molecule that mediates endothelial regulation of vascular homeostasis. eNOS is responsible for
the generation of the majority of NO in the vascular endothelium [105]. The eNOS-mediated
production of NO regulates multiple vascular functions, two of which are controlling vessel

diameter and microvascular permeability [106-108]. In an inflammatory state, the vascular
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endothelium, particularly eNOS, becomes a major target of reactive oxygen species (ROS).
Oxidative stress causes eNOS to go through a process called eNOS uncoupling, converting
eNOS from an enzyme that produces NO- to producing superoxide anion. Reduced eNOS
expression and NO bioavailability is directly associated with endothelial dysfunction [109], and
causes an abnormal balance between vasodilators and vasoconstrictors, and increases
vascular endothelial permeability [85, 110]. Studies show that in animals, inhibition of eNOS
with pharmacological agents such as N®-nitro-L-arginine methyl ester (LNAME) leads to
increases in protein effluxes and microvascular fluid [106-108].

Currently, the direct measurement of coronary microvascular permeability in animals
requires sacrificing animals at each time point. The Miles assay is the gold standard in vivo
measurement to assess blood vessel permeability. It requires intravenous injection of Evans
blue dye and a 30-minute waiting period, followed by organ collection. Then the Evans blue dye
is extracted from the organ of interest, and the amount of Evans blue dye extravasated in
interstitial tissue is quantified [111]. The invasive nature of the Miles assay prevents serial
studies of endothelial dysfunction and has no potential to translate to human studies.

The nuclear magnetic resonance (NMR) spin-lattice relaxation time, or T1, characterizes
the rate at which the longitudinal component of the nuclear magnetic moment recovers towards
its thermodynamic equilibrium. The T1 value depends on the mobility of water in the lattice, and
increased mobility leads to an increase in T1 [112]. MRI T1 mapping of the heart under baseline
conditions reflects the normal homeostatic state of the coronary microvasculature.
Pharmacological inhibition of NOS rapidly depletes the local vessel wall NO concentration
causing a rapid increase in microvascular permeability resulting in more protein efflux from
blood to the extracellular space [106-108]. This movement of protein is accompanied by
microvascular fluid efflux [107, 108]. The increase in interstitial water content in the tissue may

be detected using MRI due to the elevation in the native myocardial T1 [113, 114]. Based on
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this effect, we hypothesized that detection of an increase in myocardial T1 between baseline
and NOS inhibition reflects a properly functioning eNOS system, i.e., one that actively maintains
microvascular barrier integrity at baseline. Following this reasoning, a blunted change in
myocardial T1 between baseline and NOS inhibition would be indicative of coronary endothelial
dysfunction. This dissertation seeks to develop and apply these novel concepts through the

following specific aims:

Specific Aim 1: To test the hypothesis that inhibition of eNOS causes an increase in

myocardial T1.

(1A) Test the hypothesis that nonselective inhibition of NOS causes an increase in myocardial
T1 by performing myocardial T1 mapping measurements in WT mice pre- and post-NOS

inhibition.

(1B) Perform T1 mapping measurements before and after injection of a NOS inhibitor in eNOS-
deficient (eNOS-/-) mice. Significantly blunted changes in AT1 in eNOS-/- mice would provide

strong evidence that eNOS is a major regulator of the system.

(1C) The increase in myocardial T1 after NOS inhibition could potentially also be due to
vasodilatory effects. We will rule out this possibility by performing quantitative first-pass

contrast-enhanced perfusion MRI with and without NOS inhibition.

Specific Aim 2: To test the hypotheses that (a) T1 mapping with NOS inhibition can

detect coronary endothelial dysfunction in high-fat-diet (HFD) mice and (b) coronary

endothelial dysfunction occurs before the onset of impaired perfusion reserve in HFD

mice.

The results from these two aims are summarized in Chapter 2. The pilot study that inspired the

LNAME T1 mapping technique is summarized in Appendix A.
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1.4 MRI Quantification of Myocardial Perfusion in Mice

MRI perfusion imaging is the most promising non-invasive imaging technique to
diagnose ischemic heart disease [115, 116]. Compared to PET, CMR has the advantage of
better spatial and temporal resolution, lack of ionizing radiation, and wider scanner availability
[41, 115, 117]. Myocardial contrast echocardiography [43] and Doppler echocardiography have
also been shown to be able to quantify myocardial perfusion, but these methods suffer from
excessive variability. Stress perfusion is measured during maximal vasodilation and is typically
achieved by administering endothelial-independent vasodilators such as adenosine and
regadenoson, therefore, assessing the endothelial-independent aspect of CMD.

Myocardial perfusion can be quantified using two MRI techniques, namely first-pass
contrast-enhanced MRI and arterial spin labeling MRI. Both techniques are applicable to human
and mice. Since the focus of this dissertation in on developing mouse MRI methods, a brief

introduction of the two methods in mouse imaging is presented below.

1.4.1 First-Pass Contrast-enhanced MRI

First-pass gadolinium-enhanced perfusion MRI is an established technique for
measuring myocardial perfusion and perfusion reserve in humans [118, 119]. First-pass
perfusion in mice is more challenging due to their fast heart rate (300-800 beats/minute). Recent
developments in the fast imaging techniques and spiral readout scheme made it possible to
guantify myocardial perfusion in mice using first-pass MRI [120-122].

The first-pass method acquires serial images as an intravenously administered bolus of
gadolinium contrast agent travel through the cardiac chambers and myocardium. The
gadolinium contrast agents have a T1 shortening property; combined with a T1-weighted MRI

pulse sequence, a bright signal is generated from gadolinium. As can be seen in the sample
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images from a mouse first-pass perfusion study (Figure 1-3 [123]), the gadolinium contrast
agent migrates through the right-sided cardiac chambers, followed by the left-sided chambers,

and ultimately the myocardium [120].

Figure 1-3. Example CS-accelerated dual-contrast first-pass MR images obtained from a

mouse. Image source: Naresh, N.K., et al., Repeatability and variability of myocardial perfusion
imaging techniques in mice: Comparison of arterial spin labeling and first-pass contrast-

enhanced MRI. Magn Reson Med, 2015.

To quantify absolute blood flow, a measurement of the Arterial Input Function (AIF) is
needed. The AIF describes the contrast agent input to the tissue of interest, and in myocardial
perfusion imaging the AlF is estimated from the blood pool signal. To avoid saturation of the
contrast in the AIF measurement, either a dual-contrast pulse sequence or dual-bolus protocols
is used. A dual-bolus technique uses a low dose injection of the contrast agent to measure the
AIF followed by a high dose contrast agent injection to measure the myocardial tissue function
(TF) [124]. A dual-contrast acquisition, on the other hand, uses only one injection of high dose
contrast agent. However, it measures the AIF using a short saturation delay and the TF using a
longer saturation delay, as shown in Figure 1-4 [120]. To acquire both AlIF and TF within one

cardiac cycle at the fast heart rate of mice, compressed-sensing (CS) accelerated imaging with
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k-space and time domain undersampling is used to achieve adequate spatial and temporal

resolution [125].

RR interval ~ 120ms

- >
TD, = 15ms
>
TD, =57 ms

_< el

AIF TF
~25 ms|] ~36 ms

Figure 1-4. Diagram for the CS-accelerated dual-contrast first-pass MRI pulse sequence. A
saturation pulse is applied after detection of the R wave, and thereafter AIF and TF are acquired
at different saturation delays at TD, and TD+ respectively. Both AIF and TF are CS-accelerated,

and acquired within one cardiac cycle. Image source: Naresh, N.K., et al., Accelerated dual-

contrast first-pass perfusion MRI of the mouse heart: development and application to diet-
induced obese mice. Magn Reson Med, 2015. 73(3): p. 1237-45. Naresh, N.K., et al.,
Accelerated dual-contrast first-pass perfusion MRI of the mouse heart: development and

application to diet-induced obese mice. Magn Reson Med, 2015. 73(3): p. 1237-45.
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Example first-pass AIF and TF curves are shown in Figure 1-5 [123]. To quantify MBF,
mathematical models of contrast dynamics are used, of which the Fermi deconvolution is the
most common [126]. The AIF and TF curves in gadolinium concentration are calculated by first
normalizing the signal intensity of blood and myocardium by that of the proton density weighted
images, then converting the normalized signal intensity to T1, and finally converting T1 values to
gadolinium concentrations [127]. Using this method, perfusion can also be estimated on a pixel-

by-pixel level and produce perfusion maps as shown in Figure 1-5 [123].
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Figure 1-5. Example first-pass AlF (a) and TF (a,b) obtained from a mouse heart. Example
pixel-by-pixel perfusion map obtained using first-pass MRI from a mouse at rest (c). Image
source: Naresh, N.K., et al., Repeatability and variability of myocardial perfusion imaging
techniques in mice: Comparison of arterial spin labeling and first-pass contrast-enhanced MRI.

Magn Reson Med, 2015.

One important limitation of the first-pass contrast-enhanced MRI method is the use of
gadolinium contrast agents. Gadolinium is contraindicated in patients with severely impaired
renal function and can lead to organ fibrosis and failure. In mouse imaging, intravenous

administration of contrast agent requires establishing an indwelling tail vein catheter, which is
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time-consuming and technically challenging. Additionally, the use of contrast agent prevents
perfusion to be measured continuously. Therefore, contrast-free perfusion MRI methods are
needed. Another draw-back of first-pass MRI is that the mathematical modeling of contrast
dynamics is relatively complex. An imaging method whose measured signal is directly

proportional to perfusion would be desirable.

1.4.2 Arterial Spin Labeling (ASL) MRI

Arterial spin labeling (ASL) is an MRI technique that quantifies tissue blood flow without
contrast agents. It is compatible with stress testing and can be performed repeatedly. While ASL
myocardial perfusion imaging is still challenging in human, it has been performed with great
success in quantifying myocardial perfusion in small animals. The key behind this ASL method
is the use of radiofrequency (RF) pulses to modify the longitudinal magnetization of arterial
blood, creating an endogenous tracer from the labeled blood. Images of the target tissue are
acquired with and without the effect of the labeled blood. The difference between the two sets of
images reflect the amount of blood flow to the target tissue. With the appropriate RF pulses,

readout scheme and perfusion model, MBF can be quantitated using the ASL method.

1.4.2.1 Flow Alternating Inversion Recovery Look-Locker (FAIR-LL) ASL

Flow Alternating Inversion Recovery Look-Locker (FAIR-LL) ASL is a well-established
method for quantifying myocardial perfusion in mice [128, 129]. The FAIR-LL ASL method
guantifies MBF by measuring the effect of blood flow on apparent myocardial T1 relaxation. As
shown in Figure 1-6 [123, 130], the FAIR-LL ASL imaging method consists of two inversion
recovery measurements. In the first measurement the labeling zone is only around the imaging

slice, denoted as slice-selective ‘SS,” and in the second measurement the inversion is global,
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denoted as nonslice-selective ‘NS.’” Look-Locker image acquisitions are gated to ECG R-waves
and be gated to the quiescent period of respiration as well [129]. The faster heart rate in mice
compared to humans is advantageous in the FAIR-LL ASL acquisition because it allows
magnetization recovery to be sampled at better temporal resolution. Example images from a
mouse FAIR-LL ASL scan are shown in Figure 1-6 [123, 130]. Images shown are following the

SS (top) and NS (bottom) inversion pulses, and at different inversion times.

General Look-Locker scheme
M, 1 [I Readout module

‘ Inversion pulse
Magnetization
ime

[ Imaging slice

Inversion zone

TI=797 ms TI=1874 ms

Figure 1-6. Flow Alternating Inversion Recovery Look-Locker (FAIR-LL) arterial spin labeling
(ASL) imaging scheme. Example images shown are following the SS (top) and NS (bottom)
inversion pulses, and at different inversion times. Image adapted from Kober, F., et al.,
Myocardial arterial spin labeling. Journal of Cardiovascular Magnetic Resonance, 2016. 18(1): p.

22.and Naresh, N.K., et al., Repeatability and variability of myocardial perfusion imaging
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techniques in mice: Comparison of arterial spin labeling and first-pass contrast-enhanced MRI.

Magn Reson Med, 2015.

To quantify MBF, myocardial T1 relaxation curves following the SS and NS inversion
pulse are extracted from the LL images. The shift between NS and SS T1 relaxation data
depends on tissue perfusion, and the shift increases in response to vasodilatation (Figure 1-7
a ,b). Quantitatively, myocardial perfusion (P) can be calculated in units using the following

equation [131]:

p_ T < 11 )-/1
Tiprooa \T1,ss  Tins
Where Ty ys and T g5 are the myocardial T1 following the NS and SS inversion pulses
respectively; T, p1004 1S the blood pool T1; and the partition coefficient A is estimated at 0.95.
MBF can also be quantified using tracer-kinetic modeling [123]. Example difference curves of

the NS and SS curves are shown in Figure 1-7 c. By and putting the difference curves through

an ASL kinetic model, MBF and perfusion map can be calculated as shown in Figure 1-7 [123].
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Figure 1-7. Representative T1 curves obtained from a mouse at rest (a) and stress (b) after a
nonselective (blue circles) and slice-selective (red circles) inversion. (¢) Example difference data
and fits to the kinetic ASL model obtained from a mouse at rest (blue) and at stress
(red). (d) Example pixel-by-pixel perfusion map obtained using ASL from a mouse at rest. Image
source: Naresh, N.K., et al., Repeatability and variability of myocardial perfusion imaging
techniques in mice: Comparison of arterial spin labeling and first-pass contrast-enhanced MRI.

Magn Reson Med, 2015.
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One limitation of the FAIR-LL ASL method is the long scan time. The inverted
myocardial magnetization takes approximately 6 to 7 seconds to recover. In order to fully
sample the k-space, the inversion recovery process needs to be repeated a number of times,
equal to the number of phase-encode lines or interleaves and multiply by the number of
averages. As a result, the FAIR-LL ASL method has long acquisition time. For example, our
standard FAIR-LL ASL protocol for mouse myocardial perfusion, if applied without acceleration,

takes more than 1 hour to complete.

1.4.2.2 Steady-state Pulsed ASL (spASL)

Recently, steady-state pulsed ASL (spASL) or cine-ASL was introduced as a faster ASL
method to measure MBF in mice [132]. In contrast to FAIR-LL ASL, which measure how
perfusion affects the apparent T1 relaxation, spASL measures how perfusion affects the
gradient echo steady state. The design of the spASL pulse sequence is show in (Figure 1-8
[132]). The basis sequence for spASL is the cine-GRE sequence. Except in one of the gradient
readout, the readout part is substituted with a regional selective inversion pulse. The
myocardium is imaged at steady state under two contrasts. In the first contrast called “tag,” the
inversion recovery slab is strategically placed above the atria and aorta region, and as a result,
blood is inverted and appears dark. In the second contrast called “control,” the inversion
recovery slab is placed symmetric with respect to the short axis imaging slice, to account for any
magnetization transfer effect. Under the control contrast the blood is not inverted and appears
bright. The combination of steady-pulsed labeling and cine readout drives tissue magnetization
into a steady state regime, and the difference of myocardial signal under these two contrasts is

explicitly depends on MBF.
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Figure 1-8. Schematic description of the original SpASL pulse sequence. Image source: Troalen,
T., etal., Cine - ASL: A steady - pulsed arterial spin labeling method for myocardial perfusion

mapping in mice. Part |. Experimental study. Magnetic resonance in medicine, 2013. 70(5): p.

1389-1398.

The normalized myocardial signal intensity under tag and control are shown in Figure 1-
9 [132]. The normalized difference between the two curves under steady state AM,,/MS, can be

used to calculate myocardial blood flow with the following equation:

AM,
AM M¢E
MBF = = i
Tl MO Zﬁ _ [00)
Mg,

Where g is the blood tagging efficiency and can be estimated from the blood pool signal
intensities at the two contrasts. Other parameters in the equation including A (= 0.95), Mss and

T1* which can be estimated using the following equations
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Figure 1-9. Dynamic MR signal behavior during tag and control scan of a SpASL experiment

Image source: Troalen, T., et al., Cine - ASL: A steady - pulsed arterial spin labeling method for

myocardial perfusion mapping in mice. Part I. Experimental study. Magnetic resonance in

medicine, 2013. 70(5): p. 1389-1398.

While the original spASL design paper proposed a very promising technique, there are

opportunities to further improve upon the original design.
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(1) The original spASL sequence uses a readout scheme that interleaves between the control
and tag contrast. This interleaving looping structure requires re-establishment of steady-state
twice for each phase encode. Since the transition to steady state is not needed for quantification,

the interleaving looping structure introduced large scan inefficiencies.

(2) Respiratory motion during image acquisition introduces significant artifact. For ECG-
triggered spASL, the accuracy of perfusion quantification may be especially reduced when
imaging diseased animals with deeper and irregular respiratory motion, such as HFD mice or

mice with myocardial infarction.

(2) The original spASL sequence is triggered by the ECG signal. As a result, depending on the
heart rate variation, there is a 20 to 50 ms gap between the end of the readout train and the
following ECG trigger. During this time, the myocardial magnetization deviates from the steady
state due to the absence of continuous RF pulses. Since perfusion quantification depends on
the steady state signal intensity, inaccurate estimation of the steady state signal would lead to

inaccurate estimation of perfusion.

Thus, this dissertation seeks to address these opportunities and develop an improved spASL

pulse sequence through the following specific aim:

Specific Aim 3 is to develop an improved MRI perfusion method for the mouse heart to

facilitate future studies that may investigate the kinetics of impaired MPR and CMD.

Specifically, we sought to develop an improved spASL sequence that further accelerates the
original spASL sequence, eliminates the gap between the readout is train and ECG trigger to
allow true continuous imaging, and accounts for respiratory motion. The design and evaluation

of the new sequence are summarized in Chapter 3.
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Chapter 2 MRI Assessment of Coronary Microvascular
Endothelial Nitric Oxide Synthase (eNOS) Function using
Myocardial T1 Mapping

Note: The content in chapter 2 has been published in Magnetic Resonance in Medicine
and the formal publication can be accessed using the following DOI link:

Cui, S. X. and Epstein, F. H. (2018), MRI assessment of coronary microvascular
endothelial nitric oxide synthase function using myocardial T; mapping. Magn. Reson.
Med, 79: 2246-2253. doi:10.1002/mrm.26870
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2.1 Abstract

Purpose: Endothelial nitric oxide synthase (eNOS) plays a central role in regulating vascular
tone, blood flow, and microvascular permeability. Endothelial dysfunction, including eNOS
dysfunction, is an early biomarker of vascular disease. This study aimed to show that
myocardial T1 mapping during nitric oxide synthase (NOS) inhibition could assess coronary

microvascular eNOS function.

Methods: Wild-type (WT) mice, eNOS™ mice, and WT mice fed a high-fat diet (HFD) underwent
T1 mapping at baseline and for 20 minutes after injection of LNAME, a NOS inhibitor. First-pass

perfusion MRI was performed in WT mice at baseline and 5 minutes after LNAME injection.

Results: T1 mapping detected an increase in myocardial T1 five minutes after 4 mg/kg LNAME
injection compared to baseline in control mice (T1=1515+30 ms with LNAME vs. T1=1402+30
ms at baseline, P<0.05). No change in myocardial T1 after LNAME injection was observed in
eNOS™ mice. The change in T1 after LNAME injection was less in HFD mice (AT1=31+14 ms
at 12 weeks of diet and AT1=16+17 ms at 18 weeks of diet) compared to mice fed a standard
diet (AT1=113+15 ms), with P<0.05. First-pass MRI measured similar perfusion at baseline and

5 minutes after LNAME injection.

Conclusion: NOS inhibition causes an increase in myocardial T1 in healthy mice, and this
effect is mediated through eNOS. T1 mapping during NOS inhibition detects coronary

microvascular eNOS dysfunction in HFD mice. T1 mapping during NOS inhibition may be
useful in preclinical studies aiming to investigate mechanisms underlying and therapies for

coronary microvascular eNOS dysfunction.
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2.2 Introduction

The vascular endothelium is a monolayer of cells that line the inner surface of blood vessels.
Endothelial nitric oxide synthase (eNOS), an enzyme that produces nitric oxide (NO) in the
vascular endothelium, plays a central role in regulating vascular properties such as tone,
regional blood flow, and microvascular permeability. Cardiovascular risk factors such as obesity
[133], diabetes mellitus [134] and hypertension [135] lead to excess production of superoxide or,
more generally, reactive oxygen species, in the vascular wall. The resulting vascular oxidative
stress leads to a process referred to as eNOS uncoupling, where eNOS dysfunction occurs, and
eNOS is converted from a NO producer to a superoxide producer [136]. Under these conditions,
the central roles of eNOS in endothelial function are compromised, and instead of promoting
vascular health, eNOS contributes to oxidative stress and endothelial dysfunction. A minimally-
invasive imaging method to assess eNOS function would enable the study of mechanisms
leading to eNOS dysfunction and of potential therapies targeting eNOS, as eNOS dysfunction
presently is not fully understood and there are limited therapies that promote normal eNOS
function.

Prior studies have shown that pharmacological inhibition of NOS with agents such as N°-
nitro-L-arginine methyl ester (LNAME) rapidly depletes the local vessel wall NO concentration,
leading to a rapid increase in microvascular permeability, protein efflux from the blood to the
extracellular space, and microvascular fluid efflux [106-108, 137-139]. We hypothesized that
MRI T1 mapping of the heart during NOS inhibition could detect changes in compartmental
water content resulting from acute changes in microvascular permeability and fluid efflux.
Furthermore, we hypothesized that these changes are mediated through eNOS and would be
diminished in a disease state with eNOS dysfunction. The overall goal of this study was to show
that T1 mapping during pharmacological NOS inhibition could be used to assess vascular eNOS

function in the heart.
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2.3 Methods

2.3.1 Experimental Design

We first sought to show that T1 mapping of the heart during NOS inhibition could detect an
increase in myocardial T1. For these studies, healthy 19-week-old male wild-type (WT) C57BI/6
mice underwent T1 mapping before and after injection of a NOS inhibitor. The pharmacological
agent LNAME was chosen as the NOS inhibitor as it is tolerated by both animals [106, 138, 140,
141] and humans [142] when injected intravenously and is commercially available (Sigma-
Aldrich, St. Louis, MO. Product number: N5751). LNAME was dissolved in sterile saline, and
two doses of LNAME, 2 mg/kg (n = 8) and 4 mg/kg (n = 6) were tested. The bolus
concentrations were 1 mg/mL and 2 mg/mL, respectively, and the total injection volume ranged
from 55 to 60 pL. The data acquisition protocol for the LNAME T1 mapping experiments is
shown in Figure 2-1A.

Next, we tested the hypothesis that the change in myocardial T1 during NOS inhibition is
mediated specifically through eNOS. For these studies, we performed experiments in 13-week-
old male eNOS knockout (eNOS™) mice on a C57BI/6 background (n = 7) (Jackson Laboratory,
Bar Harbor, Maine. Stock number: 002684 | eNOS KO) using the LNAME T1 mapping protocol

described above and with an LNAME dose of 4 mg/kg.
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Figure 2-1. Schematic timing diagram of (A) the LNAME T1 mapping experiments, and (B) the

LNAME first-pass perfusion experiments.

Previous studies have shown that pharmacological agents such as adenosine that cause
vasodilation and changes in vascular tone and perfusion can also cause a detectable increase
in myocardial T1 [143]. To exclude the possibility that increases in myocardial T1 during NOS
inhibition may be due to potential vasodilatory effects, we measured myocardial perfusion at
baseline and during NOS inhibition using gadolinium-enhanced first-pass perfusion MRI [120] in
male WT control mice (n = 6). As shown in the data acquisition protocol for the LNAME first-
pass perfusion experiments (Figure 2-1B), baseline and post-LNAME first-pass perfusion
images were acquired within the same imaging session, and each used a 0.1 mmol/kg dose of
Gd-DTPA. The bolus concentration of Gd solution was 0.05 M. The total injection volume, which
included two injections of Gd solution and one injection of LNAME solution, ranged from 160 to
180 pL. A 15-minute waiting period between first-pass measurements was employed to allow
contrast agent wash out. Post-LNAME perfusion was measured 5 minutes after intravenous

injection of LNAME to match the timing of the LNAME T1 mapping experiment.
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Finally, we sought to show that LNAME T1 mapping could detect eNOS dysfunction in a
mouse model of cardiac microvascular disease. For the disease model, we chose male
C57BL/6 mice fed a high-fat diet (HFD), as this model exhibits hallmarks of diabetic
cardiomyopathy [144, 145], and has previously been shown to develop coronary endothelial
dysfunction [146-148]. To test the hypothesis that T1 mapping with NOS inhibition can detect
coronary microvascular eNOS dysfunction in HFD mice, mice underwent HFD feeding (60%
calories from fat, Diet 12492, Research Diets Inc., New Brunswick, NJ) for 12 (18-week-old, n =
10) and 18 weeks (24-week-old, n=10), and at each time point MRI T1 mapping with 4 mg/kg

LNAME was performed. The LNAME solution injection volume ranged from 65 to 110 pL.

2.3.2 Animal Handling

All animal studies were performed under protocols that comply with the Guide for the Care
and Use of Laboratory Animals (NIH publication no. 85-23, Revised 1996) and were approved
by the Animal Care and Use Committee at our institution. An indwelling tail vein catheter was
established to deliver LNAME (Sigma-Aldrich Biotechnology, St Louis, MO, USA) and/or Gd-
DTPA (Magnevist, 0.1 mmol/kg body weight) during MRI. Body temperature was maintained at
36 £ 0.5°C using circulating warm water, and anesthesia was maintained using 1.25%

isoflurane in O, during MRI.

2.3.3 MRI Acquisitions
MRI was performed on a 7T Clinscan system (Bruker, Ettlingen, Germany) using 30-mm or
35-mm diameter birdcage RF coils and an MR-compatible physiological monitoring and gating

system for mice (SA Instruments, Inc., Stony Brook, NY). The larger diameter RF coil was used
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when necessary to accommodate the heavier HFD mice. Localizer imaging was performed to
select a mid-ventricular short-axis slice.

T1 mapping MRI was performed using a spiral Look-Locker T1-mapping method for mice
combined with cardio-respiratory gating, as previously described [123]. The technique uses
fuzzy-clustering of spiral k-space interleafs [129] to ensure accurate T1 estimation even with
varying respiratory or heart rate. Imaging parameters included: TR =7 s, TE = 0.67 ms, flip
angle = 3°, field of view (FOV) = 30 x 30 mm?, number of averages = 3, number of spiral
interleaves = 84, interleaves per heartbeat = 3 and in-plane resolution = 0.23 x 0.23 mm?. Using
k-t undersampling with randomness and a low-rank compressed-sensing reconstruction [125],
the acquisition was rate-2 accelerated, providing a scan time of 7 minutes.

First-pass gadolinium-enhanced MRI was performed using a dual-contrast saturation-
recovery sequence with k-t undersampling and a motion-compensated compressed sensing
reconstruction algorithm as recently described [120]. Briefly, a saturation pulse is applied after
detection of the ECG R-wave and thereafter two slices are acquired in each cardiac cycle: the
arterial input function (AIF) and the tissue function (TF). Imaging parameters included: TR = 2.1
ms, TE = 1.2 ms, FOV = 28x11 mm?, base resolution = 128, phase resolution = 80%, image
resolution = 0.27 x 0.22 mm?, excitation flip angle = 15°, slice thickness = 1 mm, number of
frames = 300, acceleration rate = 2, AlIF saturation delay = 24 ms with centrically-ordered phase
encoding, and TF saturation delay = 84 ms with linearly-ordered phase encoding. Twenty
phase-encode lines were acquired for each AlF image and 20 lines were acquired for each TF
image. Contrast agent was injected intravenously 10 seconds after the start of the first-pass
acquisition. Proton density weighted images were acquired at the end of the acquisition to
normalize signal intensities for perfusion analysis. All imaging parameters were kept the same

for proton density weighted image acquisitions compared to the saturation recovery portion of
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the image acquisition, except that no saturation pulse was applied upon detection of the ECG R-

wave and a flip angle of 5° was used.

2.3.4 Image analysis

Image reconstruction and analysis were performed in MATLAB (Mathworks, Natick, MA).
Undersampled T1 mapping and first-pass perfusion images were reconstructed using Block
LOw-rank Sparsity with Motion-guidance (BLOSM) [125]. For the respiratory-gated T1 mapping
images which did not suffer from respiratory motion, BLOSM motion guidance was not used and
a single block covering the entire image was used, such that the BLOSM reconstruction
reduced to a simple low-rank reconstruction method. To quantify myocardial T1, regions of
interest (ROIs) for the myocardium were drawn manually and included the entire left-ventricular
myocardial area within a slice using conservative delineation of the endocardial and epicardial
borders. Signal intensity-time curves were fitted to the following equation: M,(t) = M, +
(M, (0) — M,) exp(—t/T1). An optimal fit of the model parameters M,, M,(0) and T1 was
obtained by minimizing the mean squared error. To quantify myocardial blood flow (MBF),
perfusion analysis was performed as previously described [120]. Briefly, ROIs for blood and
myocardium were drawn, and signal intensity was normalized by proton density weighted
images. Normalized signal intensity was converted to T1 and T1 was converted to gadolinium
concentration using methods described by Cernicanu and Axel [127], and MBF was quantified

using Fermi deconvolution [126].

2.3.5 Statistical Analysis

Statistical analyses were performed using SigmaPlot (Systat Software Inc., Point Richmond,

CA). Changes in myocardial T1 and absolute MBF were analyzed for various experimental

46



groups of mice at various time points using analysis of variance (ANOVA) and the t-test, as

appropriate. All values in the text, tables and graphs are presented as mean * standard error.

2.4 Results

2.4.1 NOS inhibition causes an increase in myocardial T1

Intravenous administration of 2 mg/kg and 4 mg/kg LNAME caused a significant
decrease in heart rate in control mice (Figure 2-2). The results of our studies performing T1
mapping after infusion of LNAME in WT mice are shown in Figure 2-3. The average area of the
myocardial ROls among all mice was 134 + 4 pixels or 7.1 + 0.2 mm®. An example showing the
T1 lengthening effect of NOS inhibition is shown in Figure 2-3B and C where the R1 (R1 = 1/T1)
map 5 minutes after injection of 4 mg/kg LNAME (Figure 2-3C) shows a reduction in myocardial
R1 compared to baseline (Figure 2-3B). The same data displayed as myocardial T1 relaxation
curves prior to and 5 minutes post LNAME injection illustrate the quality of the Look-Locker
measurement data and also show the T1-lengthening effect of LNAME (Figure 2-3D). Figure 2-
3E summarizes data from all mice and shows that T1 mapping after the injection of LNAME
detected a transient increase in T1, as T1 was elevated at 5 minutes post injection (T1 = 1515 +
30 ms with 4 mg/kg LNAME vs. T1 = 1402 + 30 ms at baseline, P < 0.05). T1 decreased toward
its baseline value at 20 minutes after injection. Two-way ANOVA also showed that myocardial
T1 measured 5 minutes after a 4 mg/kg LNAME injection was significantly greater than T1

measured 5 minutes after a 2 mg/kg LNAME injection (P < 0.05).
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Figure 2-2. Intravenous administration of 2mg/kg and 4mg/kg LNAME caused a significant
decrease in heart rate in control mice (*P < 0.01). 4mg/kg LNAME also caused a significant

decrease in heart rate in HFD mice but not in eNOS-/- mice.
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Figure 2-3(A) Example anatomical image used to visualize myocardial borders. R1 maps of the
heart acquired before (B) and 5 minutes after injection of 4 mg/kg LNAME (C), demonstrating
the decrease in R1 observed in response to NOS inhibition. (D) Example myocardial T1
relaxation curves prior to and 5 minutes after 4 mg/kg LNAME. (E) The time course of
myocardial T1 after intravenous injection of LNAME at two doses is shown. Myocardial T1
measured five minutes after 4 mg/kg LNAME injection was higher than at baseline (*P < 0.05)

and was higher than 5 minutes after 2mg/kg LNAME (# P < 0.05).

49



2.4.2 The LNAME-induced myocardial T1 increase is mediated through eNOS

In our second set of experiments, we performed LNAME T1 mapping in eNOS™ mice.
Intravenous administration of 4mg/kg LNAME caused no change in heart rate in eNOS™ mice
(Figure 2-2). As shown in Figure 2-4, no difference was observed in R1 maps of an example
eNOS™ mouse between baseline (Figure 2-4B) and after LNAME injection (Figure 2-4C). The
graph shown in Figure 2-4D summarizes the results of T1 mapping after 4 mg/kg LNAME in WT
and eNOS™ mice, showing that while LNAME caused a significant and transient increase in

myocardial T1 in WT mice, the effect was completely blunted in eNOS™ mice.
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Figure 2-4. NOS inhibition with 4 mg/kg LNAME caused a significant transient increase in
myocardial T1 in WT mice but not in eNOS-/- mice. An example anatomical image used to
visualize myocardial borders is shown in (A). R1 maps of the heart of eNOS-/- mice acquired
before and 5 minutes after injection of 4 mg/kg LNAME are shown in (B) and (C), respectively.

The time course of the change in myocardial T1 after intravenous injection of LNAME is shown

in (D) for WT and eNOS-/- mice.
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2.4.3 Myocardial perfusion does not change with LNAME

Data from first-pass perfusion MRI acquired at baseline and after 4 mg/kg LNAME injection
are shown in Figure 2-5. Specifically, Figure 2-5A shows example AlF and TF curves from
baseline and during NOS inhibition in one mouse. Both the AlFs and TFs are similar at baseline
and 5-minutes after LNAME. Figure 2-5B summarizes the results from all LNAME perfusion
data showing that first-pass MRI in WT mice measured similar perfusion at baseline (6.2 + 0.4

ml/g/min) and 5 minutes after LNAME (6.1 + 0.6 ml/g/min), suggesting no vasodilatory effects (P

= NS).
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Figure 2-5. Myocardial perfusion is similar before and after LNAME injection. Example arterial
input function (AIF) and tissue function (TF) curves from pre- and post-LNAME acquisitions (A).

Myocardial perfusion was 6.2 + 0.4 ml/g/min at baseline and 6.1 + 0.6 ml/g/min after LNAME (B).
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2.4.4 LNAME T1 mapping detects eNOS dysfunction in HFD mice

Body weight was significantly higher in the HFD mice at 12 and 18 weeks post-diet and it
progressively increased with time (Figure 2-6). Intravenous administration of 4mg/kg LNAME
caused a significant decrease in heart rate in mice fed an HFD for 12 and 18 weeks (Figure 2-2).
The LNAME T1 mapping results from mice fed an HFD compared to controls are shown in
Figure 2-7. Specifically, example R1 maps from an HFD mouse after 18 weeks of diet show no
observable change in R1 when comparing the baseline (Figure 2-7B) and post-LNAME R1
maps (Figure 2-7C). A bar graph summarizing myocardial AT1 results (T1 measured 5 minutes
after LNAME injection minus T1 at baseline) is shown in Figure 2-7D for WT and HFD mice.
These measurements detected a significant difference in AT1 for mice fed an HFD for 12 and

18 weeks compared to mice fed a control chow diet (P < 0.01).
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Figure 2-6. Body weight was significantly higher in the HFD mice at 12 and 18 weeks post-diet

and it progressively increased with time (*P < 0.01).
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Figure 2-7. Anatomical image (A), pre-LNAME R1 map (B), and post-LNAME R1 map (C) of a
mouse 18 weeks after initiation of a high-fat diet (HFD). One-way ANOVA detected significant
differences in the change of myocardial T1 assessed five minutes after LNAME injection

between the HFD groups and the control mice fed a standard chow diet (D).
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2.5 Discussion

The major finding of this study is that an increase in myocardial T1 during NOS inhibition is
a marker of coronary microvascular endothelial function, or, more specifically, of coronary
microvascular eNOS function. Others have previously sought to image coronary endothelial
function. For example, Hays et al. showed that coronary artery cross-sectional area and blood
flow before and during isometric handgrip exercise could be used to assess coronary
endothelial function [104]. The present method uniquely probes the effect of inhibiting NOS on
coronary microvascular permeability and, as demonstrated by the experiments in eNOS™ mice,
the effect was shown to be specifically mediated by eNOS. Thus, this method uses imaging to
noninvasively probe the function of an enzyme that plays a key role in normal vascular
physiology and in coronary microvascular pathophysiology.

In our experiments, we injected a bolus of LNAME and observed the system kinetics by
imaging before and serially after the injection. The increase in myocardial T1 observed at 5
minutes after LNAME injection is consistent with prior literature where light and electron
microscopy detected opening of interendothelial junctions (IEJ) within a few minutes of injecting
LNAME [138]. In the same study, it was also observed that the response to LNAME on IEJ
opening lasted longer than 30 minutes, which is longer than the transient effect of LNAME on
myocardial T1 that we observed. This difference may be due to the higher dose of LNAME that
was used in the IEJ experiment (30 mg/kg vs. 4 mg/kg), or due to the ex vivo context of the IEJ
study as compared to our in vivo experiments. The return of T1 toward baseline that we
observed at 20 minutes after LNAME injection is likely due to clearance by the lymphatic system,
and the time course of our results is consistent with prior studies showing that acute edema
causes gradual and significant elevation in the lymphatic flow rate within 30 minutes in the

pulmonary [149, 150] and mesenteric lymphatic systems [151].
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Prior studies show that endothelial dysfunction is an early biomarker of vascular disease
[84-89]. In the present study, we detected coronary microvascular eNOS dysfunction at 12 and
18 weeks of HFD. Previously we showed that myocardial perfusion reserve is impaired in HFD
mice at 18 weeks of diet, but not at 12 weeks of diet [145]. Thus, our imaging methods show
that coronary microvascular eNOS dysfunction precedes impairment of myocardial perfusion
reserve, which is consistent with the current understanding of the progression of coronary
vascular disease in HFD mice.

Others have applied myocardial T1 mapping after the infusion of adenosine and observed
an increase in T1 [143]. As adenosine is a vasodilator that increases blood flow and blood
volume, that effect is attributed to vasodilation and an increase in myocardial blood volume. Our
first-pass gadolinium-enhanced MRI experiments showed no change in myocardial blood flow.
Also, LNAME is known to cause vasoconstriction. Given these results, it is unlikely that our
observations of increased myocardial T1 after injection of LNAME are due to an increase in
blood volume.

Our method probes microvascular eNOS function. In addition to the roles of eNOS in
vasodilation, blood flow, and microvascular permeability, eNOS also plays important roles in
inhibition of platelet aggregation and adhesion to the vascular wall [152-154], an early event in
the development of atherosclerosis, suppression of vascular smooth muscle cell proliferation
[155-157], and modulation of leukocyte-endothelial interactions [158-160]. Thus, methods to
noninvasively assess eNOS function may be used in the future to shed light on the roles of
microvascular eNOS in normal physiology and with regard to its various roles and functions.

Therapies that may prevent or treat eNOS dysfunction includes bone marrow cell treatment
[161, 162], gene therapy [163, 164], drugs targeting the renin-angiotensin-aldosterone system
[141, 165, 166], and statins [167]. LNAME T1 mapping may be a useful method to test whether

therapeutic agents promote improved eNOS function.
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The present study had several limitations. In order to keep the total anesthesia time under
two hours, we did not acquire whole-heart cine images, which would have provided heart weight
and global left-ventricular function data. LNAME causes an increase in blood pressure [106].
Even though NOS inhibition with intravenous LNAME has been used previously for human
imaging studies [142], the side effect of increased blood pressure is not conducive to routine
use in human subjects. Nonetheless, this method may be useful for preclinical studies that
investigate mechanisms underlying and therapies for coronary microvascular endothelial
dysfunction. The method was well tolerated in serial MRI sessions in anesthetized mice. While
we showed that coronary microvascular endothelial dysfunction precedes impaired myocardial
perfusion reserve in HFD mice, we did not determine the earliest time point where coronary
microvascular endothelial dysfunction can be detected in this disease model. Future studies
may seek to more precisely determine the time of onset of coronary microvascular endothelial
dysfunction in HFD mice. We employed myocardial T1 mapping but not T2 mapping. The latter
measurements would provide useful data, however the data acquisition times for current
myocardial T2 mapping sequences for mice [168, 169] are long compared to the timing of
changes in myocardial relaxation times after LNAME injection, which precluded the acquisition

of these data. By applying better acceleration methods, T2 maps may be acquired in the future.
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Chapter 3 Self-gated spASL: Improved Steady-Pulsed Arterial
Spin Labeling using Retrospective Cardiac and Self-
Navigated Respiratory Gating with Faster Looping Structure

for Quantification of Myocardial Perfusion in Mice
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3.1 Abstract

Background: Myocardial perfusion MRI in mice is used to investigate mechanisms underlying
and therapies for impaired perfusion and myocardial perfusion reserve (MPR). Mice fed a high-
fat diet (HFD) recapitulate characteristics of human obesity and diabetes with reduced MPR in
the absence of significant coronary artery disease. Flow Alternating Inversion Recovery Look-
Locker (FAIR-LL) arterial spin labeling (ASL) is a well-established contrast-free method for
guantifying myocardial perfusion in mice. Recently, steady-state pulsed ASL (spASL) was
introduced as a faster and more sensitive perfusion method. We sought to implement an
improved spASL sequence that further accelerates the original spASL sequence, eliminates the
gap between the readout train and ECG trigger to allow true continuous imaging, and accounts

for respiratory motion.

Methods: A self-gated spASL sequence was developed on a small-bore 7 Tesla system. The
self-gated spASL uses a sequential looping structure to reduce readout inefficiency, real-time
retrospective ECG gating to allow true continuous imaging and self-navigated respiratory gating
to account for breathing motion. To evaluate the new sequence, self-gated spASL and FAIR-LL
ASL were performed and repeated in control and HFD mice (n=7 each). Acquisition time for
self-gated spASL was 5 minutes and 15 minutes for FAIR-LL ASL. Raw data from the spASL
acquisitions were reconstructed with and without respiratory gating to demonstrate the effect of
self-gating. Global and segmental myocardial perfusion, perfusion map spatial variability, and

repeatability were quantified to compare self-gated spASL and FAIR-LL ASL.

Results: Retrospective self-navigated respiratory gating improves myocardial boundary
definition and reduces partial volume in spASL. Self-gated spASL measured lower myocardial
perfusion than spASL without respiratory gating in HFD mice at 4.5+0.8 and 5.4+1.1 ml/g/min,

respectively, but no significant difference in control mice at 4.8+0.9 and 5.3+1.0 ml/g/min. Self-
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gated spASL measured lower perfusion than FAIR-LL ASL and provided lower pixel-wise and
segmental-wise variability, and it also showed better repeatability in quantifying myocardial

perfusion than FAIR-LL ASL.

Conclusions: The spASL sequence with sequential looping structure is faster than interleaved
SPASL. Self-navigated respiratory gating is more important when quantifying perfusion in HFD
mice as it significantly reduces the partial volume effect. Compared to FAIR-LL, in one-third of
the scan time, self-gated spASL provided less variability and better repeatability in quantifying
perfusion in mice while maintaining the same spatial resolution. Measurements of absolute
perfusion were different for self-gated spASL and FAIR-LL. With no gold standard, it is unknown
which method is more accurate. However, reduced variability and repeatability is important
because it provides more statistical power for hypothesis testing. Self-gated spASL may

outperform FAIR-LL ASL for quantitative myocardial perfusion MRI in mice.
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3.2 Backgrounds

Assessing myocardial perfusion or myocardial blood flow (MBF) is central to the
evaluation of ischemic heart disease. Myocardial perfusion is markedly reduced following
myocardial infarction [170]. While late gadolinium enhanced imaging (LGE) can identify the
location and size of the infarct, quantitative myocardial perfusion mapping has the unique ability
to quantify reperfusion of injured tissue and evaluate therapies that enhance infarct healing or
cardiac regeneration processes. Myocardial perfusion reserve (MPR) is the ratio of perfusion at
stress over rest. MPR is reduced due to angina or coronary microvascular disease (CMD) [171].
While there are no established disease mechanisms and treatment for CMD, CMD has a high
prevalence in women [172, 173] and patients with obesity [174], diabetes [175], and metabolic
syndrome [176]. There is a strong need to translate current molecular, cellular, and

physiological knowledge into new therapeutic options.

Mouse models of human cardiovascular diseases provide platforms to study the
mechanisms underlying and test therapies for impaired perfusion and perfusion reserve [128,
170, 172, 177]. Mice fed a high-fat diet (HFD) recapitulate key characteristics of human obesity
and diabetes with reduced MPR in the absence of significant coronary artery disease, showing
glucose intolerance, endothelial dysfunction, increased LV mass, decreased MPR with no aortic

plague, and interstitial fibrosis [145, 178].

Flow Alternating Inversion Recovery Look-Locker (FAIR-LL) arterial spin labeling (ASL)
is a well-established method for quantifying myocardial perfusion in mice [128, 129, 177, 179].
The FAIR-LL ASL method measures perfusion by quantifying the effect of blood flow on
apparent myocardial T1 relaxation. The method consists of two inversion recovery
measurements, one following a slice-selective inversion pulse and one following a global

inversion pulse. The inverted myocardial magnetization takes approximately 6 to 7 seconds to
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recover. To fully sample the k-space, the inversion recovery process needs to be repeated the
same number of times as the number of phase encode lines or interleaves. As a result, the

FAIR-LL ASL requires long acquisition times.

Recently, steady pulsed ASL (spASL), also known as cine-ASL, was introduced as a
faster and more sensitive method to measure perfusion [132, 180, 181]. In contrast to FAIR ASL,
SpASL measures perfusion by quantifying the effect of blood flow on gradient echo steady state.
The basis of the spASL sequence is the cine-GRE sequence; nonetheless, in one of the TR’s
towards end systole, the readout part is substituted with a regional selective inversion pulse.
The evenly spaced cine-readout RF pulses drive the myocardium into a steady state. To
measure perfusion, the myocardium is imaged at steady state under two different contrasts. In
the first contrast, called tag, the inversion recovery slab is strategically placed above the atria
and aorta region; this causes the blood to be inverted and appear dark. In the second contrast,
called control, the inversion recovery slab is placed symmetrically with respect to the short axis
imaging slice to account for any magnetization transfer effect. Under the control contrast, the
blood is not inverted and appears bright. The difference in myocardial steady state signal under

the two contrasts explicitly depends on perfusion [182].

Our goals for this study were to develop an improved spASL sequence that further
accelerates the original spASL sequence, eliminates the gap between the readout train and
ECG trigger to allow true continuous imaging, and accounts for respiratory motion. The original
SpPASL sequence [132] uses a readout scheme that interleaves between the control and tag
contrast. This interleaving looping structure requires the re-establishment of steady-state twice
for each phase encode. Since the transition to steady state is not needed for quantification, the
interleaving looping structure introduced large scan inefficiencies. The original SpASL sequence

is triggered by the ECG signal. As a result, depending on the heart rate variation, there is a 20
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to 50 ms gap between the end of the readout train and the following ECG trigger. During this
time, the myocardial magnetization deviates from the steady state due to the absence of
continuous RF pulses. Since perfusion quantification depends on the steady state signal
intensity, inaccurate estimation of the steady state signal would lead to inaccurate estimation of
perfusion. Respiratory motion during image acquisition introduces significant artifact. For ECG-
triggered spASL, the accuracy of perfusion quantification may be especially reduced when
imaging diseased animals with deeper and irregular respiratory motion, such as HFD mice or

mice with myocardial infarction.

There are several specific challenges to gate for respiratory motion in a mouse spASL
acquisition. First, breath holding is not an option when imaging anesthetized mice, and
mechanical ventilation is too challenging be performed routinely. Second, to measure perfusion
accurately, the inversion pulses in sSpASL need to be as evenly spaced as possible at RR
intervals in order to drive and maintain the blood magnetization at a steady state. The external
respiratory sensor that is commonly used in ECG and respiratory gated scans [183] is
unsuitable for gating spASL because the communication between the external device and the
MRI scanner bundles the ECG and respiratory signals, causing the triggers to be unevenly
spaced. Third, the diaphragm navigator method [184] is also unsuitable because it would
require additional RF pulses to excite a column of spins perpendicular to the lung-diaphragm
interface, which would interfere with the steady-state magnetization. As a result, we sought to
use the self-gated technique to detect respiratory motion [185-190], which would introduce no
additional RF pulses or interruptions to the scan. The physical basis of the self-gated technique
is that any MRI echo or free induction decay is sensitive to motion, and time-dependent
changes in these signals can be used to generate cardio-respiratory gating signals. This
technique was introduced for human imaging [185, 186, 188] and later applied to imaging small

rodents [189, 190].
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3.3 Methods

3.3.1 Self-gated spASL Pulse Sequence

A self-gated spASL sequence was implemented using the IDEA development
environment (Siemens, Erlangen, Germany). This sequence has a sequential looping structure,
real-time retrospective ECG gating to allow true continuous imaging and self-navigated
respiratory gating to account for breathing motion. The acquisition scheme is illustrated in
Figure 3-1. The basis of the sequence is a cine-GRE sequence. Similar to the original spASL
design [132], each acquisition consists of two contrasts, namely, the control and tag. In one of
the TR’s towards end systole, the readout part is substituted with a regional selective inversion
pulse. For the tag contrast, the inversion region is above the atria and aorta region, nulling the
blood signal, and for the control contrast, the inversion region is symmetric with respect to the
imaging slice to account for any magnetization transfer effect (Figure 3-1, bottom). The
combination readout RF pulses and inversion RF pulses, applied at consistent time intervals
and flip angles, drive the myocardial magnetization to steady state. Since the capturing of the
transition to steady state is not necessary for perfusion quantification, a sequential looping
structure was implemented to minimize the number of transitions. Acquisition of all data for the
control contrast is completed before switching to the tag contrast. Each contrast contains a
number of averages (Nay), and each average contains a number of phase-encode lines (Ngg) to
sample the k-space fully. The phase-encode index is incremented after each RR interval. As a

result, the number of heartbeats it takes to complete a full dataset is 2 X Ng,,g X Npg.
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Figure 3-1. Schematic description of the modified-spASL pulse sequence. Each acquisition
consists of two contrasts, namely, control and tag. The inversion regions of the control and tag
scans are shown on the bottom right. The looping structure (top) shows data acquisition for the
control contrast followed by the tag contrast. Only one transition to steady state is necessary for

each contrast. The sequence is retrospectively gated to ECG signal in order to achieve
continuous acquisition. The chronogram (bottom right) shows the readout module (in gray) and
the spatially selective inversion pulse module (in purple). Each TR contains the readout for the
SpASL imaging data in the first echo and the acquisition of the self-navigated motion detection

signal for respiratory gating in the second echo.
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To eliminate any disturbances to the steady-state longitudinal magnetization, the
sequence gates to ECG signal retrospectively in real time to allow true continuous steady-state
imaging. At the beginning of each TR, the real-time controller determines the time between the
current moment and the last ECG trigger detected. If this duration is greater than that of the
previous TR, then the gradient and ADC are adjusted to read the next cardiac phase; if this
duration is lower, indicating that a trigger was detected since the previous TR, then the gradient

and ADC are adjusted to read the next phase encode.

A madified double echo sequence was implemented to acquire imaging and navigator
data for retrospective respiratory gating in each TR [186]. At the end of the first echo, the
second phase-encoding gradient negates the effect of the first phase-encoding gradient.
Consequently, the first echo is phase-encoded and contains the gradient echo image data, and
the second echo is nonphase-encoded and contains the motion sensitive self-navigator signal
for respiratory gating. The addition of navigator echo introduces no interruptions or additional
RF pulses to disturb the spASL steady state, and it has no impact on the imaging echo time (TE)
or total scan time. The repetition time (TR) of the sequence is driven by the length of the
spatially selective inversion pulse. Therefore, the additional echo also does not have any impact
on TR or the temporal resolution. If a shorter inversion pulse is used, the acquisition time for the

second echo can be easily shortened by reducing the number of readout points.

3.3.2 Retrospective Self-navigated Reconstruction

All reconstructions were performed retrospectively in MATLAB after the experiment. For
all spASL reconstructions, whether with or without respiratory gating, the first 700 data points of
each contrast are considered in transition and therefore excluded from reconstruction. The self-

navigator data are obtained during the period where the readout gradient exists. To extract
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motion information from raw MR data, the first step is to select the location along the readout
direction that exhibits the most amount of respiration-related signal variation [187]. Since the
location of this signal is not necessarily the center of k-space nor the line with peak energy, a
search algorithm was written to select the location automatically. The algorithm first takes the
magnitude of the complex navigator echo MR data. Then the algorithm use two rules to select
the optimal location: first, the k-space is fully sampled or as fully sampled as possible (see the
following paragraph); second, the line has the highest ratio between the energy within the
respiratory frequency range (60-300 respiration/min) and within the cardiac frequency range

(300-800 beats/min).

The magnitude of the self-navigator signal is representative of the physiological motion
of the imaging echo within the same TR. The fluctuation of the self-navigator signal is affected
by the collective motion of the object, which includes cardiac motion, respiratory motion, and
noise. To extract the periodic respiratory waveform, the self-navigator signal is filtered through a
low pass filter with a cut-off frequency of 10 Hz or 600 times/min. This cut-off frequency was
selected because it is well above the physiological respiratory rate, which preserves the
respiratory waveform, and at the same time, it effectively filters out the cardiac motion and the
high-frequency noises. To create an adaptable threshold to accept or reject data, the self-
navigator signal is filtered through a low pass filter with a cut-off frequency of 0.75 Hz or 40
times/min. This cut-off frequency was selected because it is unlikely that any mouse will have a
respiratory rate lower than 40 respirations/min and, at the same time, the filtered signal captures
any baseline drift during the scan. For respiratory gated reconstruction, the image data is
accepted when the magnitude of the respiratory waveform is higher than that of the threshold.
The valleys of the self-navigator signal are likely a result of the motion-induced spin density
changes and through-plane motion during end expiration. After thresholding, the k-lines

measured during the inhalation and exhalation respiratory motion (30-40% of all acquisitions)
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are excluded from the reconstruction of the images. In the very rare event that all averages of a
particular k-space line were below the threshold, which occurred in less than 0.1% of acquired

data, the k-space line from the nearest cardiac phase was copied for reconstruction.

3.3.3 Experimental Design

We sought to evaluate the newly developed self-gated spASL sequence, examine the
effect of respiratory gating in spASL imaging, and compare the self-gated spASL sequence with
FAIR-LL ASL. For these studies, male wild-type C57BL/6 mice fed an HFD (60% calories from
fat, Diet # 12492, Research Diets Inc., New Brunswick, NJ) for 24 weeks (n=7) and age-
matched wild-type C57BL/6 mice fed standard chow diet (n=7) underwent self-gated spASL
imaging and FAIR-LL ASL imaging at rest. The same scans were repeated one week later on
the same animals to evaluate repeatability. Raw data from the spASL acquisitions were
reconstructed both with and without respiratory gating. Global and segmental myocardial
perfusion, pixel-wise myocardial perfusion spatial variability, and measurement repeatability

were guantified to compare self-gated spASL and FAIR-LL ASL.

3.3.4 Animal Handling

All animal studies were performed under protocols that comply with the Guide for the
Care and Use of Laboratory Animals (NIH publication no. 85-23, Revised 1996) and were
approved by the Animal Care and Use Committee at the University of Virginia (Charlottesville,
Virginia, USA). During imaging, mice were positioned supine in the magnet. Body temperature

was maintained at 36 + 0.5°C using circulating warm water. Anesthesia was maintained using
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1.25% isoflurane in O, during MRI. The ECG, body temperature, and respiration were monitored

during imaging using an MR-compatible system (SA Instruments, Stony Brook, New York).

3.3.5 MRI Acquisitions

MRI was performed on a 7T Clinscan system (Bruker, Ettlingen, Germany) using 30-mm
or 35-mm diameter birdcage RF coils. The larger diameter RF coil was used to accommodate
the heavier HFD mice. Localizer images were made in the short-axis and long-axis (4-chamber
and 2-chamber) to determine the optimal location of the imaging slice and inversion regions.
The location of the imaging slice was planned half-way between the spASL inversion regions for
control and tag. In addition to sharing the same slice position, all perfusion scans, self-gated
spASL and FAIR-LL ASL shared the following parameters: FOV = 38 x 38 mm? and voxel size =

0.3x0.3x1mms

Parameters for self-gated spASL included: TR =8 ms, TE = 2 ms, flip angle a = 7°
(Ernst angle), matrix size = 128 x 128, excitation pulse duration = 1 ms, inversion pulse duration
= 3.6 ms, inversion labeling slice thickness = 6 mm, Na,4 = 9, Npe = 128. The total acquisition

time was 5 minutes.

FAIR-LL ASL was performed with cardio-respiratory gating, fuzzy clustering, and a spiral
readout, as previously described [129]. Imaging parameters for FAIR-LL ASL included: TR =7 s,
TE = 0.67 ms, flip angle = 3°, number of averages = 3, number of spiral interleaves = 84,
interleaves per heartbeat = 3. Using k,-t undersampling with randomness and a low-rank
compressed-sensing reconstruction [125], the acquisition was rate-2 accelerated, providing a

scan time of 15 minutes including both the slice-selective and the non-slice selective acquisition.
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3.3.6 Image analysis

Image reconstruction and analysis were performed in MATLAB (Mathworks, Natick, MA).

For spASL, MBF was quantified as previously described [132]:

AM _
YR
IMgs Mo
MBF =
T M, AM
R

where partition coefficient A was 0.95 [191]. Mss/M, and T; were estimated using the following

equations and assuming T; = 1.3 s:
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B is the blood tagging efficiency and AM _/M°_is the normalized signal difference at steady

state. Both parameters were measured and calculated from the images directly.

Undersampled FAIR-LL images were reconstructed using Block LOw-rank Sparsity with
Motion-guidance (BLOSM) [125]. Since the acquisition was cardio-respiratory gated, BLOSM
motion guidance was not used and a single block covering the entire image was used, such that
the BLOSM reconstruction reduced to a simple low-rank reconstruction method. Perfusion (P)

was quantified using the T1-shift method [131]:
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For both spASL and FAIR-LL, regions of interests (ROIs) for blood and myocardium
were drawn manually. For global perfusion, the myocardial contour included the entire left-
ventricular myocardial area within a slice using conservative delineation of the endocardial and
epicardial borders. For segmental perfusion, the global myocardial contour is divided into four
sectors, namely, anterior, lateral, inferior, and lateral wall, and these sectors used RV insertion

points as landmarks.

3.3.7 Statistical Analysis

Statistical analyses were performed using SigmaPlot (Systat Software Inc., Point
Richmond, CA). Myocardial perfusion was analyzed for various groups of mice, by different
perfusion assessment methods, and of different segments using two-way analysis of variance
(ANOVA) with repeated measurements and the t-test, as appropriate. P < 0.05 was considered

to be statistically significant. All values in the text are presented as mean * standard deviation.

3.4 Results

3.4.1 Effect of Respiratory Gating

Figure 3-2A shows a typical self-navigator signal intensity versus time. The self-
navigator signal exhibits both low-frequency fluctuations consistent with the periodicity of the
respiratory motion and high-frequency fluctuation consistent with heart rate. Respiratory
waveform and the baseline drift, used for thresholding, were revealed by putting the navigator
signal through low-pass filters with cut-off frequencies of 10 and 0.75 Hz, respectively (Figure 3-
2B). The mean acceptance rate for all 28 datasets was 62.8 + 4.9 %; 64.7 £ 5.6 % for control

mice, and 61.0 + 3.3 % for HFD mice. The accepted data for the sample self-navigator signal is
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indicated in Figure 3-2C. In 3 out of the 28 data sets, the automatic algorithm did not pick out
the best line that represented the respiratory waveform, and the selection was corrected
manually. Representative spASL images and perfusion maps generated from spASL without
and with self-navigated respiratory gating using the same HFD mouse dataset are shown in
Figure 3-2D. These images demonstrate that self-navigated respiratory gating improves

myocardial boundary definition and reduces partial volume.
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Figure 3-2. Respiratory gating with the self-gating signal. (A) Self-navigator signal acquired
during in vivo mouse spASL experiment. (B) The respiratory waveform and threshold extracted
from the self-navigator signal using low-pass filters with cutoff frequencies at 10 Hz and 0.75 Hz,
respectively. Data points where the respiratory waveform signal is higher than the threshold are
accepted for respiratory-gated reconstruction. (C) Accepted data points indicated on the self-
navigator signal. (D) Example spASL images and perfusion maps of an HFD mouse heart
reconstructed without and with self-navigated respiratory gating. Respiratory gating improves

myocardial boundary definition and reduces partial volume.
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Measurements of global and segmental (anterior, lateral, inferior, and lateral wall)
perfusion estimated using ungated and self-gated spASL are shown in Figure 3-3. Perfusion
was averaged over scans of all mice, of control mice, and of HFD mice. Overall, SpASL
reconstructed with respiratory gating measured lower perfusion than non-respiratory gated
SPASL (Figure 3-3A). Upon closer examination, in control mice, the difference was not
statistically significant (Figure 3-3B). In contrast, in HFD mice, the differences are significant in
global, lateral, inferior, and septal perfusion (Figure 3-3C). The global myocardial perfusion for
self-gated and ungated spASL are 4.5 + 0.8 and 5.4 + 1.1 ml/g/min, respectively for HFD mice.
Other perfusion values are summarized in Table 1. This result indicates that retrospective
respiratory gating significantly reduces partial volume and that it is more important when
scanning HFD mice. There are no differences among sectors or compared to global perfusion.
The pixel-wise perfusion spatial variation within the myocardium are similar for myocardial
perfusion maps reconstructed with or without respiratory gating. This is likely because while
respiratory gating reduces partial volume, it also uses fewer averages to suppress background

noise.
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Figure 3-3. Global and segmental myocardial perfusion values of all mice (A), control mice only
(B), and HFD mice only (C). Values were measured using spASL without respiratory gating
(blue) and with self-navigated respiratory gating (red). (*P < 0.05 by two-way ANOVA with

repeated measures).
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3.4.2 Comparison: Self-gated SpASL versus FAIR-LL ASL

Example FAIR-LL ASL and spASL images and perfusion maps of a mouse heart are
shown in Figure 3-4. For the FAIR-LL ASL images, non-slice selective (Figure 3-4A) and slice-
selective (Figure 3-4B) images are shown at selected inversion times; and for spASL, the
control (Figure 3-4C) and tag (Figure 3-4D) images are shown at selected cardiac phases. The
normalized signal intensity time cures of the myocardium from a FAIR-LL ASL acquisition and a
SpASL acquisition are shown in Figure 3-4E and Figure 3-4F. FAIR-LL ASL measures the effect
of perfusion on apparent myocardial T1 relaxation, while SpASL measures the effect of
perfusion on gradient echo steady state. Example perfusion maps generated from FAIR-LL ASL
and spASL are shown in Figure 3-4G and Figure 3-4H. From visual inspection, spASL perfusion
maps have better spatial homogeneity within the myocardium than FAIR-LL ASL. Quantitatively,
the coefficient of variation for pixel-wise perfusion quantification within the myocardium are 0.74
+ 0.25 and 0.96 £ 0.34, for self-gated spASL and FAIR-LL ASL, respectively, and are

statistically significantly different (P < 0.01).

Figure 3-5 summarizes global and segmental (anterior, lateral, inferior, and lateral wall)
perfusion measured using self-gated spASL and FAIR-LL ASL from all mice. Self-gated spASL
measured lower absolute perfusion than FAIR-LL ASL globally and segmentally. The average
global perfusion for self-gated spASL and FAIR-LL ASL are 4.6 £ 0.9 and 7.0 £1.7 ml/g/min,
respectively. Two-way ANOVA with repeated measurements also tested significant difference
among the segmental perfusion and global perfusion measured by FAIR-LL ASL. The
significances are indicated using the various symbol in Figure 3-5. However, ANOVA revealed
no difference among segments by spASL. No segmental differences are expected from the

control or HFD mice scanned.
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Figure 3-4. Example FAIR-LL ASL and spASL images (A-D) and perfusion maps (G,H) of a
mouse heart. For FAIR-LL ASL images, non-slice selective (A) and slice-selective (B) images
are shown at selected inversion times. For spASL, control (C) and tag (D) images are shown at
selected cardiac phases. FAIR-LL measures the effect of perfusion on apparent myocardial T1

relaxation (E), and spASL measures the effect of perfusion on gradient echo steady state (F).
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Figure 3-5. Myocardial perfusion values of all mice measured using spASL with self-navigated
respiratory gating (red) and FAIR-LL (green). (*P < 0.05 vs. self-gated spASL, #P < 0.05 vs.
global perfusion by FAIR-LL, $P < 0.05 vs. anterior perfusion by FAIR-LL, &P < 0.05 vs. lateral

perfusion by FAIR-LL by two-way ANOVA with repeated measures).

Bland-Altman plots comparing the repeatability of self-gated spASL and FAIR-LL ASL in
perfusion quantification are shown in Figure 3-6. Self-gated spASL show better repeatability
than FAIR-LL ASL in assessment for global perfusion (Figure 3-6 A-B) and segmental perfusion
(Figure 3-6 C-D). The coefficient of repeatability for self-gated spASL and FAIR-LL ASL are 3.1

and 6.6 ml/g/min, respectively, or 56% and 82%, respectively.
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Figure 3-6. Bland-Altman plots for comparisons of repeatability between self-gated spASL (A,C)

and FAIR-LL (B,D) for quantifying global (A,B) and segmental (C,D) myocardial perfusion.

3.5 Discussion

In this study, we developed a self-gated spASL perfusion MRI method for mice, which
allowed cardio-respiratory gated spASL imaging to be performed without interruptions for the
first time. This method used real-time retrospective ECG gating in order to gate to cardiac
motion and retrospective self-navigated respiratory gating in order to gate to respiratory motion.
It also used a sequential looping structure which significantly reduced the scan time by
minimizing the number of transitions to steady state. Within a 5-minute scan time, the self-gated
SpASL technique successfully measured myocardial perfusion in control and HFD mice.
Respiratory gating by self-navigator significantly reduced artifacts when imaging HFD mice.
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Compared to FAIR-LL ASL, we found that self-gating spASL provides better spatial and
segmental homogeneity in myocardial perfusion and better repeatability. Measurements of
absolute perfusion were lower for self-gated spASL than for FAIR-LL. The gold standard method
to measure regional myocardial perfusion is by fluorescent microspheres. Regional flow is
calculated by counting the number of injected microspheres in the segment of interest. While
this method has been applied in canines [192] and pigs [193], there are concerns about the
validity of this technique in rodents because of the limited spatial resolution possible in such
small organs [194]. Mouse hearts typically have tissue volumes of 100 to 200 pyL and cannot
provide the adequate spatial information to accommodate the 400 microsphere per piece rule
required for confidence in the measurements [195]. With no gold standard, it is unknown which
mouse perfusion method is more accurate. However, reduced variability and repeatability is

important because it provides more statistical power for hypothesis testing.

3.5.1 Self-navigated Respiratory Gating

We evaluated the effect of respiratory gating by comparing reconstruction results with
and without respiratory gating. Visually, respiratory gating improved myocardial boundary
definition and reduced partial volume. Quantitatively, respiratory gating in HFD mice significantly
reduced partial volume, which is evidenced by the significant lower perfusion measured using
respiratory-gated spASL than by ungated spASL. The difference, however, is not significant in
control mice. This is likely because HFD mice have deeper and more irregular respiratory
motion than control mice; as such, the imaging of HFD mice resulted in more breathing artifacts
when ungated. Respiratory gating is more important when imaging diseased mice. The reason
that the spASL images without respiratory gating do not have more severe motion artifacts is

likely due to the high number of averages, N,y = 9 used in this study.
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Theoretically, the signal at the center of the navigator echo contains most of the
information needed to detect motion. However, among the data collected in this study, the line
that best represents respiratory motion is not necessarily at the center of k-space. This may be
due to eddy current effect or imperfection in gradient cancellation. It may also be attributed to
the navigator signal coming from the second echo, which has second- and higher-order motion
terms. The self-gated method has been reported to also characterize cardiac motion and can
completely replace external sensors in mouse imaging [189, 196]. However, wireless spASL
imaging may be challenging since the self-gated signal has lower sensitivity to heart motion
during the dark-blood contrast; as such, gating may be difficult. Additionally, as in imaging any
anesthetized animal, it is important to monitor the physiology throughout the experiment. To
completely eliminate electrodes and external monitoring, the sequence must also be able to
display in real time the heart rate and respiratory rate on the scanner console. As a result, while
eliminating external sensors would reduce animal preparation time, the self-gated ECG trigger

needs to be tested rigorously before applied to spASL imaging.

3.5.2 Comparison of Perfusion Methods

Compared to the original spASL method, the self-gated spASL improves the accuracy of
perfusion measurement by (1) enforcing true steady state imaging and (2) reducing respiratory
artifact. As a result of using the sequential looping structure, self-gated spASL spend less than
10 seconds in total in transition to steady state out of the entire scan, versus half of the scan
time (4 minutes) in the original design [132]. While the sequential looping structure is faster, it

may be more sensitive to physiological changes during the scan.

FAIR-LL ASL showed much greater segmental variability than self-gated spASL. We
speculate that this is due to the spiral blurring and distortion near the tissue-lung interface and
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the tissue-blood interface. Since the self-gated spASL is a Cartesian sequence, there would be
no spiral related artifacts. Measurements of absolute perfusion were lower for self-gated spASL
than FAIR-LL at 4.6 + 0.9 and 7.0 1.7 ml/g/min, respectively. With no gold standard, it is
unknown which method is more accurate. Previously published studies using other perfusion
techniques reported a mean resting perfusion of 4.1 - 7.0 ml/g/min [129, 177, 191, 197-200].
Our perfusion estimates both by self-gated spASL and FAIR-LL ASL are within the range of

these published values.

3.5.3 Limitations

This study had several limitations. First, the respiratory gating was accomplished
retrospectively. In order to acquire each k-space line during a quiescent period of the respiratory
cycle, the k-space was oversampled with nine averages. Future development may implement a
real-time self-navigator processing module that prospectively gates image acquisition to
respiration. Such a module would produce a satisfactory SNR and fully sampled k-space with
much fewer averages and therefore further reduce scan time. Second, the spASL method
requires T1 in its perfusion calculation. In this study, we assumed a global myocardial T1 value.
However, this may not be appropriate when imaging animals with expected regional perfusion
defects or T1 variation. In these cases, a separate T1 mapping scan of the same resolution,
FOV, and cardiac phase may be needed to quantify perfusion accurately. Finally, the current
implementation of self-gated spASL only allows for perfusion measurement in a single slice.
Future technical development combining PICORE RF pulse design with simultaneous multi-slice

imaging and reconstruction may facilitate increased slice coverage.
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3.6 Conclusions

The self-gated spASL technique presented in this paper improves upon the prior cardiac
SPASL or cine-ASL methods in mice and develops a method that assesses myocardial
perfusion in vivo that is insensitive to respiration and enables true steady state imaging
regardless of heart rate changes. Self-navigated respiratory gating improved boundary definition
and reduced the partial volume in spASL imaging, and respiratory gating is more important
when quantifying perfusion in diseased mice with deeper respiratory motion such as the HFD
mice. With the short scan time of fewer than 5 minutes and no need for contrast agents, self-
gated spASL can easily be integrated into cardiac MRI exams. Despite the short scan time, self-
gated spASL is experimentally shown to provide less variability and better repeatability in
guantifying myocardial perfusion in mice than FAIR-LL ASL. Nonetheless, the FAIR-LL ASL is
more suitable for detecting regional perfusion defects, such as in mice with myocardial infarction.
The self-gated spASL technique may be used to image diet-induced obese mice or genetically
modified mice in order to test therapy for and study mechanisms underlying cardiovascular

diseases such a coronary microvascular disease.
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Chapter 4 First-pass Nitroxide-enhanced MRI for Imaging

Myocardial Perfusion without Gadolinium
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4.1 Abstract

First-pass MRI using gadolinium-based contrast agents is widely used to image
myocardial perfusion. However, gadolinium is contraindicated in patients with severely impaired
renal function (a substantial portion of heart disease patients), and methods that do not employ
gadolinium are needed. Nitroxide stable free radicals are non-metallic compounds with an
unpaired electron and, correspondingly, are paramagnetic and T1-shortening. We investigated
first-pass nitroxide-enhanced perfusion MRI of the heart as an alternative to first-pass
gadolinium-enhanced MRI. Five C57BI/6 mice underwent first-pass imaging with the nitroxide
agent 3CP, and the results showed that nitroxide-enhanced MRI could quantify regional
myocardial blood flow, as the average myocardial perfusion was 7.0+1.3 ml/g/min, a value in the

normal range for mice.

4.2 Introduction

First-pass MRI using gadolinium-based contrast agents is widely used to image
myocardial perfusion in clinical research and diagnosis. Multicenter trials have shown it
superiority over SPECT in diagnosing perfusion defects [201, 202]. The key advantages of the
first pass methods are the high spatial resolution and a large amount of signal change following
a bolus of contrast agent. However, gadolinium is contraindicated in patients with severely
impaired renal function and can lead to organ fibrosis and failure. In 2015, estimated 661,648
patients had the end-stage renal disease [203], and death rates from cardiovascular disease in
end-stage renal disease patients are 20 to 40 times higher than in the general population [204].

MR imaging methods that do not employ gadolinium are needed.
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Arterial spin labeling (ASL) is a potential alternative. As discussed extensively in the
previous chapter, ASL is contrast-free perfusion method that uses magnetically labeled blood as
an endogenous tracer. The contrast differences created by labeled and unlabeled blood, or ASL
signal, is directly is proportional to perfusion. While ASL is a well-established method for
guantifying myocardial perfusion in mice, ASL imaging to measure myocardial perfusion in
human remain challenging. This is because humans have a much lower myocardial perfusion
than rodents. In humans, the ASL signal is measured to be less than 4%, and on average only

1.5% [205].

Nitroxide radicals are non-metallic compounds with antioxidant properties to degrade
superoxide and peroxide and has been used in biophysics studies [206] to measure the level of
oxidative stress, control hypertension, protect against damage from ischemia/reperfusion injury,
and cancer prevention as it protects against ionizing radiation. On the other hand, as a radical,
nitroxide has an unpaired electron, which correspondingly gives the compound paramagnetic
property and is, therefore, T1-shortening [207]. Nitroxides are not commonly used in MRI
because the metal-based contrast agents have a higher number of unpaired electrons, namely
Gd (seven unpaired electrons), Fe (five unpaired electrons) and Mn (five unpaired electrons).
Additionally, when administered intravenously, nitroxides undergo a bioreduction to a
diamagnetic species called N-hydroxy and lose their T1-shortening property over the course of

several minutes [208] (Figure 4-1).

Prior studies have used nitroxides in preclinical cancer imaging in vivo to assess tumor
redox status [209, 210]. Since first-pass perfusion imaging occurs on a time scale on the order
of seconds, we investigated first-pass nitroxide-enhanced perfusion MRI of the heart as an

alternative to first-pass gadolinium-enhanced MRI.
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Figure 4-1. Chemical structure of nitroxide radicals and reduction process [207]

4.3 Methods

4.3.1 Relaxivity Measurement

The nitroxide contrast agent 3-Carbamoyl-PROXYL (3CP) (Sigma—Aldrich, St. Louis,
MO) was chosen because it is water soluble, commercially available and well tolerated by mice.
The relaxivity of 3CP at 7T was measured using a series of 12 phantoms with a range of 3CP
concentrations of 0 to 35mM. The phantom’s T1 values were measured using a Look-Locker

sequence. Relaxivity 7" was calculated by least square fitting of the following equation:

1 1
— =—— + [+ [3CP]
1 leaseline
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4.3.2 Animal Experiment

To assess nitroxides-enhanced first pass perfusion in vivo, wild-type male C57BI/6 mice
(n =5) underwent MRI using a 7T system (Clinscan, Bruker) using 30-mm diameter birdcage
RF coils. The ECG, body temperature, and respiration were monitored during imaging using an
MR-compatible system (SA Instruments, Stony Brook, NY). An indwelling tail vein catheter was
established to deliver 3CP. Body temperature was maintained at 36 + 0.5°C using circulating

warm water, and anesthesia was maintained using 1.25% isoflurane in O, during MRI.

First-pass nitroxides MRI was performed using a rate-3 undersampled saturation-
recovery rapid gradient echo imaging with k-t undersampling and a motion-compensated
compressed sensing reconstruction algorithm as recently described [120]. After localizer
imaging, first-pass perfusion MRI was performed in a mid-ventricular short-axis slice. Imaging
parameters included: TR = 1.8 ms, TE = 1 ms, FOV = 34 x 24 mm?, matrix size = 128 x 102,
image resolution = 0.27 x 0.24 mm?, excitation flip angle = 15°, slice thickness = 1 mm, and
saturation delay = 45 ms. Proton density weighted images were acquired at the end of the
acquisition to normalize signal intensities for perfusion analysis. All imaging parameters were
kept the same for proton density weighted image acquisitions compared to the saturation
recovery portion of the image acquisition, except that no saturation pulse was applied upon
detection of the ECG R-wave and a flip angle of 5° was used. 3CP was administered through an
indwelling tail vein catheter at 2 mmol/g body weight 10 seconds after the start of the first-pass

acquisition over 3 to 4 seconds.

4.3.3 Image Analysis

Images were reconstructed using BLOSM [125], a compressed sensing method. Signal

intensities of blood and myocardial regions were normalized by proton density images and were
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converted to 3CP concentrations using the methods described by Cernicanu and Axel [127],
and perfusion was quantified using Fermi function deconvolution [126]. Regional perfusion was
assessed in regions of interest defined as anterior, anterolateral, inferolateral, inferior,
inferoseptal, and anteroseptal according to a standard American Heart Association segment
model. To compare the signal enhancement from 3CP to that achieved using a standard dose
of Gd (0.1 mmol/kg), Gd-enhanced first-pass MRI was also performed and the blood and
myocardial peak enhancement ratios were calculated for 3CP and gadolinium using the

following formula:
Percentage Enhancement = (Slpost — Slyre)/SIpre X 100%

where SI,,.. is the pre-contrast signal intensity and S1,,,. is the peak post-contrast signal

intensity.

4.4 Results

4.4.1 Relaxivity Measurement

In phantoms, the relaxation rates R1 (or 1/T1) increased linearly with 3CP concentration
in the range of 0.5 to 35 mM at 7T (Figure 4-2), and the relaxivity of 3CP in saline solution was

measured to be 0.14 mM*sec™.
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Figure 4-2. Relaxation rate R1 (or 1/T1) of 3CP as a function of concentration in saline.

4.4.2 First-pass Nitroxide-enhanced MRI in Mice
3CP generated substantial enhancement of the blood and myocardium. Figure 4-3
shows example 3CP-enhanced first-pass MR images obtained from a mouse before (a) and

after (b,c,d,e) injection of 3CP.

Figure 4-3. Example nitroxide-enhanced first-pass MR images of the mouse heart obtained

before (a) and after (b,c,d,e) injection of 3CP (2 mmol/g body weight) via a tail vein catheter.
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Figure 4-4. Example nitroxide-enhanced first-pass MRI arterial input function (AlF, red) and

tissue function (TF, blue) data and fits obtained from a mouse.

Figure 4-4 shows example arterial input function (AlF) and tissue function (TF) data and
fits obtained from a mouse. First-pass nitroxide-enhanced MRI was able to quantify global and
segmental myocardial perfusion in mice. Table 1 summarizes the myocardial perfusion values
(mean + standard error) from 5 mice using 3CP-enhanced first-pass MRI. The percentage
enhancement at peak signal enhancement achieved by 3CP at 2 mmol/g (n=5) were 725+100%
and 275+41% for blood and myocardium, respectively, compared to 1130+60% and 342+21%,

respectively, for gadolinium at 0.1 mmol/kg (n=5).
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4.5 Conclusion and Discussion

We demonstrated that first-pass nitroxide-enhanced MRI, a non-gadolinium technique,
can quantify myocardial perfusion in mice. As shown, 3CP generated substantial enhancement
of the blood and myocardium, and the perfusion values estimated are within the normal range
for mice [123]. While nitroxides have not been tested in humans, in principle nitroxide-enhanced

MRI could translate to humans as these compounds may have sufficient safety profiles.

Table 4-1. Regional and global perfusion values (mean + standard error, n=5) measured using

nitroxide-enhanced first-pass MRI.

m 7.0+1.3
7.3+1.3
7.3+2.5
8.5+2.0
6.6+0.7
7.9+1.3
6.2+0.7
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Chapter 5 Conclusions and Future Directions
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5.1 Conclusions

Minimally invasive MRI tools were developed in this dissertation to assess coronary
microvascular function. The LNAME T1 mapping method probes the coronary endothelial-
dependent dysfunction aspect of CMD, and the self-gated perfusion method used with
endothelial-independent vasodilator such as regadenoson probes the coronary endothelial-
independent dysfunction aspect of CMD. These new imaging tools combined with mouse
models of CMD would help study molecular mechanisms behind CMD and establish models of

CMD to test traditional or novel treatments.

5.1.1 Imaging Coronary eNOS Function by LNAME T1 Mapping

The major finding of this study is that an increase in myocardial T1 during NOS inhibition
by LNAME is a marker of coronary microvascular endothelial function. Compared to other
endothelial assessment techniques, the LNAME T1 mapping method uniquely probes the effect
of inhibiting NOS on coronary microvascular permeability and, as demonstrated by the
experiments in eNOS-/- mice, the effect was shown to be specifically mediated by eNOS. Using
this method, it was demonstrated that coronary microvascular eNOS dysfunction precedes
impairment of myocardial perfusion reserve, which is consistent with the current understanding
of the progression of coronary vascular disease in HFD mice. This method may be useful for
preclinical studies that investigate mechanisms underlying and therapies for coronary
microvascular endothelial dysfunction. Since T1 mapping is now nearly ubiquitous, these

methods could be easily adopted in many preclinical MRI labs.
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5.1.2 Self-gated spASL MRI in Mice

An improved perfusion method for mice called self-gated spASL was developed. The
self-gated spASL quantitatively assess myocardial perfusion in under 5 minutes and without
contrast agents. The self-gated spASL improves upon the original spASL sequence and
reduces the readout inefficiencies, enables true steady state imaging regardless of heart rate
changes, and is insensitive to respiratory motion. Self-navigated respiratory gating significantly
reduces respiratory artifacts in diseased mice with deeper respiratory motion such as the HFD
mice. Compared to FAIR-LL ASL, the self-gated spASL method uses one-third the scan time
and provides less variability and better repeatability in quantifying myocardial perfusion in mice.
Although the FAIR-LL ASL is more suitable for detecting regional perfusion defects, such as in
mice with myocardial infarction. With the short scan time and no need for contrast agent, self-
gated spASL can easily be integrated into cardiac MRI exams. The method may be especially
useful in studies involve diet-induced obese mice or genetically modified mice to study
mechanisms underlying and test therapy for global cardiovascular diseases such a coronary

microvascular disease.

5.1.3 First-pass Nitroxide-enhanced MRI Myocardial Perfusion Quantification

For the first time, nonmetallic compound nitroxide was used as an alternative to
gadolinium for first-pass contrast-enhanced myocardial perfusion imaging in mice. The nitroxide
compound 3CP generated substantial enhancement of the blood and myocardium and enabled
both global and segmental perfusion quantification. The perfusion values estimated are within
the normal range for mice. While nitroxides have not been tested in humans, in principle

nitroxide-enhanced MRI could translate to humans as these compounds may have sufficient
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safety profiles. Nitroxide-enhanced MRI may be an alternative to gadolinium-enhanced MRI for

patients that cannot tolerate gadolinium.

5.2 Future Directions

5.2.1 Imaging Coronary eNOS Function by LNAME T1 Mapping

Although we showed that coronary microvascular endothelial dysfunction precedes
impaired myocardial perfusion reserve in HFD mice, we did not determine the earliest time point
at which coronary microvascular endothelial dysfunction can be detected in this disease model.
Future studies may seek to more precisely determine the time of onset of coronary

microvascular endothelial dysfunction in HFD mice.

In addition to the roles of eNOS in vasodilation, blood flow, and microvascular
permeability, eNOS also plays important roles in the inhibition of platelet aggregation and
adhesion to the vascular wall, an early event in the development of atherosclerosis, suppression
of vascular smooth muscle cell proliferation, and modulation of leukocyte-endothelial
interactions. Thus, methods to noninvasively assess eNOS function may be used in the future to
shed light on the roles of microvascular eNOS in normal physiology and with regard to its
various roles and functions. Therapies that may prevent or treat eNOS dysfunction include bone
marrow cell treatment, gene therapy, drugs targeting the renin-angiotensin-aldosterone system,
and statins. The LNAME T1mapping may be a useful method to test whether therapeutic agents

promote improved eNOS function.
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5.2.2 Improvement for Self-gated Steady State Pulsed ASL MRI in Mice

First, the respiratory gating was accomplished retrospectively. In order to acquire each
k-space line during a quiescent period of the respiratory cycle, the k-space was oversampled
with nine averages. Future development may implement a real-time self-navigator processing
module that prospectively gates image acquisition to respiration. Such a module would produce
a satisfactory SNR and fully sampled k-space with much fewer averages to and therefore further
reduce scan time. Second, all spASL and FAIR-LL images were segmented manually. Future
development or application of an automatic segmentation algorithm would decrease the amount
of time spent on image analysis. Finally, the current implementation of self-gated spASL only
allows for perfusion measurement in a single slice. Future technical development combining
PICORE RF pulse design with simultaneous multi-slice imaging and reconstruction may

facilitate increase slice coverage.

5.2.3 First-pass Nitroxide-enhanced MRI Myocardial Perfusion Quantification
Nitroxide stable free radicals lose their T1-shortening property as they undergo in vivo
reduction reactions. Given this property, nitroxides have been used as redox-sensitive MRI
contrast agents in preclinical cancer imaging to assess tumor redox status. Future development
of a dynamic nitroxide-enhanced MRI method that measures redox reactions between the
paramagnetic nitroxide the intracellular oxidizing species would allow noninvasive assessment
of oxidative stress localized to the heart. These methods may be broadly applicable to
preclinical studies of mechanisms and experimental therapies in numerous models of
cardiovascular disease to study disease mechanisms and test therapies aiming at decrease

oxidative stress.
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Appendix A: Detection of Increased Coronary Microvascular
Permeability with MRI T1 mapping and Gadolinium-labeled

Albumin

This following study used macromolecular contrast agent Galbumin to show that LNAME and
endothelin-1 cause an increase in microvascular permeability as evidenced by the increase in
Galbumin partition coefficient. While we decided not to continue with the experiment on
Galbumin, the findings of this experiment inspired the LNAME T1 mapping technique which was

developed and applied in Aim 1 and 2 of this dissertation, summarized in Chapter 2.

Background

Conditions such as obesity and diabetes lead to coronary microvascular disease and,
subsequently, an increased risk of adverse cardiac events. Increased microvascular
permeability is thought to be an early biomarker of coronary microvascular disease. Currently,
there are limited methods for imaging coronary microvascular permeability. Miles assay is the
gold standard measurement to assess blood vessel permeability in animals [211]. This
technique starts with an intravenous injection of Evans blue dye and a 30 minute waiting period,
followed by organ collection. Then the Evans blue dye is extracted from the organ of interest
and the amount of Evans blue dye in interstitial tissue is quantified. Evans blue dye has a high
affinity for albumin, which is the standard molecule for measuring microvascular permeability.
The invasive nature of this method prevents serial studies and has no potential to translate to

human studies.
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Gadolinium-labeled albumin, also known as Galbumin, is commercially available for
preclinical imaging (BioPal, Worcester, MA). Studies have used this macromolecular contrast to
detect myocardial infarction [212]. We hypothesized that MRI T1 mapping with gadolinium-
labeled albumin could detect more subtle changes in coronary microvascular permeability such
as those induced by noninjurious pharmacological methods. Previous studies [106] have shown
that pharmacological inhibition of nitric oxide synthase (NOS) with agents such as NG-nitro-L-
arginine methyl ester (LNAME) rapidly depletes the local vessel wall NO concentration, leading
to a rapid increase in microvascular permeability. Additionally, intravenous injection of
endothelin-1 (ET-1) causes smooth muscle cell contraction which further enhances the increase
in microvascular permeability. The increase in microvascular permeability leads to protein efflux

from the blood to the extracellular space, and microvascular fluid efflux.

Methods

We sought to develop and evaluate MR imaging methods to detect pharmacologically
induced reversible changes in coronary microvascular permeability. For these studies, wild type
male C57BI/6 mice (n=7) underwent MR imaging at 7T using a Clinscan system (Bruker,
Ettlingen, Germany). Mice were anesthetized with 1.25% isoflurane and maintained at 36 +
0.5°C during MR, and were fitted with an indwelling tail vein catheter for injections. As shown in
Figure A-1, T1 mapping was performed at baseline and at 7, 14, 21, and 28 minutes after
administering gadolinium-labeled albumin (4 mL/kg; Galbumin, BioPal, Worcester, MA) and, in a
separate session, at the same times without administering contrast agent. Increase in coronary
microvascular permeability was induced by intravenous administration of LNAME (2 mg/kg) and
ET-1 (1 nmol/kg) as shown in Figure A-1. Control studies were performed without
pharmacologically increasing permeability.
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0 7 14 21 (min)

Figure A-1 Schematic timing diagram of the Galbumin T1 mapping experiments.

T1 mapping MRI was performed using a spiral Look-Locker T1-mapping method for mice
combined with cardio-respiratory gating, as previously described [123]. The technique uses
fuzzy-clustering of spiral k-space interleafs [129] to ensure accurate T1 estimation even with
varying respiratory or heart rate. Imaging parameters included: TR =7 s, TE = 0.67 ms, flip
angle = 3°, field of view (FOV) = 30 x 30 mm?, number of averages = 3, number of spiral
interleaves = 84, interleaves per heartbeat = 3 and in-plane resolution = 0.23 x 0.23 mm?. Using
ky-t undersampling with randomness and a low-rank compressed-sensing reconstruction [125],

the acquisition was rate-2 accelerated, providing a scan time of 7 minutes.
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The patrtition coefficient, defined as the ratio of contrast agent concentration in the myocardium
to that in the blood, was calculated using the following equation and was used as a surrogate for
microvascular permeability.

_ R1(tissue)"*s* — R1(tissue)™"®
"~ R1(blood)Post — R1(blood)PTe

Results

Figure A-2 shows example R1 (1/T1) maps acquired before and 14 minutes after
injection of Gd-labeled albumin. Native T1 mapping after the injection of LNAME and ET-1
detected a transient increase in native T1 due to increase in interstitial fluid (P<0.05), as shown
in Figure A-3. T1 mapping before and after injecting Gd-labeled albumin detected a significant
increase in the partition coefficient after administration of pharmacological agents compared to
control (0.27 £ 0.017 LNAME and ET-1 vs. 0.21 + 0.013 control; p<0.05), reflecting the detection

of the induced increase in microvascular permeability.

05

Figure A-2: Example R1 maps of the mouse heart before (A) and 14 minutes after iv injection of

4 mL/kg Gd-labeled albumin (B).
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Figure A-3: (A) Native myocardial T1 values increase and return to baseline after iv injection of
LNAME and ET-1. At the peak of the response (14 minutes), the injection of LNAME and ET-1
caused an average of 92 ms increase in native myocardial T1 (*p<0.05 vs.baseline). (B) Without
pharmacological agents, the partition coefficient of gadolinium-labeled albumin was 0.21 +
0.017 and it increased to 0.27 £+ 0.013 after administering LNAME and ET-1 (*P<0.05 vs.

control). All data shown are mean * standard error.

Conclusions

T1 mapping with gadolinium-labeled albumin can detect pharmacologically-induced
changes in coronary microvascular permeability. These methods hold potential for the serial
noninvasive assessment of the coronary microvasculature in preclinical models of heart disease
and for studies evaluating potentially protective therapies for the microvasculature. Future work
will investigate the use of clinically-applicable agents such as albumin-binding gadolinium
(Ablavar, Lantheus, MA) as a means to potentially translate these methods for studies of

coronary microvascular disease in human patients.
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