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Abstract 

Cardiovascular disease is the leading health disorder in the western world. 

Recent studies have shown that myocardial ischemia can occur even in the absence of 

obstructive coronary artery disease (CAD) and this is especially common in patient 

populations of women, diabetics, patients of metabolic syndrome and obesity. An 

emerging concept in this realm is abnormal myocardial perfusion reserve as quantified 

by non-invasive imaging, or the inadequate increase of myocardial blood flow in 

response to vasodilation. Impaired myocardial perfusion reserve is associated with 

adverse cardiovascular outcomes even in the absence of obstructive CAD. 

Furthermore, increased body weight is independently associated with impaired 

myocardial perfusion reserve. However, molecular mechanisms underlying impaired 

myocardial perfusion reserve in the absence of obstructive CAD in are still unclear. 

Mice are widely used as models to study cardiovascular diseases and research 

using genetically modified mice has provided tremendous insights into the cellular and 

molecular mechanisms that underlie many cardiovascular diseases. Currently, no 

mouse model of ischemia in the absence of obstructive CAD has been established. 

Thus, it would be extremely useful to develop a mouse model that parallels the human 

clinical scenario, i.e. a mouse model of non-obstructive inducible myocardial ischemia in 

order to study causal mechanisms and eventually to develop therapies aimed at 

improving patient outcomes. 

For this dissertation, Specific Aim 1 is to develop improved quantitative perfusion 

MRI methods for mice to measure myocardial perfusion reserve and to test the 
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hypothesis that these methods can detect impaired myocardial perfusion reserve in 

mice fed a high-fat diet. Specific Aim 2 is to compare the two perfusion MRI techniques: 

first-pass contrast enhanced MRI and arterial spin labeling in terms of repeatability and 

user variability. Specific Aim 3 is to use cardiac MRI to establish the time course of 

impaired myocardial perfusion reserve and left-ventricular hypertrophy in a mouse 

model of diet-induced obesity.  
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1.1. Coronary Artery Disease 

 Coronary artery disease (CAD) is the leading cause of death in the United 

States, affecting more than 13 million people. Coronary arteries are the major blood 

vessels that supply blood and oxygen to the heart muscle. CAD is characterized by 

atherosclerosis of the coronary arteries. Atherosclerosis refers to the build-up of 

cholesterol containing deposits (plaques) in arteries. Atherosclerotic plaques 

progressively narrow the coronary artery lumen and impair blood flow to the heart when 

under stress. The following figure is from a study by Di Carli et al. (1) and it shows the 

relationship between severity of stenosis and myocardial blood flow (MBF) at rest and 

after injection of a vasodilator (stress agent). It has been shown that, in regions supplied 

by minimally stenosed arteries where the stenosis is less than 50%, the MBF at rest and 

stress is similar to age-matched healthy volunteers. However, as can be seen from 

Figure 1.1, with increasing severity of the stenosis, stress MBF decreased while there 

were no changes in rest MBF even in regions where the stenosis was greater than 90%. 

In this study, MBF was measured using positron emission tomography (PET). In a more 

recent study, similar results were shown using quantitative perfusion magnetic 

resonance imaging (MRI) (2). Thus, in obstructive CAD, myocardial ischemia (impaired 

MBF) is observed at stress while baseline or resting MBF is normal. Due to this, in 

clinical practice, the earlier perception was that ischemic heart disease (IHD) and CAD 

are essentially equivalent or synonymous and that IHD is caused by CAD (3).  
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Figure 1.1: Relationship of myocardial blood flow with severity of stenosis. This figure 

shows changes in myocardial blood flow after dipyridamole in each coronary territory 

grouped by cross-sectional area of stenosis (i.e., <50%, 50% to 70%, 70% to 90%, 

>90%). *P<.001, **P<.05 vs. baseline myocardial blood flows. Image reprinted with 

permission from Di Carli M et al. (1).  
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1.2. Ischemic Heart Disease and Non-obstructive Coronary Artery 

Disease 

Since the earlier thinking was that myocardial ischemia and obstructive CAD are 

one and the same, the treatment of cardiac ischemia is currently centered on the 

removal of coronary artery stenosis (3). However, there is mounting evidence that not 

all patients with obstructive CAD have ischemia and not all patients with ischemia have 

obstructive CAD (3). A recent study (4) showed that out of 163 symptomatic patients 

with chest pain who underwent both computed tomography angiography (CTA) and 

single-photon emission computed tomography (SPECT) for ischemia, 39 had 

obstructive and 105 had non-obstructive lesions. Due to the mounting evidence, a 

paradigm shift has been proposed for ischemic heart disease: one that takes all the 

factors responsible for myocardial ischemia into account (Figure 1.2) (3).   An emerging 

concept 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 (3) and this is illustrated in Figure 1.2. Myocardial ischemia in the absence of 

obstructive CAD is especially common in patient populations of women (5), diabetics 

(6), patients with metabolic syndrome (7) and patients with obesity (8). Thus, in order to 

advance heart therapies in patients, it is essential to put more emphasis on assessing 

microvasculature with resultant myocardial ischemia rather than just detecting 

obstructive CAD.  
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Figure 1.2: Proposed paradigm shift in ischemic heart disease. Critical coronary 

stenosis is just one factor responsible for myocardial ischemia. Several other factors are 

responsible for myocardial ischemia such as inflammation, microvascular dysfunction, 

endothelial dysfunction, vasospasm and platelets and coagulation. Image reprinted with 

permission from Marzilli et al. (3). 

 

1.3. Obesity 

1.3.1. Prevalence and Mortality 

 Obesity is a growing epidemic worldwide in both adults and children. In adults, 

obesity and overweight ranges are defined using body-to-mass index (BMI), which is 

determined using the height and weight of an individual. Any person with a BMI 

between 25 and 29.9 is considered overweight and any individual with a BMI greater or 
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equal to 30 is considered obese. In children and adolescents, overweight is defined as a 

BMI at or above 85th percentile and lower than 95th percentile for children of the same 

age and sex (9) and obesity is defined as a BMI at or above the 95th percentile for 

children of the same age and sex (9). According to a recent comprehensive global study 

published in the Lancet, more than one-third of the adult world population is either 

overweight or obese and about 8-10 % of the adults worldwide are obese (10). 

Furthermore, they also showed that the combined prevalence of overweight and obesity 

in children worldwide is about 13-14%. In United States alone, about 60-70% of men 

and women are either overweight or obese and the prevalence of obesity alone in 

adults is about 33% (10). In children and adolescents in the United States, about 30% 

are either overweight or obese and about 12-13 % are obese (10). 

A recent study performed a systematic review and meta-analysis of associations 

between all-cause mortality and overweight and obesity defined using the standard BMI 

categories. Obesity was further split into different grades based on BMI (grade 1 was 

defined as BMI of 30-35, grade 2 = 35-40 and grade 3 > 40). Using rigorous selection 

criteria for inclusion of studies, the sample included more than 2.88 million individuals 

and more than 270,000 deaths. They showed that overall obesity (including all grades) 

was associated with significantly higher all-cause mortality in comparison to normal 

weight (11). Another recent study has shown that obesity is also associated with 

increased cardiovascular death (12). 
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1.3.2. Obesity and cardiomyopathy 

In the past, obesity cardiomyopathy was defined as congestive heart failure 

primarily due to obesity and it was uniquely associated with morbidly obese individuals. 

However, there has been increasing evidence showing changes in cardiac structure and 

function in mildly to moderately obese individuals (13). Hence there have been calls to 

extend the definition of obesity cardiomyopathy to include myocardial disease in obese 

individuals that cannot be explained by diabetes milletus, hypertension, coronary artery 

disease or other etiologies (13).  

The possible link between obesity and heart failure was first recognized in 1933 

by Smith and Willius (14). Later in 1965, Amad et al. (15) reported post-mortem findings 

in 12 extremely obese individuals, which primarily included increased heart weight and 

left-ventricular (LV) wall thickness. Another study in 1983 (16) first recognized obesity 

as an independent risk factor for cardiovascular disease in both men and women. A 

number of epidemiological studies have provided evidence to link obesity with heart 

failure outcomes (13). A recent Framingham study (17) investigated the association 

between BMI and the incidence of heart failure and they showed that for each unit 

increment in BMI, the risk of heart failure increased by 5% in men and 7% in women 

after adjustment for established risk factors and this is illustrated in Figure 1.3. 
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Figure 1.3: Obesity and the risk of heart failure. This figure shows the cumulative 

incidence of heart failure according to the category of body mass index (BMI) in both 

men and women. Subjects with BMI between 18.5 and 24.9 were classified as normal, 

BMI between 25 and 29.9 were classified as overweight and BMI above 30 were 

classified as obese. Image reprinted with permission from Kenchaiah et al. (17). 
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Obesity produces numerous structural and functional changes in the heart. The 

structural changes in the heart due to obesity include increased LV mass, increased LV 

wall thickness, LV dilatation, myocyte hypertrophy, increased lipid accumulation in the 

heart and some myocardial fibrosis (18). Obese individuals have been shown to 

primarily have concentric hypertrophy but some studies have also reported eccentric 

hypertrophy in obese individuals (18). The findings of systolic and diastolic function in 

obesity are variable. While some studies report normal ejection fraction and diastolic 

function in obese patients, a few studies have demonstrated subclinical contractile 

abnormalities and prolonged isovolumetric relaxation time in obese patients. Vascular 

dysfunction and endothelial dysfunction is also thought to be associated with obesity 

(18). 

1.3.3. Potential Mechanisms  

Several mechanisms have been implicated in obesity related cardiomyopathy 

such as increased haemodynamic load, insulin resistance, lipotoxicity, inflammation, 

interstitial fibrosis, altered cardiac substrate metabolism, mitochondrial dysfunction and 

increased cardiac oxidative stress (18,19). It has been shown using animal models of 

obesity that in obesity, one of the earliest changes is the shift in myocardial substrate 

utilization from glucose oxidation to fatty acid oxidation, probably due to increased 

availability of fatty acids in obese hearts (20). Increased exposure of fatty acids is 

thought to cause uncoupling of mitochondria, which may contribute to the shift in 

cardiac substrate utilization, reduction in cardiac efficiency and impaired myocardial 

energetics. Despite increased oxidation of fatty acids, there is accumulation of 
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triglycerides in obese hearts and this combined with mitochondrial dysfunction leads to 

increased lipid burden in the heart, which could ultimately lead to cardiac dysfunction 

(21). Neurohumoral factors may also play a role in obesity related cardiomyopathy. It 

has been shown that there is increased activation of renin angiotensin system in obesity 

(22) and that this may contribute to cardiac hypertrophy. Inflammation is also linked with 

obesity and inflammatory cytokines may also lead to hypertrophy.     

 

1.4. Perfusion Imaging and Ischemic Heart Disease 

The conventional diagnostic technique for IHD is coronary angiography. 

However, coronary angiography is an invasive technique and it is not readily used to 

examine the function of microvasculature. Myocardial perfusion imaging is a well-

established tool to non-invasively assess blood flow to the heart and is also commonly 

used to diagnose CAD. Myocardial perfusion reserve (MPR) is the amount by which 

myocardial perfusion increases during maximal coronary vasodilation. MPR is defined 

as the ratio of MBF at baseline to MBF at maximal hyperemia, which can be achieved 

by intravenous injection of vasodilator adenosine or Regadenoson. Since the coronary 

arterioles primarily determine coronary vascular resistance, in the absence of 

obstructive CAD, MPR assesses the function of the small blood vessels (coronary 

vascular function) and it is a sensitive indicator of the capacity of the coronary 

circulation to supply oxygen to the myocardium. An impaired MPR thus, is a surrogate 

marker of myocardial ischemia (23).  In the presence of obstructive CAD, MPR is a 

measure of the severity of the stenosis (1,24-27). However, it can also occur in the 
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absence of obstructive CAD (28-31), where it is a marker of coronary vascular 

dysfunction.  Reduced MPR as measured by PET has been shown to be prognostic of 

adverse cardiovascular outcomes and is an independent predictor of cardiac mortality in 

patients with known or suspected CAD (24). Abnormal coronary vascular function in the 

absence of obstructive CAD is especially common in patient populations of women (32), 

diabetics (6) and patients with metabolic syndrome (7).  

1.4.1. Quantitative Perfusion Imaging in Ischemic Heart Disease  

Myocardial perfusion can be assessed either qualitatively or quantitatively. 

Qualitative or semi-quantitative assessment of myocardial perfusion however has 

reduced sensitivity for detecting perfusion defects in patients with multi-vessel CAD or 

microvascular disease (33). MPR, which is obtained using fully quantitative perfusion 

imaging, is an independent predictor of cardiac mortality and can also be used to detect 

microvascular dysfunction in women, diabetics, and patients of metabolic syndrome in 

the absence of non-obstructive CAD. Hence, there is a growing interest to quantify 

MBF. Additionally, quantitative assessments of myocardial perfusion enable the 

clinicians to accurately and objectively assess the injury to the myocardium.  

Various modalities may be used to image the functional response of the 

myocardium such as single-photon emission computed tomography (SPECT), 

echocardiography, positron-emission tomography (PET) and magnetic resonance 

imaging (MRI). SPECT is widely available, however, SPECT has poor spatial resolution, 

soft-tissue attenuation artifacts, requires a significant dose of ionizing radiation and it is 

not truly quantitative (34). Echocardiography can also be used to detect perfusion with 
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no ionizing radiation. However, it has limited acoustic windows and it is not quantitative. 

PET overcomes some of the shortcomings of SPECT as it has a higher spatial 

resolution, eliminates attenuation artifacts and provides a quantitative assessment of 

perfusion. Currently, PET is the gold standard for non-invasive quantification of 

myocardial blood flow. However, it uses radioactive tracers, which can be potentially 

harmful, and the availability of PET is limited to sites with a cyclotron for providing short 

half-life radiotracers. Thus, MRI has advantages as compared to the other imaging 

modalities, most notably high spatial resolution as well as absolute quantification of 

myocardial blood flow (34).   

1.4.2. MRI 

Magnetic Resonance Imaging (MRI) was invented in the 1970s and is based on 

the principles nuclear magnetic resonance (NMR). In brief, MRI utilizes the magnetic 

properties possessed by certain atoms to create high-resolution images. Atoms with 

odd number of protons or neutrons possess a magnetic moment. Hydrogen (1H), for 

example is composed of one proton and hence possesses a magnetic moment. 

Approximately 60% of an average adult human body is composed of water, which in 

turn is made up of hydrogen atoms. Normally, the magnetic moments of the hydrogen 

nuclei in the body are randomly oriented. However, when the human body is placed in 

an external magnetic field (B0), the magnetic moments of the hydrogen nuclei align 

along the direction of the external magnetic field. Slightly more than half of the magnetic 

moments align parallel to B0 and the remaining align antiparallel to B0. Thus, the sum 

total of the magnetic moments, also called the net magnetization is aligned parallel to B0 
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and this contributes to the MRI signal. The net magnetization precesses around the 

direction of the external magnetic field (also known as the longitudinal direction) with a 

frequency known as the Larmor frequency. Thereafter, a radio frequency (RF) pulse 

tuned at the resonant frequency (Larmor frequency) is applied in the transverse plane, 

which transfers energy to the magnetic moments in the body, and this tips the net 

magnetization to the transverse plane. After the transmitting RF pulse is switched off, 

the net magnetization returns to its resting state or equilibrium state (along longitudinal 

direction) by emitting energy, which is then detected by receiver coils and used to 

construct MR images. Furthermore, gradient coils are used to spatially encode the 

positions of the nuclei by varying the magnetic field linearly, thereby causing the nuclei 

at different positions to precess with different frequencies. T1 is the time-constant 

governing the exponential recovery of longitudinal magnetization. When the tipped spins 

precess about B0, they dephase due to interactions with nearby protons and the 

transverse magnetization decays. T2 is the time-constant governing the exponential 

decay of the transverse magnetization. Since each tissue has a distinct intrinsic T1 and 

T2 relaxation value, the imaging protocol can be altered to enhance contrast and 

emphasize a particular tissue. Additionally, pathologies also alter the relaxation rates of 

a tissue and this can be further exploited to distinguish pathological tissues from normal 

tissues. 
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1.4.2.1. Quantitative Perfusion MRI 

Perfusion is the rate of blood flow to the capillary bed in a tissue per unit gram 

tissue. Perfusion in MRI can be quantified by two different techniques – first-pass 

contrast enhanced MRI and arterial spin labeling. 

(a) First-pass contrast-enhanced MRI:  

In this technique, a bolus of MR detectable tracer such as gadolinium (Gd) 

chelate is injected intravenously and its first pass through the chambers of the heart is 

detected. First-pass contrast-enhanced MRI is typically performed using a dynamic T1-

weighted pulse sequence following the injection of a bolus of contrast agent to visualize 

its transit through the tissue. A set of T1-weighted images is acquired starting before the 

bolus injection and continuing while the contrast agent washes into and out from the 

tissue. The term first-pass refers to the first passage of the bolus of contrast agent 

through the heart. The contrast agent Gd-DTPA, which is typically used for these 

studies, is injected intravenously due to which it first appears in the right ventricle. 

Thereafter it passes through the lungs and then reaches the left ventricle, thereby 

causing signal enhancement in the LV blood pool. After a short delay, it enters the 

myocardium.  

The pulse sequences used for first-pass MRI are typically cardiac gated and 

consist of magnetization preparation followed by the image readout. The magnetization 

preparation can be a saturation or inversion preparation. However, inversion recovery is 

sensitive to heart rate variations, due to which saturation recovery is the current 

standard (34). The saturation preparation is implemented using an adiabatic non-
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selective 900 RF pulse. Typically, there is a delay between the magnetization 

preparation and image readout, which controls the T1 weighting of the first-pass 

images. For the image readout, typically fast imaging is used to minimize corruption of 

images due to motion. Acceleration techniques are also used to further shorten the 

image acquisition time.  

In order to perform quantitative perfusion analysis, a measurement of the 

contrast enhancement in the LV blood pool is necessary. Furthermore, the signal 

intensity in the LV blood pool and myocardium is required to be linear with the 

concentration of contrast agent for accurate perfusion quantification. The LV blood pool 

signal is distorted by T2* effects at peak enhancement, which occurs due to passage of 

high contrast agent concentrations through the LV and this, affects the measurement of 

the signal. In order to address this, two different imaging strategies were introduced 1) 

dual-bolus (35,36) and 2) dual contrast (37). In the dual bolus sequence, a low dose 

injection of the contrast agent is used to measure the LV blood pool signal, followed by 

a second high dose contrast agent injection to measure the myocardial signal (35,36). 

On the other hand, the dual-contrast acquisition uses a single high dose contrast-agent 

injection to measure both the blood pool signal using a short saturation delay and the 

myocardial signal using a longer saturation delay (37). A dual-contrast acquisition 

simplifies the procedure (one Gd injection) and may provide more accurate results than 

the dual-bolus method because the blood pool and myocardial signals are acquired 

under identical conditions.  

The signal intensities are then converted into absolute gadolinium concentration-

time curves. The conversion to gadolinium concentrations can be done either using a 
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look-up table, which is created using phantoms containing various known 

concentrations of Gd or using a theory-based signal calibration approach (38). The 

theory-based signal calibration approach estimates T1 from a single image and uses 

the known relaxivity of Gd to calculate the absolute Gd concentration. It uses the 

relationship between the normalized signal (calculated as the signal of the T1-weighted 

image normalized to the signal of a proton density image) and known imaging 

parameters to estimate T1. The LV blood pool Gd concentration function is known as 

arterial input function (AIF) and the myocardial tissue Gd concentration function is 

known as the tissue function (TF). 

MBF can be assessed semi-quantitatively or quantitatively. Semi-quantitative 

measures of MBF include upslope analysis where the upslope refers to the slope of the 

signal intensity curve in the early contrast enhancement phase. The upslope of the 

myocardial signal intensity curve normalized to the blood pool signal intensity curve has 

been used in some studies for perfusion assessment (39). Myocardial blood flow can be 

quantified using either a deconvolution method or a by using a compartment model 

approach (40). The deconvolution method is derived from the Central Volume Principle. 

Using this method, the tissue function can be obtained by a convolution integral 

between the arterial input function and an impulse response: 

)()()( thtCtC
AIFTF

 , where CTF(t) is the tissue function, CAIF(t) is the arterial input 

function and h(t) is the tissue impulse response. 

 Several mathematical models have been proposed to estimate h(t) such as 

Fermi function model (41), series of B-spline functions (42), series of exponential 
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functions (43) and autoregressive moving average model (44). Fermi function model is 

most commonly used to quantify MBF.  

(b) Arterial Spin Labeling (ASL):  

ASL is an alternative approach to measure perfusion non-invasively using water 

protons in blood as an endogenous tracer. It is based on labeling water in blood using a 

spatially selective inversion pulse and measuring the signal changes that occur when 

the inverted blood water spins flow in and out of an adjacent region. The technique is 

generally divided into continuous ASL and pulsed ASL. In continuous ASL, the labeling 

is applied over a much longer time and it establishes a steady state in the tissue of 

interest. On the other hand, in pulsed ASL, a bolus of arterial blood is labeled and it 

passes through the tissue as a transient. There are different types of pulsed ASL 

techniques depending on the way the labeling is applied such as EPISTAR (45), 

PICORE (46), FAIR (47,48) and TILT (49). ASL is more commonly used to image 

perfusion in the brain. 

Flow-sensitive alternating inversion recovery (FAIR) ASL employs two sets of 

images: a control and a tagged image set. The control image is acquired using a non-

selective inversion pulse where all spins in the body are inverted and the tagged image 

is acquired using a slice-selective inversion pulse where only the spins in the imaging 

slice or slightly beyond are inverted. Thus, in the control image, both the inflowing blood 

water protons and the water protons in the tissue in the imaging slice are inverted. 

Since the T1 of arterial blood is only slightly longer than the T1 of myocardial tissue, the 

inflow of blood water protons into the myocardial tissue does not affect the T1 of the 
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tissue in the control image. However, in the tagged image, the inflowing blood water 

protons are not inverted, while the water protons in the tissue in the imaging slice is 

inverted. This inflow and exchange of non-inverted blood water protons into the imaging 

slice causes an apparent T1 shortening effect, which can be used to quantify perfusion.  

The FAIR technique has advantages as compared to the other ASL techniques. 

In the tagged image, arterial blood flowing from both proximal and distal sides of the 

imaging slice is non-inverted. Thus, the estimated perfusion using FAIR technique is 

sensitive to inflow of blood from all directions. This is especially useful in the heart, 

where there are many coronary arteries supplying blood to the myocardial tissue and 

the blood distribution of these arteries is complicated.   

Perfusion in ASL can be quantified using the modified Bloch equation (50): 
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 , where M(t) is the longitudinal magnetization of the 

tissue, M0 is the equilibrium tissue magnetization, MA(t) is the longitudinal magnetization 

of the inflowing blood, Mv(t) is the longitudinal magnetization of the outflowing blood, f is 

the flow and T1 is the relaxation time constant of the myocardium. Here the first term 

accounts for T1 relaxation, the second term accounts for inflow of blood and third term 

accounts for outflow. If we assume a well-mixed single compartment, then the 

magnetization of the outflowing venous blood can be written as: 
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blood of milliliter per  waterofQuantity 

tissue of gram per  waterofQuantity 
 . For myocardial tissue, this ratio is assumed 

to be 0.95. Bauer et al. (51) and Belle et al. (52) extended this to a two compartment 

tissue model and derived a simple expression for perfusion for the FAIR ASL technique. 

This model assumes fast exchange between the two compartments, which is 

appropriate for the myocardial tissue. If T1ss is the T1 of myocardial tissue after slice-

selective inversion, T1NS is the T1 of myocardial tissue after non-selective inversion and 

T1blood is the T1 of arterial blood, then perfusion (P) can be estimated as follows (52): 
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  , where λ is the blood-tissue partition coefficient for water. 

 A mathematical model for ASL can also be derived using tracer kinetic 

methodology, where water is the endogenous tracer. Using this methodology, Buxton et 

al. (53) derived a general kinetic model for ASL where the difference in longitudinal 

magnetization between the control and tagged image (ΔM) can be expressed as a 

convolution integral between an arterial input function, c(t) and a residue function, r(t): 

  
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)()(2  , where α is the inversion efficiency and Mb

0 is the 

equilibrium blood magnetization. In the original formulation, Buxton et al. assumed the 

AIF to be plug flow. Thereafter, other studies have derived modified mathematical 

models using more realistic assumptions for the shape of AIF (54).  

ASL has the advantage of not requiring exogenous contrast agents. Hence, it 

can be used repeatedly and it can also be used in patients who have compromised 
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renal function since gadolinium based contrast agents are contraindicated in these 

patients. However, a major disadvantage of ASL is its inherent low sensitivity to blood 

flow. In humans, MBF is about 0.5 - 4 ml/g/min and at typical magnetic strengths of 1.5 - 

3T, this corresponds to ASL signal of 1% to 8%. However, ASL is widely used to 

quantify MBF in rodents since MBF in rodents ranges between 5 – 12 ml/g/min. 

1.5. Mouse models 

1.5.1. Mouse models in cardiovascular research  

Mouse models are one of the most commonly used animal models in 

cardiovascular research. There are several reasons for this, some of them being: low 

cost, high reproduction rate, short gestation period, low breeding and housing cost, 

ease and success of genetic manipulation and ease of maintenance and handling. 

Furthermore, the mouse genome has been recently sequenced and this has made 

genetic manipulation of mice easier and increased the availability of transgenic and 

gene-knockout mouse models. Research using transgenic and knockout mice has 

provided tremendous insights into the genetic, molecular, and cellular mechanisms 

underlying every major cardiovascular disease, and has contributed extensively to the 

development of new clinical medical therapies (55-58).  

Reduced MPR is a marker of IHD and has been shown to be prognostic of 

adverse cardiovascular outcomes. Impaired MPR has been detected in patients even in 

the absence of obstructive CAD. However, the mechanisms that cause reduction in 

MPR in the absence of obstructive CAD are not entirely clear. Thus, there is a need for 
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experimental studies investigating molecular mechanisms that underlie abnormal 

coronary vascular function in the absence of obstructive CAD. Currently, there is no 

mouse model of abnormal coronary vascular function in the absence of obstructive 

CAD. A mouse model that recapitulates coronary vascular dysfunction documented by 

impaired MPR in the absence of obstructive CAD will enable the investigation of 

mechanisms that underlie abnormal coronary vascular function and promise to be 

useful in the assessment of therapies for IHD. 

1.5.2. Mouse models in obesity 

 Several mouse models have been used to investigate and understand 

mechanisms underlying obesity related cardiac dysfunction. The mouse models can be 

divided into two types: 1) transgenic or knockout mouse models, where specific genes 

are manipulated or genetic mutations are induced in order to cause obesity and 2) diet 

induced obesity mouse models, where wild type mice are fed diets rich in fat. Recent 

studies have provided a comprehensive review of the commonly used mouse models to 

study obesity related cardiac dysfunction (18,59). 

 Some of the common knockout mouse models that have been previously used to 

study obesity include ob/ob mice (deficient in leptin gene), adiponectin gene knockout 

mice, neuronal insulin receptor knockout mice, β3 adrenergic receptor knockout mice 

and serotonin 5-HT-2c receptor knockout mice (18,59). A prior study used ob/ob mice to 

show that deficiency of leptin gene results in cardiomyocyte contractile dysfunction (60). 

Some of the common transgenic mouse models used in obesity research include db/db 

mice (mutation in leptin gene), UCP-DTA mice (which result in brown adipose tissue 
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ablation) and transgenic mice overexpressing glucose transporter subtype 4 (GLUT4) 

(18,59). A previous study published in Nature used UCP-DTA mice to genetically ablate 

brown adipose tissue and showed that this resulted in obesity in the mice and that these 

mice eventually developed hyperphagia (61). This study provided evidence to the 

critical role played by brown adipose tissue in maintaining energy balance. Several non-

obese transgenic mouse models have also been used to probe important pathways that 

are implicated in cardiac dysfunction due to obesity. For example, cardiac lipotoxicity is 

believed to be one of the mechanisms responsible for causing cardiac dysfunction in 

obesity related cardiomyopathy. A prior study used transgenic mice with cardiomyocyte 

overexpression of peroxisome proliferator-activated receptor (PPAR)-α and showed that 

the mice developed diabetes induced cardiac hypertrophy and they further fed some of 

the mice with diet rich in long chain fatty acid and showed that cardiac lipotoxicity is 

partly mediated by long-chain fatty acids (62). 

 Along with genetic and environmental factors, consumption of high amounts of 

dietary fat has also been associated with development of obesity and type 2 diabetes in 

humans (63-66). Hence, mouse models with diet-induced obesity have been used to 

explore the effects of different types of high-fat diets on obesity and its comorbidities 

such as hypertension, type 2 diabetes, hypercholesterolemia, hyperlipidemia and 

atherosclerosis (59,67). A variety of rodent diets with varying nutrient compositions 

exist. The amount of fat in a high-fat diet usually ranges from 30-78%. Diets with varying 

amounts of carbohydrate, protein, fatty acids and diets rich in both sugar and fat content 

are also available. The diet composition plays a major role in the induction of obesity. A 
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recent article provides a comprehensive review of the various types of animal diets 

available and their macronutrient compositions and their ability to induce obesity (68). 

 Prior studies investigating cardiac dysfunction due to obesity in animal models 

have been either in vivo or in vitro using isolated cardiomyocytes or in isolated perfused 

hearts (18). The in vivo studies have primarily used echocardiography to study cardiac 

function in murine models. Very few studies have used cardiac MRI to explore these 

mouse models and there has been no prior published work looking at in vivo 

quantitative myocardial perfusion in these mouse models. 

  

1.6. Cardiac Magnetic Resonance (CMR) in Mice 

 Cardiac magnetic resonance imaging has become a standard modality for non-

invasive imaging of the human heart and is considered the gold standard for 

quantification of myocardial mass, volumes and function (33). CMR of the mouse heart 

has also been extensively used for various applications and has proved to be a great 

tool in cardiovascular research in mice. A comprehensive review of the various 

emerging CMR techniques in mice can be found in a recent review article by 

Vandsburger et al. (69). Briefly, CMR has been used by prior studies to assess in vivo 

LV structure (70), contractile function (71,72), the presence and extent of myocardial 

infarction (MI) (73,74), myocardial viability, fibrosis in the heart (75), edema after MI (76) 

and myocardial perfusion (77). CMR in mice has also been used to track labeled cells in 

heart (78), to assess cardiac regeneration (79) and calcium function in the heart (80). 
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Thus, CMR in mice has proved to be a powerful research tool in cardiovascular 

research and the knowledge gained from the preclinical experiments can be a great aid 

in furthering our understanding of the heart and various disease processes.  

1.6.1. CMR of LV mass and volumes in mice  

 CMR has been used in several prior studies to measure LV volumes, ejection 

fraction, LV mass and LV wall thickness in mice (73). Because of its excellent image 

quality and high spatial resolution, CMR has also been used in post-MI mice to serially 

assess LV remodeling (73). The following Figure 1.4 demonstrates the typical image 

quality obtained using cine imaging in mice.  

 

Figure 1.4: Cine MRI in mice. This figure shows example black-blood cine images 

obtained from a mouse heart at end-diastole (A) and at end-systole (B). 

 Cine MRI is often performed using bright blood multi phasic spoiled gradient 

echo techniques (81). However in our study, multi-slice cine MRI in mice has been 

performed using a previously developed black-blood gradient echo sequence which 
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uses a double inversion recovery strategy to nullify the signal in the blood pool (70). 

This provides better delineation of the endocardium over the entire cardiac cycle and 

thereby improves the accuracy of the LV volume and LV mass measurements. Using 

image analysis software such as Segment, the end-diastolic and end-systolic frames for 

all the slices can be identified and the endocardium and epicardium can be easily 

contoured. Thereafter using the Segment software, LV end-diastolic volume, end-

systolic volume, ejection fraction, LV mass and LV wall thickness can be easily 

quantified. 

1.6.2. CMR of contractile function in the mouse heart  

 Quantitative wall motion imaging has been performed previously in mice using 

various techniques such as myocardial tagging, velocity-encoded phase-contrast 

imaging, harmonic phase (HARP) analysis and displacement-encoded imaging with 

stimulated echo’s (DENSE) (55). Using these techniques, circumferential strain (Ecc) 

and the rate of circumferential strain (dEcc/dt) can be quantified in vivo and these 

correspond to the shortening and shortening velocity of the cardiomyocyte respectively. 

Myocardial tagging is well-established technique and has been previously used both in 

humans and in mouse models. Prior studies have used myocardial tagging in mice to 

quantify regional contractile function after MI (73,82) and to demonstrate the roles of 

individual genes in contractile function in transgenic and knockout mouse models 

(73,83).  

Cine DENSE MRI is a more recent technique that was built on the concepts of 

myocardial tagging and provides higher spatial resolution. It has been used previously 
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to quantify circumferential displacement and strain in mice (72,78) and humans (84-86). 

Using a spiral cine DENSE sequence (85,86), regional myocardial displacement and 

strain for the entire cardiac cycle can be quantified in 2D and 3D in mice at 7T with high 

spatial resolution (87). Using a semi-automatic (88) or automatic DENSE analysis tool 

(89), the DENSE images can be easily analyzed to quantify displacement and strain for 

all phases of the cardiac cycle. Figure 1.5 shows example images obtained using a cine 

DENSE sequence in a mouse heart. Using strain-time curves, peak circumferential 

strain and strain rate (dEcc/dt) can be quantified.  

 

Figure 1.5: Cine Dense MRI in mice. This figure shows an example short-axis cine 

DENSE magnitude image (A) and phase image (B) obtained from a mouse heart. (C): 

An example short-axis displacement map obtained from a wild type mouse heart. (D): 
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An example short-axis circumferential strain map obtained from a wild type mouse 

heart. 

1.6.3. Assessment of myocardial perfusion in the mouse heart 

 PET and MRI are the only two quantitative perfusion imaging modalities and MRI 

has significant advantages for assessment of myocardial perfusion in the mouse heart, 

most notably the high spatial resolution. The following Figure 1.6 shows the image 

quality obtained by myocardial perfusion imaging in the mouse heart using PET and two 

different imaging techniques in MRI: ASL and First-pass contrast-enhanced MRI. 

 

Figure 1.6: Myocardial perfusion imaging in the mouse heart using PET and MRI. This 

figure demonstrates the image quality and spatial resolution obtained with myocardial 

perfusion imaging in mice using PET and two MRI techniques: ASL and First-pass. 

1.6.3.1. First-pass contrast-enhanced MRI in Mice 

First-pass Gd-enhanced MRI is a well-established non-invasive technique to 

measure perfusion in humans, however the method is less mature in mice and has only 

been recently investigated in these animals (38-41). This is because the rapid heart 
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rate, small heart size and free breathing in mice make quantitative first-pass imaging in 

mice challenging. The heart rate in mice is 400-600 bpm (R-R interval is ~120 ms at rest 

and ~100 ms with vasodilation), which implies that there is about 80-90 ms to acquire 

both the AIF and TF. Thus, a fast imaging protocol is essential. The left ventricle in mice 

is about 5-6 mm in diameter. This implies that high spatial resolution is necessary to 

obtain images that capture the transit of contrast agent through the heart. The systemic 

circulation time in mice is extremely rapid (4-5 sec), which implies that high temporal 

sampling is necessary. Thus, respiratory gating is not possible due to which there are 

artifacts in images. 

Due to technical limitations for temporal and spatial resolutions, it was not 

possible to perform first-pass MRI until recently. With recent advances in compressed 

sensing (CS) (90) and parallel imaging (91), it has been possible to accelerate the 

imaging times in mice. Recently, a few groups have performed first-pass MRI in the 

mouse heart using segmented acquisitions with parallel imaging (92,93) and k-t 

undersampling techniques with k-t principle component analysis reconstruction (94,95).   

1.6.3.2. ASL in Mice 

ASL is another perfusion MRI technique that allows quantitation of MBF. The use 

of this method in the heart is however limited in humans because of the relatively 

modest changes in signal due to spin labeling and cardiac motion artifacts. However, in 

mice, where MBF is higher than in humans, ASL has been used to measure myocardial 

perfusion at rest (77,96-102), after vasodilation (77,98,102) and after MI (77,99,100). 

ASL has also been used previously to investigate myocardial perfusion in knockout 
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mouse models (99,102). Our group has previously implemented ASL using the FAIR 

preparation scheme combined with a cardio-respiratory Look-Locker spiral gradient 

echo (77). Shown below are example images obtained using this technique. These 

images were acquired using a low flip angle of 30, which minimizes perturbation of the 

longitudinal magnetization and allows for accurate quantifications of T1.  

 

Figure 1.7: ASL in mice. (A-D): Images obtained after a slice-selective inversion from a 

mouse heart. (E-H): Images obtained after a non-selective inversion from a mouse 

heart.  

 

1.7. Specific Aims 

For this dissertation, Specific Aim 1 is (a) to develop improved quantitative first-

pass perfusion MRI for mice and to evaluate this method at rest and with vasodilation 

and (b) to use these methods to test the hypothesis that C57Bl/6 mice fed a high-fat diet 
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have impaired myocardial perfusion reserve. First-pass Gd-enhanced MRI is a well-

established non-invasive technique to measure perfusion in humans, however the 

method has only been recently investigated in these animals (92-95) due to technical 

challenges. A fast imaging protocol is essential and we achieved this by undersampling 

the images. In order to overcome motion artifacts due to free-breathing in mice, we 

used a motion-compensated CS algorithm to reconstruct the undersampled images, a 

dual-contrast acquisition simplifies the procedure (one Gd injection) and may provide 

more accurate results than previous methods because the AIF and TF are acquired 

under identical conditions. Thus, an accelerated dual-contrast sequence was developed 

for first-pass perfusion imaging in mice and the sequence was evaluated in wild type 

mice at rest and after vasodilation. Furthermore, we also used this sequence to 

investigate whether mice fed a high-fat diet have impaired MPR after 24 weeks of diet. 

The material for this aim is covered in Chapter 2 and this has been previously published 

in Naresh et al. (103).  

Specific Aim 2 is to compare the reproducibility and intra and inter-user variability 

of the two perfusion imaging methods, arterial spin labeling (ASL) and first-pass MRI, in 

mice under the conditions of rest, stress and infarct. Perfusion in MRI can be quantified 

using two techniques: first-pass contrast enhanced MRI and ASL. In humans, first-pass 

contrast enhanced MRI is routinely used for perfusion studies because it is quick and 

reproducible. However, it has only been recently investigated in mice (92-95) because 

of technical challenges as mentioned earlier. ASL is not clinically used in humans for 

myocardial perfusion imaging because of its lengthy imaging times and low sensitivity. 

However, it has been previously used to study myocardial perfusion in mice at rest, after 
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vasodilation and after MI (77,96,98-102,104,105). There is no published work 

comparing the two imaging techniques for myocardial perfusion imaging in mice. For 

this aim, wild type mice were studied at rest, stress and on day 1 post-MI using both 

first-pass and ASL. To assess reproducibility, perfusion imaging using both the 

techniques was repeated on a different session. The two techniques were also 

compared for image quality, intra-user and inter-user variability. The material for this 

specific aim is covered in Chapter 3, and it is not yet published.  

Specific Aim 3 is to establish the time course of impaired myocardial perfusion 

reserve and LV hypertrophy in C57Bl/6 mice fed a high-fat diet. Obesity has become 

increasing prevalent in western society and is independently associated with impaired 

myocardial perfusion reserve. In this aim, we used methods developed in Specific Aim 1 

in a mouse model of diet-induced obesity to establish the time course of MPR and we 

further used ex vivo histological and vascular reactivity studies to elucidate factors 

underlying the MRI results. Wild type mice were fed a high-fat diet or a low-fat diet and 

imaged at 6, 12, 18 and 24 weeks post-diet. The MRI protocol included multi-slice cine 

imaging to assess ejection fraction, LV mass, LV wall thickness, and LV volumes, cine-

DENSE to assess peak circumferential strain and first-pass imaging to quantify MPR. 

Vascular reactivity of isolated coronary arterioles was assessed in a sub-group of the 

mice. Histology of the aorta detected the presence or absence of systemic 

atherosclerosis, and myocardial capillary density and interstitial and perivascular fibrosis 

were quantified. The material of this specific aim is covered in Chapter 4, and it is not 

yet published  



 

 

 

 

 

 

 

 Chapter 2:  Accelerated Dual-contrast First-pass Perfusion 

MRI of the Mouse Heart: Development and Application to 

Diet-induced Obese Mice 
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2.1. Introduction 

Assessing myocardial perfusion or perfusion reserve (MPR) is of value in the 

diagnosis of ischemic heart disease, and impaired MPR has been shown to be 

prognostic of adverse cardiovascular outcomes (24). Furthermore, myocardial perfusion 

or perfusion reserve may be reduced due to obstructive epicardial atherosclerosis or 

due to microvascular disease.  MPR is defined as the ratio of myocardial blood flow at 

maximal hyperemia to myocardial blood flow at rest. In patient populations of diabetics, 

women, and individuals with the metabolic syndrome, the mechanisms underlying 

reduced perfusion or MPR are not completely understood (6,7,32).  Research using 

transgenic and knockout mice has provided tremendous insights into the genetic, 

molecular, and cellular mechanisms underlying every major cardiovascular disease, and 

has contributed extensively to the development of new medical therapies (55-58). 

Quantitative myocardial perfusion imaging in gene-modified mice may be used to 

elucidate molecular mechanisms underlying insufficient perfusion and to assess the 

efficacy of experimental therapies. Currently, quantitative myocardial perfusion imaging 

in mice can be performed using arterial spin labeling (ASL) MRI (77,97,98,100,101), 

however, ASL requires long acquisition times.  

First-pass gadolinium (Gd)-enhanced MRI is a well-established technique to 

quantify MBF and MPR in humans and it has only been recently investigated in mice 

(92-95,106). First-pass MRI in mice is challenging due to the rapid heart rate and small 

size of the mouse heart, and because image acquisition occurs during free breathing, 

which can lead to image artifacts. Recent MRI acceleration techniques have made first-

pass imaging in mice possible. Quantitative first-pass MRI relies on the accurate 
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measurement of both the myocardial tissue function (TF) and the arterial input function 

(AIF), which is usually measured in the LV blood pool. Quantitative first-pass MRI in 

humans is often performed using either a dual-bolus technique or a dual-contrast 

technique. 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) (35,36). On the other hand, a dual-contrast acquisition 

uses a single high dose contrast-agent injection to measure both the AIF using a short 

saturation delay and the TF using a longer saturation delay (37). A dual-contrast 

acquisition simplifies the procedure (one Gd injection) and may provide more accurate 

results than the dual-bolus method because the AIF and TF are acquired under identical 

conditions.  

Our goals for this study were to develop a dual-contrast first-pass sequence for 

mice and to use these methods to test the hypothesis that C57Bl/6 mice fed a high-fat 

diet (HFD) for 24 weeks have reduced MPR.  This diet-induced obesity (DIO) model 

was recently shown to recapitulate many hallmarks of human diabetic cardiomyopathy 

after 8 months on diet, including obesity, hyperglycemia, insulin resistance, and 

hyperinsulinemia, all in the absence of epicardial coronary artery disease (107). For the 

first time, we sought to establish another hallmark of human diabetic cardiomyopathy, 

namely reduced MPR, in these mice. 
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2.2. Methods  

2.2.1. MRI Hardware and First-pass Pulse Sequence 

 MRI was performed on a 7T Clinscan system (Bruker, Ettlingen, Germany) 

equipped with actively shielded gradients with a full strength of 650 mT/m and a slew 

rate of 6666 mT/m/ms. Additional equipment included a 30 mm diameter birdcage RF 

coil and an MR-compatible physiological monitoring and gating system for mice (SA 

Instruments, Inc., Stony Brook, NY). 

A dual-contrast saturation-recovery Cartesian sequence with a gradient-echo 

readout and ky- and time domain (ky-t) undersampling was implemented. The 

acquisition scheme is illustrated in Figure 2.1. The saturation pulse was chosen to be an 

adiabatic BIR4 pulse with a duration of 9 ms, in order to achieve uniform saturation 

(108). Two short-axis slices (slice gap = 0.2 mm) were acquired within each cardiac 

cycle, one to obtain the AIF and the other to obtain the TF. Respiratory gating was not 

applied. For both slices, the center of k-space was acquired at the Nyquist sampling 

rate while the higher spatial frequencies were randomly undersampled in the ky-t 

domain. This undersampling scheme was employed in order to facilitate image 

reconstruction using compressed sensing (90).  The AIF slice was undersampled at rate 

six while the TF slice was undersampled at rate four.  These acceleration rates of 6 and 

4, respectively, have previously been shown to provide good image quality for human 

first-pass images reconstructed using a motion-compensated compressed sensing 

algorithm, even when respiratory motion occurs (109). Undersampled proton density 

images were acquired toward the end of the acquisition in order to normalize signal 
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intensities for perfusion analysis. Other relevant imaging parameters were: TE/TR = 

1.2/2.1 ms, FOV = 25.6 x 18-20 mm2, phase FOV = 72%, percent sampling = 80%, 

image resolution = 200 μm2, matrix = 128 x 74-104, excitation flip angle = 150, slice 

thickness = 1 mm, AIF saturation delay = 15 ms, TF saturation delay = 57-74 ms, AIF 

image acquisition time = 25-34 ms/image and TF image acquisition time = 36-53 

ms/image. 12-16 phase-encode lines were acquired for each AIF image and 17-25 lines 

were acquired for each TF image. For the AIF images centric k-space filling was used to 

enable a short saturation delay, while for the TF images linear k-space filling was used.  

 

Figure 2.1: 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 

two slices are acquired in each cardiac cycle: 1) the AIF slice at acceleration rate 6 and 

at a saturation delay of 15 ms, with centric k-space ordering; 2) the TF slice at 

acceleration rate 4 and at a saturation delay of about 57 ms, with linear k-space 

ordering. The ky-t sampling patterns for the two slices are also shown. 
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2.2.2. Compressed Sensing Reconstruction 

 A motion-compensated compressed-sensing technique called Block LOw-rank 

Sparsity with Motion-guidance (BLOSM) was recently developed to reconstruct 

undersampled dynamic images, including images acquired during breathing (109). This 

method utilizes the concept of spatiotemporal low rank sparsity, as used in the k-t 

Sparsity and Low-Rank (k-t SLR) technique (110).  In BLOSM, the image is divided into 

regions (or blocks), motion tracking of the blocks is embedded within the iterative 

algorithm, and regional low-rank sparsity is applied to the motion-tracked blocks. 

BLOSM achieved very good results in human first-pass images, including those with 

respiratory motion (109).  Because first-pass MRI in mice occurs during breathing, 

BLOSM was chosen to reconstruct undersampled first-pass data in this context.  

2.2.3. Experimental Design 

The experimental design was divided into two parts: 1) evaluation of the 

sequence over a range of vasodilator doses and using two different vasodilator agents 

using wild-type C57Bl/6 mice fed a standard chow diet, and 2) use of the sequence to 

test the hypothesis that MPR is reduced in DIO mice. For the first part, 20 – 24 week old 

wild type C57Bl/6 mice were imaged using the dual-contrast first-pass sequence at rest 

(n = 6) and with the vasodilators Regadenoson (n = 6) (Lexiscan, Astellas Pharmis, 0.1 

µg/g body weight) and ATL313 (separate group, n = 6) (Adenosine Therapeutics, 0.025 

µg/g body weight). In addition to these doses, 12 week old wild type mice (n = 5) were 

imaged with different doses of Regadenoson (0.01, 0.02 and 0.05 µg/g body weight) in 

order to test whether first-pass MRI could detect incremental increases in MBF. The 
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different doses of Regadenoson were administered in different imaging sessions that 

were performed on separate days. The reason for this is that the terminal half-life of 

Regadenoson is very long (33-108 minutes) (111). Thus the wait time for the effect of 

Regadenoson to wear off would be long, thereby making the imaging session too long. 

Finally, C57Bl/6 mice fed a HFD (Diet # D12492, Research Diets, Inc., New Brunswick, 

NJ) were studied. Specifically, DIO mice fed a HFD for 24 weeks (n = 6) and age-

matched wild type C57Bl/6 mice (n = 5) fed standard chow diet were imaged at rest and 

with Regadenoson (0.1 µg/g body weight) using the dual-contrast sequence. DIO mice 

were started on the diet at 6 weeks of age and the imaging was performed after 

continuing the diet for 24 weeks. Only DIO mice that were glucose intolerant were 

selected for imaging. For the glucose-tolerance test (GTT) (112), mice were injected 

intraperitoneously with 1 g/kg glucose in milli-Q water after overnight fasting. A tail vein 

blood sample was taken before and at 10, 30, 60, 90 and 120 minutes post-injection of 

the glucose solution for determination of blood glucose. The blood glucose values were 

then plotted versus time and the area under the curve was calculated to evaluate 

glucose tolerance.  

2.2.4. 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 our institution.  An indwelling 

tail vein catheter was established to deliver Gd-DTPA (Magnevist, 0.1 mM/kg body 

weight) and Regadenoson, while ATL313 was delivered by an intraperitoneal (IP) bolus 
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injection. Mice were positioned supine in the magnet and body temperature was 

maintained at 36 ± 0.5 0C using thermostated water. Anesthesia was maintained using 

1.25% isoflurane in O2 inhaled through a nose cone during imaging. The ECG, body 

temperature and respiration were monitored during imaging using an MR-compatible 

system (SA Instruments, Stony Brook, New York).  

2.2.5. MRI Protocol 

In all mice, localizer cine imaging was performed to select a mid-ventricular short 

axis slice. For first-pass imaging, the CS-accelerated dual-contrast first-pass sequence 

was used as described above. A series of 250 first pass images were acquired using 

the dual-contrast sequence. Ten seconds after the acquisition started, the contrast 

agent was injected i.v. while imaging continued in order to capture first-pass kinetics. 

For the stress-perfusion acquisition, Regadenoson was injected through a tail vein 

catheter and 10 minutes later first-pass imaging was performed while injecting 

Magnevist through the same tail vein catheter. We waited for 10 minutes after the 

injection of the stress agent for the heart rate to stabilize before injecting Magnevist and 

performing the first-pass acquisition. 

2.2.6. Perfusion analysis 

 All data analysis was based on Fermi function deconvolution, implemented in 

MATLAB (Mathworks, Inc). To generate signal intensity vs. time curves, one region of 

interest (ROI) was placed in the LV blood pool in the images with the short saturation 

delay to obtain the AIF, while the TF was generated using a ROI covering the entire 
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myocardial tissue in the images acquired using the longer saturation delay. These 

signal intensities were normalized by the signal intensities of the proton density images 

and thereafter were converted to T1 values using the methods described by Axel et al 

(38). Since the accuracy of this method is poor at long T1 values (38), prior ASL 

measurements were used to fix pre-contrast T1 values for the blood (1.55 s) and for the 

myocardium (1.45 s). Precontrast T1 was measured in 6 wild type mice (separate 

group) using a Look-Locker sequence with a 3° excitation flip angle (77,78). The T1-

relaxation measurements were fit to this equation: Mz = M0exp(-t/T1). Precontrast blood 

T1 was found to be 1.55 ± 0.04 s which is in agreement with prior studies (77,100) while 

the precontrast myocardial T1 was found to be 1.45 ± 0.02 s, which is also in agreement 

with prior studies (77,78). Relaxivity was assumed to be 3.8L/mmol.s (113) which was 

used to convert T1 values to gadolinium concentrations. Absolute MBF was calculated 

from the LV blood pool and myocardial tissue gadolinium concentration-time curves 

(AIF and TF) using Fermi constrained deconvolution (41). To demonstrate the ability of 

the CS-accelerated dual-contrast sequence to quantify regional perfusions, the 

myocardium was divided into 6 sectors which were identified clockwise starting from the 

RV insertion point as: anterior, anterolateral, inferolateral, inferior, inferoseptal, and 

anteroseptal. Regional tissue functions were obtained by placing ROIs in these sectors 

and regional perfusions were quantified using Fermi function deconvolution. 

2.2.7. Statistical analysis 

 All MBF values are expressed as mean  standard error. For comparing rest and 

stress perfusion in wild type and DIO mice the student t-test was used. One-way 
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analysis of variance was used to compare perfusions with different stress doses for the 

dose-response. Two-way analysis of variance was used to compare rest and stress 

perfusions within the same sector and between the different sectors. P< 0.05 was 

considered to be statistically significant.  

 

2.3. Results  

2.3.1. Evaluation of the sequence 

Example AIF images obtained from a free-breathing mouse at rest using a short 

saturation delay are shown in Figure 2.2 (A-F), and representative TF images from the 

same mouse obtained using a longer saturation delay are shown in Figure 2.2 (G-L). 

Figure 2.2 (A-C) shows example AIF images undersampled at rate 6 and reconstructed 

using 2D Fast Fourier Transform (FFT), while Figure 2.2 (D-F) shows these AIF images 

reconstructed using the BLOSM technique. Figure 2.2 (G-I) shows example TF images 

undersampled at rate 4 and reconstructed using 2D FFT, and Figure 2.2 (J-L) shows 

these images reconstructed using the BLOSM technique (109). Since the AIF uses a 

short saturation delay, the images are acquired during systole, when the LV blood pool 

is only a few pixels wide (especially after vasodilation). Accordingly, a high-resolution 

AIF acquisition is necessary in order to resolve the LV blood pool. Figure 2.3A shows 

representative AIF and TF data and fits from Fermi function deconvolution obtained 

from a mouse at rest while Figure 2.3B shows TF data and fits obtained from mice at 

rest and after vasodilation. Average peak gadolinium concentration in the LV blood pool 
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was found to be 2.3 ± 0.2 mM at rest and 2.9 ± 0.3 mM after vasodilation for the 6 mice 

that were studied. Average peak gadolinium concentration in the myocardial tissue was 

found to be 0.4 ± 0.03 mM at rest and 0.6 ± 0.09 mM after vasodilation. The first-pass 

kinetics in mice occurred rapidly, over approximately 2-3 s.  The average mouse heart 

rate in our study was 455 ± 15 bpm at rest and 563 ± 3 bpm with vasodilation (R-R 

interval ~ 120  ms at rest and 100 ms with vasodilation). The average breathing rate in 

the mice was 188 ± 19 breaths/min.  

 



Chapter 2 

61 

 

 

Figure 2.2: First-pass MR images from a mouse heart. This figure shows example 

images obtained from a mouse at rest. AIF images obtained using a short saturation 

delay (A-F) and TF images obtained using a longer saturation delay (G-L) show the 

arrival of contrast agent in the right ventricle (A, D, G, J), left-ventricular blood pool (B, 

E, H, K) and the myocardium (C, F, I, L). (A-C): Rate 6 undersampled AIF images 

reconstructed using a 2D- Fast Fourier Transform (FFT). (D-F): BLOSM-reconstructed 

AIF images. (G-I): Rate 4 undersampled TF images reconstructed using a 2D-FFT. (J-

L): BLOSM-reconstructed TF images.  
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Figure 2.3: Arterial input function and tissue function data in mice. (A): Example AIF 

and TF data and fits obtained from a mouse at rest. (B): Example TF data and fits 

obtained from mice at rest (blue) and after vasodilation (red).  

Perfusion was measured in wild-type mice at rest and with the vasodilators 

ATL313 (0.025 µg/g body weight) and Regadenoson (0.1 µg/g body weight), and these 
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results are summarized in Figure 2.4. Mean baseline perfusion was found to be 5.7 ± 

0.8 ml/g/min and it increased to 11.8 ± 0.6 ml/g/min with ATL313 (p<0.05 vs. rest) and 

to 10.4 ± 0.3 ml/g/min with Regadenoson (p<0.05 vs. rest). Perfusion reserve was found 

to be 2.2 with ATL313 and 2.0 ± 0.3 with Regadenoson. Since separate groups of mice 

were used for rest and ATL313 studies, there is no standard error value reported for 

perfusion reserve with ATL313. We were also able to detect incremental changes in 

perfusion using incremental doses of Regadenoson, as shown in Figure 2.5. In this 

group of wild type C57Bl/6 mice, baseline perfusion was 6.1 ± 0.5 ml/g/min. Perfusion 

increased to 7.8 ± 0.4 ml/g/min with 0.01 µg/g body weight dose of Regadenoson, which 

then increased to 9.8 ± 0.7 ml/g/min with 0.02 µg/g body weight dose of Regadenoson 

(p < 0.05 vs. rest) and thereafter to 11.7 ± 0.3 ml/g/min with 0.05 µg/g body weight dose 

of Regadenoson (p < 0.05 vs. rest, p < 0.05 vs. 0.01 µg/g). With 0.1 µg/g body weight 

dose of Regadenoson, MBF did not increase further, and was measured as 10.8 ± 0.9 

ml/g/min (p < 0.05 vs. rest, p < 0.05 vs. 0.01 µg/g). 
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Figure 2.4: Perfusion values obtained using first-pass MRI in mice. This figure shows 

perfusion results obtained in wild type mice at rest and after vasodilation with ATL313 

and Regadenoson. Perfusion was significantly increased with ATL313 and 

Regadenoson (*p<0.05 vs. Rest).    
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Figure 2.5: Dose-response curve with Regadenoson. This figure shows dose-response 

curve obtained from wild-type mice at different doses of Regadenoson. MBF increased 

with increasing doses of Regadenoson, until a plateau was reached above 0.05 µg/g 

(*p<0.05 vs. rest, #p<0.05 vs. 0.01 µg/g).  

To demonstrate the advantage of acquiring a separate AIF acquisition with a 

short saturation delay when using a standard dose of gadolinium (as used in this study), 

Figure 2.6 compares LV blood pool gadolinium concentration estimates obtained using 

images acquired with a short (10 ms) and a long saturation delay (57 ms). These data 

show that with a Gd-DTPA dose of 0.1 mmol/kg body weight, the AIF obtained with a 

long saturation delay of 57 ms markedly underestimates the peak concentration. Table 

2.1 compares calculated perfusion values at rest and with Regadenoson (0.1 µg/g body 

weight) estimated using AIFs measured from images with a short and a long saturation 
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delay. These results demonstrate that perfusion is overestimated when the AIF is 

obtained using images acquired with a long saturation delay. The error in the estimate 

of the AIF calculated using the images acquired with a long saturation delay may be due 

to signal errors arising from high blood velocities that occur in certain diastolic phases 

(114). This blood motion can cause dephasing during the echo time (115), leading to 

signal loss and lower AIF estimates. Placing the AIF acquisition near end systole 

provides less sensitivity to signal dephasing. 

 

Figure 2.6: Effect of saturation delay on AIF. Example left-ventricular blood pool data 

and fits obtained from a mouse at rest using a short (10 ms, red circles and solid red 

line) and a long saturation delay (57 ms, blue circles and solid blue line).  These curves 

demonstrate that the AIF is underestimated when using a long saturation delay. 
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Table 2.1: Quantitative perfusion values (mean ± standard error) at rest and after 

Regadenoson administration when AIF is obtained using images with saturation delay 

10 ms/57 ms 

 Rest 

Regadenoson 

(0.1 µg/g 

bodyweight) 

Perfusion 

Reserve 

Perfusion [ml/g/min] (AIF from 

images with Tsat = 10 ms) 
5.7 ± 0.8 10.4 ± 0.3 2.0 ± 0.3 

Perfusion [ml/g/min] (AIF from 

images with Tsat = 57 ms) 
8.6 ± 1.4 18.4 ± 2 2.3 ± 0.4 

 

To demonstrate the ability of the CS-accelerated dual-contrast sequence to 

quantify regional perfusions, Figure 2.7 shows example regional TF curves obtained 

from mice at rest and after vasodilation with Regadenoson. Table 2.2 shows the 

average regional perfusions that were obtained in the mice at rest and after 

vasodilation. There were no significant differences in the rest and stress perfusion 

values between the different sectors. Stress perfusion was significantly increased within 

the same sector (p<0.05 vs. rest). 
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Figure 2.7: Regional tissue function curves obtained from mice. (A): Example regional 

tissue function curves obtained from a mouse at rest. (B): Example regional tissue 

function curves obtained from a mouse after vasodilation. The myocardium was divided 

in 6 sectors (named clockwise starting from the right ventricular insertion point): 

anterior, anterolateral, inferolateral, inferior, inferoseptal and anteroseptal. These curves 

demonstrate the ability of the CS-accelerated dual-contrast sequence to assess 

regional perfusions. 
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Table 2.2: Regional perfusion values (mean ± standard error) obtained in the different 

myocardial sectors at rest and after Regadenoson administration 

 Anterior 
Antero-

lateral 

Infero-

lateral 
Inferior 

Infero-

septal 

Antero-

septal 

Rest 5.9±0.8 6.1±1.8 5.5±0.9 6.5±0.8 6.8±1.0 6.8±0.6 

Stress 16.1±1.0* 11.3±1.6* 10.8±1.1* 11.8±0.9* 14.3±1.8* 13.8±1.5* 

*p < 0.05 vs. rest perfusion within the same sector 

2.3.2. Myocardial perfusion reserve in DIO mice  

Using the dual-contrast first-pass sequence with BLOSM reconstruction, we were 

able to detect reduced MPR in DIO mice fed a HFD for 24 weeks. These results are 

summarized in Figure 2.8. Baseline perfusion in DIO mice was found to be 5.6 ± 0.4 

ml/g/min and this was similar to the baseline perfusion in wild type mice (5.7 ± 0.8 

ml/g/min). Stress perfusion was reduced (p<0.05) in DIO mice (7.7 ± 0.4 ml/g/min) as 

compared to the wild type mice (10.4 ± 0.3 ml/g/min). Thus, MPR was reduced in DIO 

mice due to reduced stress perfusion. Specifically, MPR was 2.0 ± 0.3 in wild type mice 

and 1.4 ± 0.2 in DIO mice (p<0.05).    
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Figure 2.8: Myocardial perfusion and perfusion reserve in high-fat diet mice. (A): Rest 

and stress MBF results obtained in wild type and HFD mice after 24 weeks of diet. Rest 

MBF was similar in wild type and HFD mice. Stress MBF was increased in wild type 

mice (*p<0.05 vs. wild type rest perfusion) and was reduced in HFD mice as compared 

to wild type mice ($p<0.05 vs. wild type stress perfusion). (B): MPR results obtained in 

wild type and HFD mice after 24 weeks diet. MPR was reduced in the HFD mice 

(*p<0.05 vs. wild type).   
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2.4. Discussion 

In this study, we developed a dual-contrast first-pass perfusion MRI method for 

mice, which allowed sampling of both the AIF and TF within every R-R interval. This 

method employed a CS-accelerated dual-contrast gradient-echo pulse sequence to 

acquire undersampled first-pass images and the motion-compensated BLOSM CS 

reconstruction technique to reconstruct the undersampled free-breathing data in the 

presence of respiratory motion (109). Using this technique, we measured MBF in mice 

at rest and with two vasodilators, ATL313 and Regadenoson. We also detected 

increments in perfusion with increasing doses of Regadenoson and obtained a dose-

response curve. Using this method, for the first time we measured a reduction in MPR in 

DIO mice.  

The dual-contrast first-pass MRI sequence enables acquisition of both the AIF 

and TF using a single gadolinium injection in mice. There are several challenges to 

performing first-pass imaging in mice. The average mouse heart rate in our study was 

455 ± 15 bpm at rest and 563 ± 3 bpm with vasodilation (R-R interval ~ 120  ms at rest 

and 100 ms with vasodilation). Using a fast saturation-recovery gradient-echo sequence 

with rectangular FOV and acceleration rates of 6 and 4 for the AIF and TF respectively, 

the total imaging time was 80 ms/R-R interval. This protocol enabled us to sample both 

the AIF and the TF every R-R interval, both at rest and with vasodilation. The second 

challenge was the small size of the mouse heart. The dual-contrast first-pass images 

were acquired with an in-plane resolution of 200 m2, which enabled us to clearly 

resolve the LV blood pool and myocardium. The third challenge was the free breathing 
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of the mice, which can introduce artifacts in images. Since mice have a fast systemic 

circulation time of just a few seconds, it is essential to sample the AIF and TF every 

heart beat and hence respiratory gating cannot be used. In order to reduce respiratory 

motion artifacts, we used a recently developed CS reconstruction technique called 

BLOSM. This technique uses motion tracking to guide the CS sparsity transform and 

compensates for respiratory motion (109). 

In this study, we evaluated the sequence at rest and with two vasodilators, 

ATL313 and Regadenoson. Regadenoson is an A2A receptor agonist that is used 

clinically. This agent has been shown to have fewer side effects as compared to 

adenosine and it can be injected as a bolus before contrast agent administration (116). 

Our results show the feasibility of using this agent for stress first-pass MRI in preclinical 

studies. The MBF values obtained at rest and with ATL313 agree closely with our prior 

ASL data (105). Both ATL313 and Regadenoson provided comparable perfusion values 

during vasodilation. The peak concentration of Gd-DTPA in the LV blood pool with 0.1 

mmol/L.kg body weight dose (bolus concentration = 50mM) was 2.3 ± 0.2 mM. This 

concentration is similar to the concentration obtained by Nierop et al. (1.9 mM) (93), 

who used a dual-bolus technique in mice with a full bolus concentration of 40 mM. 

Using the dual-contrast sequence with different doses of Regadenoson, we were able to 

obtain a dose-response curve. Thus, using this dual-contrast sequence, we were able to 

measure incremental increases in MBF with incremental doses of Regadenoson until it 

plateaued at approximately 11 ml/g/min with 0.05 - 0.1 µg/g body weight dose. This 

result demonstrates that maximal vasodilation was achieved with 0.05 µg/g body weight 

of Regadenoson.   
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In this study we also demonstrated the ability of the sequence to quantify 

regional perfusions. Though there were no statistically significant differences in the rest 

and stress perfusion values between the different sectors, the perfusion in the anterior 

wall after vasodilation was slightly increased as compared to the other sectors. The high 

value in the anterior wall after vasodilation occurs because this area is prone to artifacts 

related to the nearby ascending and descending aorta, which has very high pulsatile 

flow after administration of Regadenoson.   

Using the dual-contrast first-pass MRI sequence we detected reduced MPR in 

DIO mice fed a HFD for 24 weeks. A recent study looked at the long-term effects of a 

HFD in C57Bl/6 mice and showed that these mice exhibit several hallmarks of diabetic 

cardiomyopathy. In this study they showed that DIO mice fed a HFD for 8 months were 

overweight, hyperglycemic, insulin resistant, hypercholesterolemic, and 

hyperinsulinemic, and exhibited cardiomyocyte hypertrophy, cardiac fibrosis and a 

reduction in cardiac contractile reserve. In addition, these conditions worsened after 16 

months of diet (107). Another recent study showed that DIO mice fed a HFD for 5 

months have subtly abnormal cardiac mechanics (117).  In the present study, we have 

shown that DIO mice fed a HFD for 24 weeks have reduced MPR, and this is consistent 

with prior data showing that human diabetic patients have reduced coronary flow 

reserve, even without obstructive coronary atherosclerosis (6). We also found that the 

DIO mice were severely overweight as compared to the wild type mice (55 ± 4 g vs. 31 

± 1g, p<0.05) and this is in agreement with prior studies (107,117). As the present study 

focused on technique development and evaluation, we did not investigate the 

mechanisms underlying reduced perfusion reserve in the DIO mice.  
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First-pass contrast-enhanced MRI in mice has only recently been investigated 

(92-95,106). Coolen et al. (92) used a segmented acquisition with parallel imaging to 

perform first-pass MRI in mice with a temporal resolution of about 300 - 400 ms. They 

used this method to measure perfusion semi-quantitatively in mice at rest and post – 

myocardial infarction (MI) and showed that they could detect regional differences in the 

myocardium post-MI. However, they did not perform absolute quantification. Makowski 

et al. (94) used 10-fold k-t undersampling with a k-t principle component analysis image 

reconstruction technique to perform first-pass MRI in mice at rest and post-MI. They 

measured perfusion both semi-quantitatively and using Fermi-function deconvolution 

and reported MBF of 7.3 ± 1.5 ml/g/min in mice at rest, 7.1 ± 1.5 ml/g/min in the post-

infarct remote myocardium and a reduced perfusion of 1.2 ± 0.8 ml/g/min in the 

infarcted segments of the myocardium. Our resting MBF value of approximately 5.7 

ml/g/min is approximately 25% lower than Makowski’s value. This difference could be 

due to the slightly lower isoflurane level used in our study (1.25% in our study vs. 1.4% 

in Makowski et al.), as isoflurane is known to be a potent vasodilator and has 

specifically been shown to increase MBF in the mouse heart (98).  In addition, 

Makowski et al. did not use a dual-bolus or dual-contrast technique, but rather assessed 

both the TF and AIF from a single slice acquired at a saturation delay of 100ms. Using 

our methods for computing MBF, we demonstrated that MBF will be overestimated 

using a single slice for the AIF and TF with a 100 ms delay.  Jogiya et al. (95) used 

essentially identical methods as Makowski et al. to measure perfusion semi-

quantitatively and used Fermi function deconvolution in mice at rest and after 

vasodilation with dipyridamole. They reported a resting MBF of 4.1 ± 0.5 ml/g/min that 
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increased to 9.6 ± 2.5 ml/g/min after hyperemia, yielding a perfusion reserve of 2.4 ± 

0.54. Our rest and stress perfusion estimates are somewhat higher than the values 

reported in that study. Nierop et al. (93) used a dual-bolus approach to measure resting 

MBF in a cohort of 9 C57Bl6 mice, where the AIF was measured using a separate 

acquisition with a low dose of Gd-DTPA. They reported a mean MBF of 7.3 ± 0.9 

ml/g/min at rest and demonstrated good repeatability of the method for measuring 

resting MBF in mice. Our measurement of resting MBF is lower than that reported in 

their study and this is likely due to the higher isofluorane level used in their study (1.5-

2% vs. 1.25 % in our study).  

Prior studies have measured MBF quantitatively in mice using other techniques 

such as arterial spin labeling (ASL) (77,97,98,100,101) and microspheres (118-120). 

Previously published studies using other techniques reported mean resting MBF of 4.3 

– 7 ml/g/min and stress MBF of 8.2 – 14 ml/g/min in mice. Our perfusion estimates are 

centered within the ranges of these published values. The large variation in stress 

perfusion values is because of the different vasodilators and different doses used in the 

various studies. Our data is in good agreement with prior ASL data acquired in mice at 

rest (77,105) and after administration of ATL313 (105). Since ASL requires longer 

acquisition times and perfusion estimation using microspheres is a terminal experiment 

in mice, first-pass MRI has significant advantages compared to both of these methods.  

Because first-pass MRI is performed so rapidly, it can easily be integrated into a 

comprehensive cardiac MRI exam for mice that assesses left-ventricular anatomy, 

function (70), strain (72,80), and late gadolinium enhancement (55). 
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A limitation of this study is that no additional independent perfusion 

measurements were performed to validate the dual-contrast first-pass MRI technique. 

However, our perfusion estimates are within the ranges of previously published values. 

Another limitation is that our current imaging protocol only allows for perfusion 

measurement in a single slice. Increasing slice coverage is an important challenge for 

future technical development, which may be facilitated by using short echo-planar (121) 

or spiral trajectories (122). Image resolution may further be improved by using other k-

space trajectories like radial or spiral, and by using higher acceleration rates possibly 

with phased-array coils and combining compressed sensing with parallel imaging (91). 

A further limitation of this study is that the dose-response studies were not all performed 

in the same set of mice and a separate set of mice was used for perfusion estimation 

using ATL313.  In this manuscript, we have not studied perfusion in infarcted mice, 

however other groups have used first-pass MRI to image perfusion in post-infarct mice 

(94,106). The heart rate in wild type C57Bl6 mice on day 1 post-infarct is typically 

around 550 – 600 bpm (77), which is similar to the heart rate we observed after 

vasodilation in non-infarcted mice (563 ± 3 bpm). Given that the acquisition time for our 

dual-contrast sequence is 80 ms (using the sequence parameters stated in this study), 

we would not expect major problems in measuring perfusion in an acute infarct mouse 

model using the CS-accelerated dual-contrast sequence. However, in chronic infarcts 

after wall thinning occurs, the image resolution may be insufficient to accurately 

measure perfusion in the infarct scar. 
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2.5. Conclusions 

 In conclusion, ky-t undersampled dual-contrast first-pass MRI with BLOSM 

reconstruction provides the spatial resolution, temporal resolution, and motion 

compensation suitable for quantifying myocardial perfusion in free-breathing mice using 

a single injection of a contrast agent.  The dual-contrast approach uses separate slices 

with short and long saturation delays, and provides accurate measurements of MBF.  

With these methods, the scan time is sufficiently short so as to allow first-pass imaging 

at either rest or stress with vasodilation, providing for the assessment of MPR.  

Furthermore, we measured reduced MPR in DIO mice, which establishes an additional 

important abnormal parameter in this emerging mouse model of human diabetic 

cardiomyopathy.  These techniques applied in gene-modified mice may be used to 

study mechanisms that underlie abnormal perfusion in cardiovascular diseases such as 

obesity and diabetes. 
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3.1. Introduction 

The assessment of myocardial blood flow (MBF), or perfusion, is central to the 

evaluation of ischemic heart disease. Blood flow is markedly reduced in myocardial 

infarction, and the recovery of blood flow to injured tissue is critical to infarct healing and 

to emerging strategies for cardiac regeneration. Abnormal myocardial perfusion reserve 

(MPR), the ratio of blood flow at stress compared to rest, is widely used to evaluate 

ischemia and detect obstructive coronary artery disease (CAD). MPR can also be 

reduced in the absence of obstructive CAD (3,123,124), such as in diabetes (6,124), 

obesity (8), the metabolic syndrome (7), and other conditions where microvascular 

dysfunction limits the ability to augment MBF.  Reduced MPR is prognostic of adverse 

cardiac events in patients with and without obstructive CAD (6), and in many diseases 

involving microvascular dysfunction the molecular and cellular mechanisms underlying 

reduced MPR are not well understood.   

Preclinical research across the full spectrum of heart diseases, including infarct 

healing, cardiac regeneration, and microvascular disease, is largely performed in small 

animals such as mice and rats. Recent examples where quantitative MRI of MBF 

provided critical data include a study by Zhang et al. (125) where MRI quantified 

temporal changes in MBF after transplantation of endothelial cells to the infarcted heart, 

a study by Banquet et al. (126) where MRI perfusion imaging demonstrated the 

therapeutic benefit of a growth factor combination therapy in a chronic heart failure 

mouse model, and a study by Hiller et al. (127) where MRI showed an improvement in 

microvascular function after treatment with a tissue specific ACE inhibitor after coronary 

stenosis.  
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Two different MRI methods, first-pass contrast-enhanced MRI and arterial spin 

labeling (ASL), can both be used to quantify MBF in small animals.  Although first-pass 

contrast-enhanced imaging is the MRI method of choice to assess myocardial perfusion 

in humans, due to technical limitations, until recently the clearly superior option for 

imaging myocardial perfusion in small animals was arterial spin labeling (ASL).  More 

recently, with the development of acceleration methods, first-pass perfusion imaging 

has become technically feasible in mice and rats, and first-pass methods that quantify 

MBF in small animals have recently been reported (92-95,103). Since two methods, 

ASL and first-pass contrast-enhanced MRI, are now available, we sought to evaluate 

them for imaging MBF in mice over a wide range of blood flows, and to compare their 

advantages and disadvantages under a variety of conditions. The specific purpose of 

this study was to compare the repeatability and variability of ASL and first-pass MRI for 

quantifying myocardial perfusion in mice under a range of conditions.         

  

3.2. Methods  

3.2.1. Experimental Design 

Wild-type male C57Bl/6 mice (n = 7) were imaged at rest, with vasodilation using 

Regadenoson (Lexiscan, Astellas Pharmis, 0.1 µg/g body weight) and after myocardial 

infarction (MI), representing conditions of intermediate, high, and low MBF, respectively. 

Under each condition, mice were imaged using both a first-pass sequence (103) and an 

ASL sequence. To assess repeatability, perfusion imaging for each technique was 
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performed at two different sessions. The repeated rest and stress imaging sessions 

were separated by approximately one week in order to allow the mice sufficient time to 

recover between imaging sessions. The infarcted mice underwent the two sessions on 

day 1 and day 2 post-MI in order to allow sufficient time for Gd to wash out from the 

infarcted tissue and to minimize changes in perfusion due to infarct healing. Perfusion 

estimates at rest, stress and post-MI obtained using both techniques were compared for 

between-session repeatability, intra-user and inter-user variability and inter-animal 

variability. Overall image quality of the perfusion images was also assessed by two 

readers using a 5 point scale (1-very poor, 2-poor, 3-good, 4-very good, 5-excellent), 

where judgment of high quality was largely influenced by low levels of aliasing and 

motion artifacts.  

3.2.2. 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 gadolinium (Magnevist, 0.1 mM/kg body 

weight) and Regadenoson. Mice were positioned supine in the scanner, body 

temperature was maintained at 36 ± 0.50C and anesthesia was maintained at 1.25 % 

isoflurane in O2 during imaging. The ECG, body temperature and respiration were 

monitored during imaging using an MR-compatible system (SA Instruments, Stony 

Brook, New York). MI was induced by permanent ligation of the left anterior descending 

coronary artery as described previously (128).  
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3.2.3. MRI Hardware 

MRI was performed on a 7T Clinscan system (Bruker, Ettlingen, Germany) 

equipped with actively shielded gradients with a full strength of 650 mT/m and a slew 

rate of 6666 mT/m/ms. A 30 mm diameter birdcage RF coil was also used.  

3.2.4. MRI Pulse sequences and Imaging Protocol 

3.2.4.1. ASL 

ASL was performed using a compressed sensing (CS) accelerated spiral flow-

sensitive alternating inversion-recovery (FAIR) Look-Locker sequence. This sequence is 

an accelerated version of a cardio-respiratory gated (CRG) FAIR ASL sequence, which 

was previously described and used to measure perfusion in the mouse heart at rest, 

with vasodilation and post-MI (77). Using this sequence, upon detection of a CRG 

trigger, a non-selective or slice-selective inversion was performed. For 50-60 triggers 

after the inversion, an RF pulse was applied and a spiral gradient echo was acquired. 

Imaging parameters included: acceleration rate = 2, time between inversions = 7 s, slice 

thickness = 1 mm, number of spiral interleaves for full Nyquist sampling = 87, pixel size 

= 100 x 100 μm2, averages = 3. A hyperbolic secant RF pulse was used for inversion. A 

3° RF excitation pulse was used to minimize perturbation of recovering longitudinal 

magnetization. The total acquisition time for one session of CS-accelerated ASL was 

about 40 min. 

 In all mice, localizer cine imaging was performed to select a mid-ventricular 

short-axis slice. Rest ASL imaging was performed first, followed by stress ASL. For 
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stress ASL imaging, Regadenoson was injected i.v. and about 7-10 minutes later, the 

slice selective acquisition was performed followed by the non-selective acquisition.  

3.2.4.2. First-Pass MRI 

First-pass MRI was performed using a CS accelerated dual-contrast saturation-

recovery gradient echo sequence that has recently been described in detail (103). 

Briefly, two short-axis slices (slice gap = 0.2 mm) were acquired within each cardiac 

cycle, one to obtain the arterial input function (AIF) and the other to obtain the tissue 

function (TF). Pulse sequence parameters included: FOV = 25.6 x 18 mm2, phase 

resolution = 80%, matrix = 128 x 74, nominal pixel size = 200 μm2, TE/TR = 1.2/2.1 ms, 

excitation flip angle = 150, slice thickness = 1 mm, AIF saturation delay = 15 ms, TF 

saturation delay = 57 ms, acceleration rate = 6 for AIF and 4 for TF, AIF acquisition time 

= 25ms/image and TF acquisition time = 36 ms/image. 12 phase-encode lines were 

acquired for each AIF image and 17 lines were acquired for each TF image. For the AIF 

images centric k-space filling was used to achieve a short saturation delay, while for the 

TF images linear k-space filling was used.  

In all mice, localizer cine imaging was performed to select a mid-ventricular 

short-axis slice. A series of 250 first pass images were acquired using the dual-contrast 

sequence. Ten seconds after the acquisition started, the contrast agent was injected i.v. 

while imaging continued in order to capture the first-pass kinetics. For the stress-

perfusion acquisition, Regadenoson was injected i.v. and first-pass imaging was 

performed 10 minutes later. 
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3.2.5. Compressed Sensing Reconstruction 

First-pass MRI and ASL both utilized data undersampling for acceleration, and 

both were reconstructed using a recently-developed CS algorithm called Block LOw-

rank Sparsity with Motion-guidance (BLOSM) (109). This method applies low rank 

sparsity to regions of images, and can also use inter-frame region tracking for motion 

compensation. BLOSM with motion compensation was used to reconstruct the 

undersampled free-breathing first-pass images, and BLOSM without motion 

compensation was used to reconstruct the CRG undersampled ASL images.  The 

advantages of regional low rank sparsity for perfusion imaging have been described 

previously (110). 

3.2.6. Image Analysis 

Tracer-kinetic modeling was used to quantify MBF from both first-pass and ASL 

images. For first-pass perfusion analysis, the signal intensity – time curve for the AIF 

was generated by placing a region of interest (ROI) in the LV blood pool in the images 

acquired using a short saturation delay. Similarly, the signal intensity – time curve for 

the TF was generated by placing a ROI in the myocardial tissue in the images acquired 

using the longer saturation delay. The signal intensities of the T1-weighted first-pass 

images were normalized by the signal intensities of proton density images (acquired at 

the end of the first-pass acquisition) and then converted into T1 values using methods 

described by Cernicanu and Axel (38). The relaxivity of gadolinium was assumed to be 

3.8 L/mmol.s, which was then used to convert the T1 values to gadolinium 

concentrations. The AIF curve was fit using a gamma-variate function in order to 



Chapter 3 

85 

 

denoise the data and remove the effects due to recirculation of gadolinium. Using data 

representing first-pass kinetics (but not recirculating gadolinium), the fitted AIF and TF 

were analyzed using Fermi function deconvolution (41) to estimate myocardial perfusion 

(103).  

For ASL analysis, ROIs comprising the myocardial tissue of the Look-Locker 

images acquired after slice-selective (SS) and non-selective (NS) inversions were used 

to generate signal intensity-time curves (SSS(t) and SNS(t)). The blood signal intensity-

time curve (Sb(t)) was measured by placing a ROI in the LV blood pool of the non-

selective images. T1NS, T1SS and T1blood were estimated by fitting SNS(t), SSS(t) and Sb(t) 

to a two- parameter exponential curve (Eq. 1) using a non-linear least squares fitting 

algorithm. 

𝑆(𝑡) = 𝑆0 (1 − 2 × 𝑒𝑥𝑝 (
−𝑡

𝑇1
)) (Eq. 1) 

In this equation, S(t) denotes the signal intensity and S0 is the proton density. The 

proton densities for the myocardium and blood were also determined from the two-

parameter fits. The signal intensities for the myocardium (SNS(t), SSS(t)) and blood (Sb(t)) 

were then normalized by the respective proton densities (S0) to generate longitudinal 

magnetization-time curves for myocardium (MNS(t) and MSS(t)) and blood (Mb(t)). Cubic 

splines were then used to interpolate MNS(t) and MSS(t) in time, and the difference curve, 

D(t) was then generated using the difference between the spline fits of MNS(t) and 

MSS(t). D(t) was then fit to an ASL kinetic model (derived in section 3.2.7) in order to 

estimate perfusion. If we define T1app as the apparent T1 of the myocardium given by  
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where f is flow in s-1, 0

B
S  is the proton density of blood, λ =0.95 is the blood/tissue water 

partition coefficient, T1B is the relaxation time constant of blood, W(t) is the input 

function,  and h(t) is the blood-transit time distribution (dispersion function) that takes 

the form of a gamma-variate.  For h(t), α determines the upslope, β determines the 

decay of h(t) and tdelay is the transit delay. All image analysis was performed using 

MATLAB (The Mathworks, Natick, MA, USA). The derivation of this model is given in 

the following section. 

3.2.7. ASL Quantitative Perfusion Analysis 

Multi-inversion-time ASL data were analyzed using a kinetic model based on the 

formalism developed by Hrabe et al. (54) which we modified to use a gamma-variate 

function to describe the distribution of transit times for arterial water flowing through the 

coronary arterial circulation. The gamma-variate distribution has for many years been 

used to model blood flow through vascular beds (129-131), and was recently applied to 

ASL of the heart (105) and brain (132). Here we develop an expression for the ASL 

signal, which is the difference between the magnetization sampled after a slice-selective 

inversion and a nonselective inversion. Optimal fitting of this expression to the acquired 

data enables the computation of MBF.    
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3.2.7.1. Theory 

The Bloch equations for longitudinal magnetization in the presence of perfusion 

can be written as follows (133): 

)()(
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where M(t) is the longitudinal magnetization of the tissue, M0 is the equilibrium tissue 

magnetization, MA(t) is the longitudinal magnetization of the inflowing blood, f is the flow 

in s-1, λ =0.95 is the blood/tissue water partition coefficient and T1 is the relaxation time 

constant of myocardium. Here the first term accounts for T1 relaxation, the second term 

accounts for the inflow of arterial water, and the third term accounts for outflow. 

The ASL approach employed in this study uses a FAIR preparation scheme, 

where the tagged image is acquired after application of a slice-selective inversion, and 

the control image is acquired after application of a nonselective inversion. The 

equations for tissue longitudinal magnetization after a slice-selective (MSS) and 

nonselective (MNS) inversion can be written as: 
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where MA
SS (t) and MA

NS (t) are the arterial blood magnetizations after slice-selective 

and a nonselective inversions, respectively. 
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Following the formalism of Hrabe et al. (54), if we define the difference function D(t) = 

MSS(t) – MNS(t), then the differential equation for the difference function can be written 

as follows: 
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where T1app is the apparent T1 of the tissue. 

For the slice-selective scan, the incoming arterial blood is not inverted, while for the 

nonselective scan the incoming arterial blood is inverted. Thus DA(t) can be rewritten as 

follows:  
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where M0
B is the proton density of blood, W(t) describes the arterial blood input function 

and T1B is the T1 relaxation constant for blood. The equations can then be solved as 

follows: 
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then the gamma- variate-based solution to the ASL equation can be shown to be: 
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For these equations, h(t) is the blood transit time distribution with the form of a gamma-

variate, α determines the upslope of h(t), β determines the decay of h(t), and tdelay 

determines the transit delay of h(t). By measuring D(t) = MSS(t) – MNS(t) using Look-

Locker or multi-TI ASL and performing an optimal 4- parameter fit of D(t), MBF and h(t) 

can be determined.  

3.2.8. Repeatability and data variability 

 Bland-Altman analysis was used to compare the between-session repeatability 

and the intra- and inter-user variability of the two techniques. The Bland-Altman 

repeatability coefficient (RC) which represents the 95% confidence interval of the 

differences in perfusion estimates between sessions was calculated and normalized to 

the mean perfusion estimate and expressed as a percentage. The coefficient of 

variability (CV) is defined as the standard deviation of the datasets normalized by the 

mean value and expressed as a percentage. 

The between-session CV (CVbs) was calculated for each animal by comparing 

the perfusion estimates between session 1 and session 2 and the mean CVbs and 

standard error of mean (SEM) was expressed for both the techniques. 

The perfusion estimates from both sessions were analyzed by the same user 

twice and the mean and SEM for the intra-user CV (CVintra-user) was calculated by 

comparing the perfusion estimates between the two analysis sessions. Similarly, all the 
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datasets were analyzed by two different users and the inter-user CV (CVinter-user) was 

calculated by comparing the perfusion estimates between the two users.  

The inter-animal CV (CVa) for each session was calculated by normalizing the 

standard deviation of perfusion values from different animals to the mean perfusion 

value of that session. Using CVa from both the sessions, a mean and SEM was 

estimated for both first-pass MRI and ASL. 

3.2.9. Statistical Analysis 

All values in the text, tables and figures are expressed as mean ± SEM. The 

between-session CV, intra-user CV, and inter-user CV of the two techniques were 

compared using one-way analysis of variance. Image quality scores were compared 

using the Mann-Whitney rank-sum test. P<0.05 was considered to be statistically 

significant. 

 

3.3. Results  

3.3.1. ASL 

Example Look-Locker images at multiple inversion times after application of a 

slice-selective inversion RF pulse obtained from a mouse and reconstructed using 

BLOSM are shown in Figure 3.1 (A-D). These images represent typical image quality 

from the present study.  Figure 3.2A shows example longitudinal magnetization 
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relaxation curves for the myocardium obtained from a mouse at rest after non-selective 

(NS, blue circles) and slice-selective (SS, red circles) inversions. Figure 3.2B shows 

example NS and SS longitudinal relaxation curves obtained from a mouse after 

vasodilation. Figure 3.2C shows example difference curves and fits to the kinetic model 

for mice at rest (blue) and after vasodilation (red). A greater difference between the SS 

and NS curves is easily observed at vasodilation compared to rest. Figure 3.2D shows 

an example perfusion map obtained from a mouse at rest. 

 

Figure 3.1: ASL images from a mouse heart. (A-D): Example CS-accelerated Look-

Locker ASL images obtained from a mouse at rest and reconstructed using BLOSM. 
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Figure 3.2: Quantification of perfusion using ASL. (A): Representative myocardial 

longitudinal magnetization curves obtained from a mouse at rest after a non-selective 

(blue circles) and slice-selective (red circles) acquisition. (B): Representative myocardial 

longitudinal magnetization curves obtained from a mouse after vasodilation after a non-

selective (blue circles) and slice-selective (red circles) acquisition. The slice-selective 

T1 is reduced after vasodilation. (C): 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 CSASL from a mouse at rest. 



Chapter 3 

94 

 

3.3.2. First-Pass MRI 

Figure 3.3 (A-D) shows example first-pass images obtained from a mouse at rest 

using the CS-accelerated dual-contrast sequence and reconstructed using the BLOSM 

technique.  Figure 3.4A shows example AIF (blue) and TF (red) data and fits obtained 

from a mouse at rest. Figure 3.4B shows example TF data and fits obtained from mice 

at rest (blue) and after vasodilation (red), and Figure 3.4C shows an example perfusion 

map obtained from a mouse at rest.  

 

Figure 3.3: First-pass images from a mouse heart.   (A-D): Example CS-accelerated 

dual-contrast first-pass MR images obtained from a mouse at rest and reconstructed 

using BLOSM. 



Chapter 3 

95 

 

 

Figure 3.4: Quantification of perfusion using first-pass MRI. (A): Example arterial input 

function (AIF, blue) and tissue function (TF, red) data and fits obtained from a mouse at 

rest. (B): Example TF data and fits obtained from a mouse at rest (blue) and at stress 

(red). (C): Example pixel-by-pixel perfusion map obtained using first-pass MRI from a 

mouse at rest.  
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3.3.3. Perfusion values and image quality results 

The mean rest, stress, post-MI infarct zone and remote zone perfusion estimates 

obtained using the ASL and first-pass methods are summarized in Figure 3.5. As can 

be seen from the figure, the absolute perfusion values obtained using first-pass MRI are 

lower than the values obtained using ASL. Previously published studies reported mean 

resting MBF of 4.1 – 7.3 ml/g/min (77,93-95,98,100-103) and stress MBF of 8.2 – 16.9 

ml/g/min (77,95,96,98,102,103) in mice, and our perfusion estimates for both 

techniques are within the ranges of these published values. The image quality (IQ) 

scores from the two readers are shown in Table 3.1. The IQ was higher for ASL than 

first-pass for all conditions and both readers (p < 0.05).  

 

Figure 3.5: Perfusion values with ASL and First-pass MRI in mice. Perfusion results 

obtained in wild-type mice at rest, stress, in infarct zone and remote zone using both 

CSASL (analyzed with the kinetic ASL model) and CS-accelerated first-pass MRI 

technique (*p <0.05 vs. first-pass, #p < 0.05 vs. Infarct using same technique, $p <0.05 

vs. rest, infarct and remote using the same technique).  
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Table 3.1: Image quality scores for both the techniques 

  First-pass MRI ASL 

Reader 1 

Rest 3.07 ± 0.20 3.86 ± 0.21* 

Stress 2.14 ± 0.18 3.71 ± 0.19* 

Infarct 3.36 ± 0.23 4.00 ± 0.28* 

Reader 2 

Rest 3.36 ± 0.23 4.00 ± 0.28 

Stress 2.43 ± 0.23 3.5 ± 0.23* 

Infarct 3.21 ± 0.24 4.14 ± 0.21* 

* p < 0.05 vs. First-pass MRI 

3.3.4. Repeatability and between-session coefficient of variability 

Bland-Altman plots of between-session repeatability are used to illustrate the 

mean difference in perfusion between sessions and to compute the RC.  These Bland-

Altman plots for our between-session ASL and first-pass data are shown in Figure 3.6A 

and Figure 3.6B, respectively. The overall RC (including the rest, stress, infarct and 

remote data) was similar for both techniques, with RC = 55% for both ASL and first-pass 

MRI. The RC estimates for ASL and first-pass under specific conditions of infarct (low 

flow), rest (normal flow), and stress (high flow) are summarized in   
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Table 3.2. For ASL, RC decreased with increasing flows. For first-pass MRI, RC 

was fairly similar at rest, stress and in the post-MI remote zone, however it was higher 

in infarcted regions.  When comparing ASL and first-pass imaging, we found that RC 

was much lower with first-pass than ASL in the low blood-flow condition (infarct), slightly 

lower with first-pass compared to ASL in mid-range flows such as rest, and comparable 

in high blood flow conditions (vasodilation).  

 

Figure 3.6: Repeatability results for ASL and first-pass MRI in mice. Bland-Altman plots 

showing the repeatability of perfusion measurements using the two perfusion imaging 

techniques, CSASL with kinetic ASL model (A) and CS-accelerated first-pass MRI 

method (B). 
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Table 3.2: Repeatability and between-session coefficient of variability for both the 

techniques 

  
Kinetic ASL 

Model 
First-pass MRI 

RC (%) 

Rest 62 36 

Stress 41 31 

Infarct 138 56 

Remote 44 40 

CV 

Rest 18.55 ± 4.57 10.77 ± 2.18 

Stress 12.66 ± 3.34 14.15 ± 3.59 

Infarct 46.28 ± 9.33 17.03 ± 3.44* 

Remote 11.32 ± 2.90 14.50 ± 3.70 

* p < 0.05 vs. First-pass MRI 

The between-session coefficient of variability (CVbs) results for ASL and first-pass 

MRI are summarized in   
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Table 3.2. The overall CVbs (including the rest, stress, infarct and remote data) 

was 22 ± 4% for ASL and 14 ± 2% for first-pass. Similar to RC, the infarct zone CVbs 

was significantly lower with first-pass as compared to ASL (17± 3 % with first pass vs. 

46± 9% with ASL, p<0.05). CVbs was comparable for the two techniques at rest (11± 2% 

with first pass vs. 19± 5% with ASL), stress (14± 4% with first pass vs. 13± 3% with 

ASL) and in the remote zone (15± 4% with first pass vs. 11± 3% with ASL).  

3.3.5. Intra-user variability and Inter-user variability 

Bland-Altman plots of intra-user variability and inter-user variability illustrate the 

mean difference in perfusion for a single individual analyzing the same data in two 

different sessions and two different individuals analyzing the same data, respectively.  

The intra-user variability Bland-Altman plots for ASL and first-pass MRI are shown in 

Figure 3.7A and Figure 3.7B, and the inter-user variability Bland-Altman plots are shown 

in Figure 3.7C and Figure 3.7D. From the Bland-Altman plots, it can be seen that both 

the intra-user and inter-user variability are consistent under a variety of conditions for 

ASL, but they increase at higher flows for first-pass MRI. 
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Figure 3.7: Intra-user and inter-user variability for ASL and first-pass MRI in mice. Intra-

user variability (A-B) and inter-user variability (C-D) of the two perfusion imaging 

techniques, CSASL with kinetic ASL model (A,C) and first-pass MRI (B,D). 
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The CVintra-user and CVinter-user for both techniques for rest, stress and infarct 

studies are summarized in Table 3.3. The overall CVintra-user (including the rest, stress, 

infarct and remote studies) was 10 ± 2% for ASL and 11± 1% for first-pass MRI. The 

CVintra-user was comparable between the two techniques for the rest and remote zone 

perfusion studies. The stress perfusion CVintra-user was significantly lower for ASL 

compared to first pass (3 ± 1% vs. 14 ± 3%, p<0.05). The infarct zone CVintra-user trended 

lower with first-pass MRI as compared to ASL (12 ± 3% vs. 21± 5%).  

The overall CVinter-user (including the rest, stress, infarct and remote data) was 

13.99 ± 2.44% for ASL and 20.50 ± 2.40% for first-pass MRI. The CVinter-user was 

significantly higher for first-pass MRI compared to ASL at stress (17.16 ± 4.21 vs. 3.69 ± 

0.75, p<0.05). The CVinter-user trended higher for first-pass MRI as compared to ASL for 

the remaining conditions (13.30 ± 3.22 vs. 8.95 ± 1.51 at rest, 30.88 ± 5.31 vs. 24.55 ± 

6.32 in the infarct zone and 20.65 ± 5.31 vs.15.89 ± 5.97 in the remote zone).  

3.3.6. Inter-animal variability 

Inter-animal variability (CVa) for rest, stress, infarct zone and remote zone 

perfusion data for ASL and first-pass MRI are summarized in Table 3.3. CVa was 

comparable between ASL and first-pass MRI for the rest, stress and remote zone 

perfusion studies. There was a trend towards a lower CVa with first-pass MRI for infarct 

perfusion studies compared to ASL (26 ± 3% vs. 44 ± 9%). 

 

 



Chapter 3 

103 

 

Table 3.3: Intra-user, inter-user and inter-animal variability for both the techniques 

  Kinetic ASL Model First-pass MRI 

Intra-user CV 

Rest 7.21 ± 1.51 7.56 ± 1.34 

Stress 2.82 ± 0.58* 14.33 ± 3.03 

Infarct 21.30 ± 5.25 12.12 ± 2.97 

Remote 8.96 ± 2.25 9.67 ± 1.78 

Inter-user CV 

Rest 8.95 ± 1.51 13.30 ± 3.22 

Stress 3.69 ± 0.75 17.16 ± 4.21 

Infarct 24.55 ± 6.32 28.68 ± 5.21 

Remote 15.89 ± 5.97 16.70 ± 3.83 

Inter-animal 

variability 

(%) 

Rest 18.34 ± 0.85 15.55 ± 3.60 

Stress 19.00 ± 2.59 18.31 ± 2.54 

Infarct 44.01 ± 8.58 26.10 ± 2.68 

Remote 20.47 ± 4.08 27.35 ± 3.59 

*p < 0.05 vs. First-pass MRI 
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3.3.7. Perfusion sensitivity 

We define perfusion sensitivity as the change in MRI signal for a given amount of 

blood flow. To help explain why first-pass MRI generally had better repeatability than 

ASL, even though image quality was better for ASL, we quantitatively estimated the 

perfusion sensitivities for these two techniques under the specific experimental 

conditions of this study.  In general terms, because first-pass MRI uses gadolinium as a 

T1-shortening contrast agent to amplify the effects of perfusion on the signal and ASL 

does not use this amplification method, it is clear that first-pass MRI will have greater 

perfusion sensitivity than ASL. To quantify the perfusion sensitivities for each technique, 

we used the Fermi function model and Bloch equation simulations to estimate signals 

for first-pass imaging, and we used the gamma-variate based ASL kinetic model to 

estimate ASL signals. Using these models, we estimated ASL and first-pass MRI 

signals for blood flows in the range of 1 – 13 ml/g/min (as measured in the mouse heart 

in this study), using the specific pulse sequence parameters employed in this study, and 

assuming the gadolinium dose that was used experimentally in this study. Results from 

these simulations are shown in Figure 3.8, where it is seen that perfusion sensitivity for 

first-pass MRI is higher than ASL by approximately 75%, 23%, and 27% for blood flows 

in the low, intermediate, and high regimes, respectively. The greater perfusion 

sensitivity gained through the use of gadolinium is a major advantage of first-pass MRI 

compared to ASL, even under conditions specific to mouse heart imaging where the 

time available for saturation recovery is compressed compared to human imaging. 
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Figure 3.8: Perfusion sensitivity of ASL and First-pass MRI. Normalized signal-time 

curves simulated using the Fermi function deconvolution method for first-pass and 

kinetic ASL model for ASL under different conditions (rest, stress, infarct). 

 

3.4. Discussion 

The purpose of the present study was to compare ASL and first-pass MRI for the 

evaluation of myocardial perfusion in preclinical mouse imaging studies. Our 

comparison included metrics of image quality, repeatability, and variability, and was 

conducted under varying physiological conditions such as at rest, at stress, and after 

induction of myocardial infarction. 

3.4.1. Image quality 

The image quality was better for ASL than first-pass MRI for all conditions (rest, 

stress and post-MI). The reasons for the superior image quality in ASL images are two-
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fold. First, since the acquisition for ASL was segmented, where only one spiral interleaf 

was acquired per heartbeat, there was very little cardiac motion during the image 

acquisition (which required less than 3 ms). In contrast, in order to capture the rapid 

kinetics of the gadolinium bolus, the first-pass acquisition was not segmented, and 

image quality was degraded by cardiac motion. The time to acquire one AIF image was 

approximately 25 ms, and the time to acquire one TF image was approximately 36 ms.  

These times are fairly short compared to a typical RR interval for a mouse, which is 

approximately 120 ms at rest and 100 ms at stress. However, reducing the scan time 

further would reduce motion artifact and improve image quality.   Second, while ASL 

was respiratory gated, respiratory gating could not be employed for first-pass imaging in 

order to capture the rapid kinetics of the gadolinium bolus. While we did use a motion 

compensated CS reconstruction algorithm, respiratory motion likely caused more 

artifacts in first-pass imaging than in ASL.   

3.4.2. Image acquisition time  

Though the image quality of ASL is higher than first-pass, there is a substantial 

difference in the total acquisition times of the two techniques. While the acquisition time 

for first-pass imaging was less than a minute, it was approximately 40 minutes for ASL. 

However, the importance of acquisition time in animal imaging can be very different 

than human imaging.  Whereas there is an emphasis on short scan times in humans 

due to healthcare economics and patient comfort, for animal imaging accuracy and 

precision in quantifying physiological parameters may take precedence. The total 

number of animals needed to test a hypothesis and complete a study may be reduced  
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by spending more time per animal to improve the accuracy and precision of a 

measurement. In this way, it may be more economical and ethical to use longer 

acquisitions. In the present study, acquisition parameters were determined 

independently for ASL and first-pass MRI in order to achieve good image quality and so 

that the images would be suited for quantitative analyses. While first-pass MRI will 

always be faster than ASL in the heart, in the future we will shorten our ASL scans by  

using a segmented acquisition where more spiral interleaves are acquired in each 

segment and, possibly, by using higher acceleration rates and lower spatial resolution. 

A recent study by Troalen et al. (101) used a new cine ASL technique in mice which has 

an 8-minute acquisition time. Another study by Campbell et al. (96) used a segmented 

Look-Locker ASL technique in mice with a reduced acquisition time of 15 min for both 

slice-selective and non-selective scans.  

3.4.3. Perfusion values 

The perfusion values measured using first-pass were lower than ASL and the 

discrepancy between the techniques was observed to increase as flow increased. One 

potential reason could be the reduction in the extraction fraction of gadolinium from the 

vascular to the extravascular space with increasing flow (134,135). Perfusion estimation 

using gadolinium-enhanced MRI depends on the transit of gadolinium to the 

extravascular space, which can be reduced when coronary flow values are high 

(134,135).    
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3.4.4. Repeatability 

The between-session repeatability coefficient (RC) indicates the change in 

perfusion between different treatments or groups that is required to detect differences 

above systematic errors. With first-pass MRI, the RC is approximately 30-35%. This is 

consistent with our recent study which showed that stress perfusion was reduced by 

almost 30% in wild type C57Bl/6 mice fed a high-fat diet as compared to wild type mice 

on a standard chow diet (103). 

The RC for infarcted tissues is much greater using ASL compared to first-pass 

MRI.  This is likely because ASL has lower perfusion sensitivity than first-pass MRI, and 

the infarct zone has low perfusion.  Perfusion sensitivity is the change in MRI signal due 

to blood flow.  Because ASL has low perfusion sensitivity and perfusion is relatively low 

in the infarcted region, the ASL signal from this area is only slightly greater than the 

noise. This low signal-to-noise ratio leads to the poor RC.  

  Campbell et al. (96) studied repeatability of segmented ASL in mice at rest. 

However, their study used a higher isoflurane dose than our study (1.6% vs. 1.2%). 

Because isoflurane is a potent vasodilator (98), the mean perfusion values 

(approximately 12 ml/g/min) obtained in their study were comparable to the stress 

perfusion values obtained in the present study. Our overall RC is similar to their findings 

(55%). However, the RC specifically for the high flow regime is lower with both our 

techniques as compared to their reported value (Table 3.4).  
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Table 3.4: Comparison of repeatability coefficient between our techniques and 

Campbell et al. 

RC with our ASL 

technique 

RC with our First-pass 

technique 

RC with Campbell et al. 

technique 

41% 31% 55% 

 

3.4.5. Variability 

The between-session CV (CVbs) takes into account differences associated with 

the technique such as repositioning the mouse, reshimming, replacing the ECG leads 

and i.v. line, and physiological differences in the mouse between the two sessions. The 

between-session CV indicates the variation to expect when imaging the same set of 

animals over time. Similar to the results obtained with RC, CVbs was significantly lower 

with first-pass MRI as compared to ASL in low blood flow conditions (infarct). This is 

probably due to very low perfusion sensitivity with ASL at low blood flows. Compared to 

the Campbell study (96), the CVbs values for stress perfusion studies obtained for both 

techniques in this study are slightly lower than their reported value (13% vs. 17% with 

ASL and 14% vs. 17% with first-pass MRI). Van Nierop et. al. (93) looked at between- 

session CV with a dual – bolus first-pass technique in mice at rest. Our first-pass CVbs 

at rest is slightly higher than their reported value (11% vs. 6%). 

The CVintra-user measures the variation in measurement when perfusion is 

estimated from the same dataset by the same user on two different occasions. This 
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takes into account variation associated with the analysis such as redrawing the ROIs 

and the various steps in reanalyzing the perfusion datasets. The CVintra-user was 

significantly lower for ASL as compared to first-pass MRI in the stress perfusion studies. 

This could be due to the higher image quality of stress perfusion images with ASL. The 

CVintra-user trended lower with first-pass MRI as compared to ASL for the infarct studies, 

probably due to higher perfusion sensitivity of first-pass MRI at low blood-flow 

conditions.  

The CVinter-user was lower for ASL than for first-pass MRI under all conditions. 

This is likely due to the low degree of user interaction in ASL analysis as opposed to 

first-pass perfusion analysis. There are multiple steps in the first-pass analysis that 

involve user interaction such as drawing the ROIs for the LV blood pool and 

myocardium, fitting a gamma-variate function to the AIF data, adjusting the contrast 

arrival delay time for Fermi function fitting, and determining the end time of first-pass 

kinetics. In comparison, ASL analysis requires user interaction only when contouring the 

LV blood pool and LV myocardium. 

The inter-animal variability (CVa) indicates the variation to expect between the 

animals and this can be useful in deciding the sample sizes while planning an 

experiment. There was a trend towards lower CVa with first-pass MRI for infarct 

perfusion studies as compared to ASL (26 ± 3% vs. 44 ± 9%), probably due to the 

higher perfusion sensitivity of first-pass MRI at low blood flows. CVa was higher for the 

infarct and remote zone perfusion studies for both techniques, and this could be due to 

differences in regional perfusion analysis vs. global perfusion analysis. In the post-MI 

studies, the signal is averaged from smaller regions and there is increased variation in 
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the regional signal measurements as compared to the global signal measurements. CVa 

obtained in this study was comparable to previously reported values as calculated using 

the mean and standard deviations (77,93-96,98,100,101,103). Prior studies reported 

CVa of 8-27% (77,93-96,98,100,101,103) at rest and stress and our reported values 

(16-18% with first-pass MRI and 19% with ASL) are within this range. A prior study (94) 

reported CVa of 67% in the infarct zone with permanent ligation and our CVa values are 

lower than their reported value for both techniques (27% with first-pass MRI and 21% 

with ASL).  

Although the overall repeatability and data variability are comparable between 

ASL and first-pass MRI, each technique has its own advantages and disadvantages, 

and depending on the application, one technique may be more suitable than the other. 

For low blood flow conditions such as infarct imaging, first-pass MRI is more suitable for 

myocardial perfusion imaging in mice due to better repeatability (lower RC and CVbs) 

and variability (lower CVintra-user and CVinter-user). Additionally, accounting for the issue of 

overall scan time, first-pass MRI in mice integrates well into a comprehensive MRI 

protocol due to its short acquisition time. On the other hand, at higher blood flows such 

as stress perfusion imaging, ASL may be more suitable than first-pass MRI due to its 

superior image quality and reduced user variability. Furthermore, due to the ability to 

employ segmented acquisitions with ASL, it is straightforward to achieve higher spatial 

resolution with ASL compared to first-pass MRI, and this factor is amplified at stress 

perfusion imaging where heart rates can be as high as 650-700 bpm Additionally, for 

cases where the stress agent can be injected i.p., the imaging protocol for ASL would 

be much simpler as it would not require any i.v. lines. In that case, for imaging studies 
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which require serial perfusion imaging in the same animals over time, ASL could be 

advantageous since repetitive placement of i.v. lines for first-pass imaging could be 

difficult. Understanding and balancing these competing factors should prove useful for 

planning future studies which investigate mechanisms underlying and therapies for 

perfusion abnormalities in various mouse models of cardiovascular diseases. 
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Impaired Myocardial Perfusion Reserve and LV 

hypertrophy in a Mouse Model of Obesity-Related 
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4.1. Introduction 

Obesity has become increasing prevalent in western society and is associated 

with increased risk of heart failure (17). The Framingham study showed that the risk of 

heart failure increased by 5% in men and 7% in women per unit increase in body mass 

index after adjustment for other risk factors (17). Recently it has been shown that 

impaired myocardial perfusion reserve is prognostic of adverse cardiovascular 

outcomes (24). Furthermore, a recent study by Schindler et al. (8) showed that 

increased body weight is independently associated with impaired myocardial perfusion 

reserve (MPR), even in the absence of obstructive coronary artery disease (CAD). MPR 

is the amount by which myocardial blood flow increases during stress or maximal 

coronary vasodilation. Since the coronary arterioles primarily determine coronary 

vascular resistance, in the absence of obstructive CAD, MPR assesses the function of 

the small blood vessels (coronary vascular function) and it is a sensitive indicator of the 

capacity of the coronary circulation to supply oxygen to the myocardium.  

Mouse models have been increasingly utilized in cardiovascular research to 

study underlying mechanisms and to investigate the effects of novel therapies. A recent 

study characterized the long term effects of high fat diet on the cardiovascular system 

(107). They showed that mice fed a high-fat diet (HFD) for 8-16 months develop obesity, 

hyperglycemia, hyperinsulinemia, insulin resistance, cardiomyocyte hypertrophy and 

other cardiac metabolic compensations (107). Furthermore, using isolated thoracic 

aorta, they also showed that the HFD mice have impaired vascular reactivity. A more 

recent study used MRI to show that HFD mice develop cardiac dysfunction after 20 

weeks of diet (136). In addition, we recently used first-pass contrast enhanced MRI in 
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mice and demonstrated that HFD mice have impaired MPR after 24 weeks of diet (103). 

However, no study so far has characterized the time course of myocardial perfusion in 

diet-induced obesity in mice.   

Myocardial perfusion imaging is a well-established tool to non-invasively assess 

blood flow to the heart. Quantitative myocardial perfusion imaging in knockout or 

transgenic mouse models can be used to probe molecular mechanisms underlying 

impaired MPR in obesity related cardiomyopathy. Since perfusion MRI is non-invasive 

and non-terminal, quantitative myocardial perfusion MRI can be used to serially study 

perfusion and this is especially useful in investigating molecular mechanisms in a rodent 

model. In this study, we used in vivo cardiac MRI in a mouse model of diet-induced 

obesity to establish the time course of impaired MPR and LV hypertrophy and we 

further used ex vivo histological and vascular reactivity studies to elucidate factors 

underlying the MRI results. 

 

4.2. Methods 

4.2.1. Experimental Design 

Two groups of mice were studied: wild-type C57Bl/6 mice fed a high fat diet (n = 

9) (60% calories from fat, Diet # 12492, Research Diets Inc., New Brunswick, NJ) and 

age-matched wild-type C57Bl/6 mice fed a low fat diet (n = 9) (10% calories from fat, 

Diet # D12450J, Research Diets Inc., New Brunswick, NJ). Male mice were selected for 
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this study as prior studies have shown that female C57Bl/6 mice are protected against 

high-fat diet induced glucose intolerance (137) and development of obesity related 

cardiac dysfunction (138). The experimental timeline for this study is shown in Figure 

4.1. The mice were started on their respective diets at 6 weeks of age. The mice were 

studied at 6, 12, 18 and 24 weeks after the start of diet. The MRI protocol at all these 

time-points included: perfusion imaging at rest and with vasodilator Regadenoson using 

a dual-contrast first-pass sequence, cine DENSE imaging to measure myocardial strain, 

cine black-blood MRI to measure end-diastolic volume (EDV), end-systolic volume 

(ESV), ejection fraction (EF), LV mass, LV wall thickness at end-diastole (LVEDWT) 

and LV wall thickness at end-systole (LVESWT). Glucose tolerance tests were 

performed at 6, 12, 18 and 24 weeks after the start of diet. Systolic blood pressure was 

measured in conscious mice towards the end of the study using a non-invasive tail cuff 

plethysmography system (Model BP 2000, Visitech Systems, Apex, NC).  Mice were 

euthanized at the end of the study to measure coronary arteriole vascular reactivity ex 

vivo, aorta plaque and for histology.  
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Figure 4.1: Timeline of the experimental design. 6 week old C57Bl/6 mice were fed a 

high-fat diet (60% calories from fat) or a low-fat diet (10% calories from fat). Glucose 

tolerance tests and MR imaging was performed at 6, 12, 18 and 24 weeks after start of 

diet. Blood pressure was measured non-invasively at 25 weeks after diet. At the end of 

the study mice were euthanized for histology and vascular reactivity studies. 

4.2.2. 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 Gd-DTPA (Magnevist, 0.1 mM/kg body 

weight) and Regadenoson. Mice were positioned supine in the magnet and body 

temperature was maintained at 36 ± 0.5 0C using thermostated water. Anesthesia was 

maintained using 1.1-1.25 % isoflurane in O2 inhaled through a nose cone during 
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imaging. The ECG, body temperature and respiration were monitored during imaging 

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

weights were recorded for all the animals before starting the diets and during each 

imaging study. 

4.2.3. Glucose Tolerance Test 

For the glucose-tolerance test (GTT) (112), mice were injected intraperitoneally 

with 1 g/kg glucose in milli-Q water after overnight fasting (15-16 hours). A tail vein 

blood sample was taken before injection of glucose (to measure the fasting blood 

glucose) and at 10, 30, 60 and 90 min post-injection of the glucose solution for 

determination of blood glucose. Blood glucose concentrations were measured using 

OneTouch Ultra glucometer (LifeScan, Milpitas, CA). The blood glucose values were 

then plotted versus time and the area under the curve (AUC) was calculated to evaluate 

glucose tolerance. 

4.2.4. MRI Hardware 

MRI was performed on a 7T Clinscan system (Bruker, Ettlingen, Germany) 

equipped with actively shielded gradients with a full strength of 650 mT/m and a slew 

rate of 6666 mT/m/ms. Additional equipment included a 30 mm diameter birdcage RF 

coil and an MR-compatible physiological monitoring and gating system for mice (SA 

Instruments, Inc., Stony Brook, NY). 
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4.2.5. MRI 

In all mice, localizer imaging was performed to select a mid-ventricular short-axis 

slice.  Rest perfusion was then measured using a CS-accelerated dual-contrast first-

pass sequence (103). Using this sequence, two slices were acquired: one for the 

arterial input function (AIF) and the other for the tissue function (TF). The imaging 

parameters included: echo time/repetition time (TE/TR) = 1.2/2.1 ms, field of view (FOV) 

= 25.6 x 18 mm2, phase FOV= 72%, percent sampling = 80%, image resolution = 200 

µm2, matrix = 128 x 74, excitation flip angle = 150, slice thickness = 1 mm, AIF 

saturation delay = 15 ms, TF saturation delay = 57 ms, acceleration rate = 6 for AIF and 

4 for TF, AIF acquisition time = 25ms/image and TF acquisition time = 36 ms/image, AIF 

phase encode lines = 12 and TF phase encode lines = 17. Ten seconds after the start 

of the acquisition, Gd-DTPA (0.1 mmol/kg body weight) was injected i.v., while imaging 

continued to capture the first-pass kinetics. Thereafter, baseline LV structure and 

function was assessed using a black-blood cine MRI sequence as described previously 

(70). Six to eight short-axis slices were acquired covering the entire LV from base to 

apex. Some of the imaging parameters included: TE/TR = 1.9/4.4 ms, slice thickness = 

1 mm, image resolution = 200 µm2 and number of averages = 2-4. Myocardial strain 

was then measured in a mid-ventricular slice using the cine DENSE sequence (84). The 

imaging parameters included: field of view = 25.6 - 30 mm, matrix = 128x128, slice 

thickness = 1 mm, repetition time = 7.1 ms, echo time = 0.67 ms, number of averages = 

4-6, number of spiral interleaves = 27, flip angle = 170 and displacement encoding 

frequency = 1.1 cycles/mm. The total scan time for a single 2D slice was 10-15 minutes. 

For the cine DENSE acquisition, fat-saturation was applied when necessary to null the 
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signal from fat in order to improve the image quality. Thereafter, Regadenoson (0.1 μg/g 

body weight) was injected i.v. and 10 minutes later, stress first-pass perfusion imaging 

was performed in a mid-ventricular slice while injecting Gd-DTPA. The imaging protocol 

was the same as the rest perfusion imaging.  

4.2.6. Vascular Reactivity studies 

At the end of the study, a subgroup of HFD (n = 3) and control mice (n =2) were 

euthanized and coronary arteries from the second arborized branches off the left 

coronary artery were isolated (lumen diameter 90.9 μm +/ -9.5 μm).  The arteries were 

freed of the surrounding cardiac myocytes and were placed in an arteriograph (Danish 

MyoTechnology, DMT, Ann Harbor, MI), where they were cannulated at both ends and 

pressurized to 40 mm Hg as previously described (139-141).  Cumulative dose-

responses to adenosine and acetylcholine and a step-wise pressure increase for 

assessment of passive tone were measured as previously described (139-141).   

4.2.7. Histology 

At the end of the study, a subgroup of mice was euthanized for histology (n = 5, 

each group). The hearts were harvested and the mid-ventricular short-axis sections (3 

mm thick) were fixed in 4% paraformaldehyde for 4 hours and then embedded in 

paraffin. Paraffin embedded sections (5 μm thick) were then stained with H&E to look at 

morphology of the cardiomyocytes, anti-CD31 antibody (Santa Cruz Biotechnology) to 

stain for capillaries, Masson’s Trichrome to stain for collagen and Mac-2 antibody to 

stain for macrophages. The stained sections were visualized under brightfield using 
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Olympus BX51. For measurement of aortic plaque, ascending aortas were excised and 

stained with Sudan IV.  

For histology, image analysis was performed in ImageJv1.49g (NIH). In order to 

quantify capillary density, 6 random non-overlapping sections were imaged at 40x 

magnification and capillaries and cardiomyocytes were counted using the ‘analyze 

particles’ function in ImageJ. To quantify interstitial fibrosis, 15 random non-overlapping 

sections (excluding the blood vessels) were imaged at 40x. Thereafter, a thresholding 

method was used to quantify the area occupied by collagen (which was stained blue in 

the images). Using the 15 sections, the total collagen area was normalized by the total 

area occupied by cardiomyocytes and connective tissue and expressed as a 

percentage. To quantify perivascular fibrosis, two blood vessels were imaged per 

specimen at 40x and the average perivascular collagen area normalized to the vessel 

luminal area was expressed. The aortic plaque area, quantified using ImageJ was 

expressed as a percentage of the aortic vessel area. 

4.2.8. Data Analysis 

For perfusion images, image analysis was performed in MATLAB (Mathworks, 

Natick, MA). Undersampled first-pass perfusion images were reconstructed using a 

motion-compensated compressed-sensing (CS) technique called BLOSM (109). All 

perfusion analysis was based on Fermi function deconvolution (41), implemented in 

MATLAB, as described before (103). Briefly, the signal intensity vs. time curves was 

obtained by placing a region of interest (ROI) in the LV blood pool for the AIF and in the 

myocardium for the TF. These signal intensities were normalized by the signal 
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intensities of the proton density images and thereafter converted into T1 values using 

the methods described by Cernicanu and Axel (38). The pre-contrast T1 was fixed at 

1.55 s for blood and 1.45 s for myocardium (103). The black-blood cine images were 

imported to a workstation and analyzed using Segment (Medviso, AB). Using this 

software, the end-diastolic (ED) and end-systolic (ES) frames were identified and 

thereafter, the endocardial and epicardial contours were drawn on these frames for all 

the slices. Using the software, the EDV, ESV, EF, LV mass, LVEDWT and LVESWT 

were calculated. The cine-DENSE images were analyzed using the DENSE analysis 

tool, which is a semi-automatic technique (88) built in MATLAB. Using these images, 

global peak circumferential strain (Ecc) was calculated.  

4.2.9. Statistical Analysis 

All statistical analyses were performed using SigmaPlot (Systat Software Inc., 

Point Richmond, CA). Differences in body weight, EDV, ESV, EF, LV mass, LVEDWT, 

LVESWT, rest perfusion, stress perfusion and Ecc were analyzed using two-way 

repeated measures analysis of variance (ANOVA). All values in text, tables and graphs 

are presented as mean ± standard deviation. 
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4.3. Results 

4.3.1. Body Mass and Glucose Tolerance Test 

Body weight was significantly higher in mice fed high-fat diet after 6 weeks of diet 

(Figure 4.2, p<0.05 vs. age-matched Control). The HFD mice were mildly hyperglycemic 

at 12 and 18 weeks of diet as measured using fasting blood glucose (Figure 4.3A, p 

<0.05 vs. age-matched Control). Figure 4.3B shows glucose tolerance curves of the 

HFD and control mice after 12 weeks of diet and Figure 4.3C shows the area under the 

curve for the glucose tolerance test at different time-points after diet. The HFD mice 

were glucose intolerant as compared to the control mice at 12 weeks after diet (Figure 

4.3B-C).  

 

Figure 4.2: Body weight measurements in Control and HFD mice. The figure shows 

body weight measurements in mice fed high-fat diet (HFD) and low-fat diet (Control) at 

the start of diet and 6, 12, 18 and 24 weeks after diet. Body weight was increased in the 

HFD mice after 6 weeks of diet and it progressively increased till the end of the study 

(*p < 0.05 vs. age-matched Control). 
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Figure 4.3: Glucose measurements in Control and HFD mice. (A): Fasting blood 

glucose measurements in Control and HFD mice at 6, 12, 18 and 24 weeks post-diet. 

Fasting blood glucose was higher in the HFD mice (*p<0.05 vs. age-matched control). 

(B): Glucose tolerance curves in the Control and HFD mice at 12 weeks post-diet 

showing that the HFD mice were glucose-intolerant (*p<0.05 vs. Control at the same 

time-point). (C): The area under the curve (AUC) of the glucose tolerance test for 

Control and HFD mice at 6, 12, 18 and 24 weeks post-diet (*p<0.05 vs. age-matched 

control). 
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4.3.2. MRI 

4.3.2.1. Perfusion 

Figure 4.4 (A-D) shows example first-pass perfusion images obtained from a 

mouse heart. Figure 4.5 A-B shows rest and stress perfusion measurements in both the 

groups of mice at 6, 12, 18 and 24 weeks after the start of diet. There were no 

differences in the rest perfusion measurements between the two groups of mice (Figure 

4.5A). However stress perfusion in the HFD mice was reduced as compared to control 

mice after 18 weeks of diet (Figure 4.5B, p<0.05 vs. age-matched Control). Hence MPR 

which is defined as stress perfusion normalized by rest perfusion was reduced in the 

HFD mice as compared to control mice after 18 weeks of diet (Figure 4.5C, p<0.05 vs. 

age-matched Control). 

 

Figure 4.4: First-pass perfusion MRI of the mouse heart. Example first-pass perfusion 

images obtained from a mouse at rest. 
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Figure 4.5: MBF and MPR measurements in Control and HFD mice. (A): Rest 

perfusion measurements in the Control and HFD mice at 6, 12, 18 and 24 weeks after 

diet. (B): Stress perfusion measurements in the Control and HFD mice at 6, 12, 18 and 

24 weeks after diet. Stress perfusion was reduced in the HFD mice at 18 and 24 weeks 

after diet (*p<0.05 vs. age-matched control). (C): MPR measurements in the Control 

and HFD mice. MPR was reduced in the HFD mice at 18 and 24 weeks after diet 

(*p<0.05 vs. age-matched control).   
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4.3.2.2. LV structure and Function 

Figure 4.6 shows example black-blood cine images obtained from a control and a 

HFD mouse at end-diastole (ED) and end-systole (ES) after 18 weeks on diet. The 

hearts of the HFD mice became hypertrophic after 18 weeks of diet and this can be 

appreciated from the images and can also be seen from the LV mass and LVEDWT 

measurements in the two groups of mice (Figure 4.7A-B). LV mass was significantly 

higher in the HFD mice as compared to the Control mice after 18 weeks of diet (Figure 

4.7A, p<0.05 vs. age-matched Control). We detected a step-wise increase in LV mass 

in the HFD mice. LV mass increased from 78.6 ± 9.0 g at 6 weeks of diet to 85.5 ± 9.4 g 

at 12 weeks of diet (p <0.05 vs. HFD at 6weeks post-diet), which then further increased 

to 96.9 ± 12.4 g at 18weeks of diet (p < 0.05 vs. HFD at 6 and 12weeks post-diet) and 

thereafter to 108.3 ± 5.8 g at 24 weeks of diet (p < 0.05 vs. HFD at 6, 12 and 18 weeks 

post-diet). We also saw a slight increase in LV mass in the Control group at 24 weeks 

after diet (p < 0.05 vs. Control at 6 and 12 weeks of diet), probably due to ageing. 

LVEDWT and LVESWT were also significantly increased in the HFD mice after 18 

weeks of diet (Figure 4.7B-C, p<0.05 vs. age-matched Control, p < 0.05 vs. HFD at 6 

and 12 weeks post-diet). Table 4.1 summarizes the LV volumes, ejection fraction (EF) 

and peak circumferential strain (Ecc) results obtained in the two groups of mice at the 

various time-points. There were no statistically significant differences in LV EDV, LV 

ESV, LV EF and LV Ecc measurements between the two groups of mice (Table 4.1).   
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Figure 4.6: Cine images from Control and HFD mice. This figure shows example black-

blood cine images in the Control and HFD mice at end-diastole and end-systole after 18 

weeks of diet.  
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 Figure 4.7: LV mass and LV wall thickness measurements in Control and HFD mice. 

(A): LV mass measurements in the Control and HFD mice at 6-24 weeks after diet. LV 

mass was increased in the HFD mice vs. Control mice at 18-24 weeks after diet. (B): LV 

end-diastolic wall thickness (LVEDWT) measurements in the Control and HFD mice at 

6-24 weeks after diet. LVEDWT was increased in the HFD mice vs. Control mice at 18-

24 weeks after diet. (C): LV end-systolic wall thickness (LVESWT) measurements in the 

Control and HFD mice at 6-24 weeks after diet. LVESWT was increased in the HFD 

mice vs. Control mice at 18-24 weeks after diet (*p<0.05 vs. age-matched control, 

$p<0.05 vs. HFD at 6 weeks, #p<0.05 vs. HFD at 12 weeks, &p<0.05 vs. HFD at 18 

weeks).  
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Table 4.1: MRI parameters of cardiac function 

 Time (Weeks after start of diet) 

 6 weeks 12 weeks 18 weeks 24 weeks 

 Control HFD Control HFD Control HFD Control HFD 

LVEDV (µL) 43 ± 7 42 ± 7 48 ± 9 47 ± 10 44 ± 7 40 ± 7 40 ± 6 43 ± 5 

LVESV (µL) 17 ± 4 14 ± 4 17 ± 6 17 ± 6 16 ± 6 12 ± 5 13 ± 4 11 ± 5 

LVEF (%) 61 ± 8 66 ± 8 64 ± 12 65 ± 8 64 ± 9 69 ± 12 67 ± 8 74 ± 11 

Ecc (%) 
-0.14 ± 

0.02 

-0.13 ± 

0.02 

-0.13 ± 

0.02 

-0.12 ± 

0.01 

-0.12 ± 

0.03 

-0.11 ± 

0.02 

-0.12 ± 

0.01 

-0.14 ± 

0.02 

Heart Rate 

(bpm) 
530 ± 63 538 ± 88 478 ± 39 485 ± 69 450 ± 84 512 ± 62 507 ± 47 549 ± 59 

 

LVEDV: Left-ventricular end-diastolic volume, LVESV: Left-ventricular end-systolic 

volume, LVEF: Left-ventricular ejection fraction, Ecc: Circumferential strain 

4.3.3. Blood Pressure and Heart Rate 

There were no statistically significant differences in the systolic and diastolic 

blood pressure measurements between the two groups of mice after 25 weeks of diet 

(Figure 4.8). There were also no heart rate differences between the two groups of mice 

for the entire time course of study (Table 4.1). 
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Figure 4.8: Blood pressure measurements in Control and HFD mice. There are no 

significant differences in systolic and diastolic blood pressure measurements between 

Control and HFD mice after 25 weeks after diet. 

4.3.4. Vascular Reactivity 

In order to further elucidate our perfusion imaging results, we performed vascular 

reactivity studies using isolated coronary arterioles.  Cumulative dose-response curves 

to adenosine demonstrated a significantly decreased ability of the arteries to dilate 

when the mice were fed a high-fat diet for 26 weeks (Figure 4.9A, p<0.05 vs. Control).  

Since loss of endothelial dilators is a hallmark of high-fat diets, we also tested vascular 

reactivity to acetylcholine, an endothelial specific dilator.  Similar to adenosine, the 

ability of HFD mice to dilate coronary arterioles was significantly inhibited in response to 

acetylcholine (Figure 4.9B, p<0.05 vs. Control).  Lastly, we tested whether a change in 

matrix composition may also be altered in the coronary arterioles by measuring the 

passive tone in increasing pressure steps.  In the HFD mice, the passive tone was 

significantly inhibited as compared to the control mice (Figure 4.9C, p<0.05 vs. Control).  
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These results together with the MR perfusion results demonstrated that the coronary 

arterioles in the mice fed a high fat diet have a significantly decreased capacity to dilate. 

 

Figure 4.9: Coronary arteriole vascular reactivity in Control and HFD mice. (A): 

Cumulative dose-response curves to adenosine in Control and HFD mice at 26 weeks 

after diet. Coronary vascular reactivity to adenosine is reduced in the HFD mice 

(*p<0.05 vs. Control at same concentration). (B): Cumulative dose-response curves to 

acetylcholine in Control and HFD mice at 26 weeks after diet. Coronary vascular 

reactivity to acetylcholine is reduced in the HFD mice (*p<0.05 vs. Control at same 

concentration). (C): Passive tone in the Control and HFD mice after 26 weeks after diet. 

Passive tone was inhibited in the HFD mice (*p<0.05 vs. Control at same pressure). 
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4.3.5. Histology 

Figure 4.10 shows example CD31-stained images obtained from a control and 

HFD mouse heart. There were no significant differences in the number of capillaries per 

cardiomyocyte between the two groups of mice (Figure 4.10C). Furthermore, there was 

no aortic atherosclerosis in both control and HFD mice. Aortic plaque was found to be 

3.7 ± 1.8 % in the control mice and 3.2 ± 1.4 % in the HFD mice. Figure 4.11 shows 

Masson’s Trichrome stained sections of myocardium obtained from a control mouse 

(Figure 4.11A) and a HFD mouse (Figure 4.11B). We found increased interstitial fibrosis 

in HFD mice (Figure 4.11C, p<0.05) after 26 weeks of diet as compared to control mice. 

Figure 4.12 shows Masson’s Trichrome stained coronary arteries obtained from a 

control mouse (Figure 4.12A) and a HFD mouse (Figure 4.12B). We found a trend 

towards increased perivascular fibrosis in the HFD mice (Figure 4.12C). We also noted 

increased macrophages in the HFD mice (Figure 4.13). 
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Figure 4.10: Myocardial capillary density in Control and HFD mice. (A): Representative 

CD31-stained sections of heart from a Control and (B): a HFD mouse. (C): Number of 

capillaries per cardiomyocyte was unchanged by the high-fat diet. Scale bars = 50 μm. 
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Figure 4.11: Myocardial interstitial fibrosis results in Control and HFD mice. (A): 

Representative Masson’s Trichrome stained sections of heart from a Control and (B): a 

HFD mouse. (C): Myocardial interstitial fibrosis was significantly higher in HFD mice. 

Scale bars = 50 μm.  
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Figure 4.12: Perivascular fibrosis in Control and HFD mice. (A): Representative 

Masson’s Trichrome-stained coronary vessels from sections of heart from a Control 

mouse and (B): a HFD mouse. (C): There was trend towards increased perivascular 

fibrosis in HFD mice. Scale bars = 50 μm.  
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Figure 4.13: Mac2-staining in Control and HFD mice. Representative Mac2-stained 

sections of the heart obtained from a Control and a HFD mouse. More macrophages 

were observed in the hearts of HFD mice.  
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4.4. Discussion 

Obesity and increased body weight is associated with increased risk of heart 

failure (17) and is independently associated with impaired myocardial perfusion reserve 

(8). In this study, for the first time we have established the time course of reduction in 

MPR in a mouse model of diet-induced obesity. Using in vivo cardiac MRI we showed 

that 18 weeks of high-fat diet in C57Bl/6 mice resulted in significantly reduced 

myocardial perfusion reserve without changes in capillary density and without aortic 

atherosclerosis. The perfusion imaging results were thereafter corroborated using ex 

vivo vascular reactivity studies. We showed that the vasodilatory capacity of the isolated 

coronary arterioles was impaired in response to adenosine in the HFD mice which 

directly supports the imaging finding of reduced stress MBF in the HFD mice. 

Thereafter, we also showed that the HFD mice had reduced response to acetylcholine, 

an endothelial specific dilator which could signify endothelial dysfunction.  Furthermore, 

we also showed that 18 weeks of HFD in mice resulted in increased LV mass and 

increased LV wall thickness without changes in LV volumes and peak LV 

circumferential strain.  

Our vascular reactivity results are in agreement with prior studies by Yamamoto 

et al. (142) and Calligaris et al. (107), who have also shown significantly impaired 

vascular endothelium dependent relaxation in response to acetylcholine in mice fed a 

high-fat diet after 17 weeks and 8-16 months of diet respectively. Furthermore, these 

results are also in line with prior studies which reported impaired coronary endothelial 

function in patients with obesity (8,143). 
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In this study, we have shown that HFD mice develop cardiac hypertrophy 

(increased LV mass and LV wall thickness) after 18 weeks of feeding. There were no 

significant differences in systolic and diastolic function (LV volumes, LV peak Ecc, 

systolic strain rate and diastolic strain rate) between the two groups of mice for the time 

course of the study. Previous studies have used C57Bl/6 mice with different types of 

high-fat diets to study the effects of obesity, diabetes and metabolic syndrome on 

cardiac function (107,136,138,142,144-152). Similar to our findings, a recent study by 

Calligaris et al.(107) showed increased LV mass, cardiomyocyte hypertrophy and 

normal baseline systolic function in HFD mice after 8-16 months of HFD feeding using 

histology, echocardiography and cardiac catheterization. Using cardiac catheterization, 

they also showed impaired cardiac function under stress after 8-16 months of HFD. In 

contrast to our results, another study (144) showed reduced systolic function as 

measured by echocardiography in HFD mice after 25 weeks. Similar to our results, 

another recent study (136) showed normal systolic function and increased LV mass in 

mice fed a high-fat diet where 45% of the calories came from fat after 20 weeks of diet. 

They also showed 15% impairment in the early diastolic phase of the HFD mice after 20 

weeks of diet using high frame-rate cine MRI (50-60 frames per cardiac cycle). Another 

recent study reported 40% reduction in subepicardial circumferential strain using cine 

DENSE imaging in the HFD mice after 5 months of diet (117). In our study, we saw a 

trend towards lower subepicardial strain at 12-18 weeks of diet (data not shown), 

however this trend disappeared at 24 weeks after diet. One potential reason for this 

could be the mortality of some of the obese mice between 18-24 weeks of diet. 
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We noted some variability in the glucose tolerance measurements in mice over 

time. A prior study showed that C57Bl/6 mice fed a high-fat diet display a 

heterogeneous metabolic adaptation (153). One potential reason for variability in 

glucose tolerance measurements in this study could be the combination of 

heterogeneous adaptation to high-fat diet and mortality of some obese mice over time. 

Another potential reason could be the repetitive handling of the mice.  

The exact mechanism for the dramatic change in vascular reactivity in the 

coronary arteries is not known. One possibility is a rapid deterioration of the overall 

endothelium, and endothelial dilatory components in particular, especially changes in 

eNOS, which has been observed in a plethora of other high-fat models.  The lack of 

dilation in response to both adenosine and acetylcholine, agonists that have well-

defined endothelial derived nitric oxide release for smooth muscle dilation, would 

indicate this is likely the case. Furthermore, we also showed that the passive tone (zero 

calcium in the buffer) in the isolated coronary arteries was also significantly reduced, 

indicating likely a dramatic change in extracellular matrix composition, making the 

arteries more rigid. Correspondingly, using Masson’s Trichrome stained sections of the 

heart and coronary vessels, we also showed significantly higher interstitial fibrosis and a 

trend towards increased perivascular fibrosis in the HFD mice. Similar to our results, a 

prior study has also shown that mice fed a high fat diet develop increased perivascular 

fibrosis (142). This change in extracellular matrix, especially perivascular fibrosis, may 

result in stiffer vessels, thereby affecting the dilation of these vessels. Regardless of the 

exact mechanism for the change in vascular reactivity, because the ability of resistance 

arteries to dilate or constrict governs the degree of blood flow to the capillaries, it is 
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highly likely that the inability of these coronary arteries to dilate in response to 

adenosine (or acetylcholine and changes in pressure) is responsible for the significantly 

inhibited MPR.  

Several mechanisms have been implicated in the pathogenesis of obesity related 

cardiac dysfunction such as insulin resistance, lipotoxicity, inflammation, oxidative 

stress and renin-angiotensin-aldosterone system (RAAS) activity (154). Accumulation of 

fat or lipid in cardiomyocytes is known as cardiac steatosis and it is a common finding in 

obesity (155). Prolonged lipid overload in the heart is known to be toxic to 

cardiomyoctes through increased oxidative stress (156), fibrosis (157), apoptosis 

(156,158), increased endoplasmic reticulum (ER) stress (156), ceramide accumulation 

(156) and mitochondrial dysfunction (156). Furthermore, lipotoxicity is known to 

stimulate cardiomyocyte hypertrophy (157,159) and increased fibrosis, which in turn 

leads to cardiac dysfunction (157). Prior studies have also shown increased cardiac 

inflammation in obesity which then leads to cardiac hypertrophy and dysfunction (160). 

Recently, there has been a growing interest in the role of adiponectins in obesity related 

disorders (161). Adiponectin is a hormone secreted by adipose tissue and the plasma 

concentration of adiponectin is reduced in patients with obesity-related disorders (162). 

A recent study showed that pressure overload in adiponectin deficient mice resulted in 

concentric LV hypertrophy and that supplementation of adiponectin attenuated cardiac 

hypertrophy in response to pressure overload (163). These findings suggest that low 

levels of adiponectin may contribute to cardiac hypertrophy in obesity related disorders 

(161). Some or all of the above mentioned mechanisms may be responsible for LV 

hypertrophy observed in the HFD mice in this study. 
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4.5. Conclusion 

Using cardiac MR, vascular reactivity, and histological studies, we showed that 

C57Bl/6 mice fed a HFD for 18–24 weeks have LV hypertrophy and reduced 

vasodilatory capacity at stress with normal capillary density and no aortic plaque. Future 

studies using cardiac MR and gene-modified mice fed a HFD may shed light on key 

molecular mechanisms that underlie myocardial ischemia in obesity related 

cardiomyopathy. 
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5.1. Conclusions 

5.1.1. Quantitative First-Pass Perfusion MRI in Mice 

In the study discussed in chapter 2, we presented a dual-contrast first-pass MRI 

technique for mice. We used ky-t undersampling with a dual-contrast saturated recovery 

gradient echo technique and BLOSM compressed sensing reconstruction to measure 

perfusion in mice. In this study, we demonstrated that this technique provides the spatial 

and temporal resolution to perform absolute quantification of MBF in mice at rest and 

after vasodilation. Furthermore, using this technique we also detected reduced MPR in 

mice fed a high-fat diet for 24 weeks. Since the image acquisition time is less than a 

minute, this technique allowed us to quantify MPR in mice in a sufficiently short scan 

time. Future studies may apply this technique in gene modified mice to study 

mechanisms underlying obesity and diabetes. 

5.1.2. Comparison of ASL and First-pass MRI in Mice 

 In the study discussed in Chapter 3, we compared the two perfusion imaging 

techniques, first-pass perfusion MRI and ASL for assessment of MBF in mouse imaging 

studies. We compared metrics of image quality, repeatability, and variability, for the two 

techniques under varying physiological conditions such as at rest, at stress, and after 

induction of myocardial infarction. We demonstrated that image quality was superior 

with ASL as compared to first-pass MRI. Furthermore, we also demonstrated that 

although the overall repeatability and variability was similar for both the techniques, 

each technique has its own advantages and disadvantages and depending on the 



Chapter 5 

145 

 

specific application, one technique might be better than the other. At low MBF 

conditions such as infarct imaging, it might be more suitable to use first-pass MRI due to 

its better repeatability and variability. Furthermore, first-pass MRI would integrate better 

into a more comprehensive imaging protocol due to its short scan time. However, at 

high MBF conditions such as at stress, ASL might be more suitable due to its superior 

image quality and reduced user variability. This study may be useful in planning future 

studies investigating perfusion abnormalities in cardiovascular diseases. 

5.1.3. Time course of Impaired MPR in HFD Mice 

 In the study described in chapter 4, we described the time course of MPR in a 

mouse model of diet-induced obesity and we used histological and vascular reactivity 

studies to further elucidate the underlying factors. We showed that after 18 weeks of 

high-fat diet, MPR was impaired and LV mass and LV wall thickness was increased as 

compared to wild type mice fed a low-fat diet. In parallel with the MPR results we also 

showed that coronary vascular reactivity was reduced in the HFD mice. These findings 

were observed in the absence of any differences in myocardial capillary density and in 

the absence of aortic atherosclerosis. Future studies using these techniques in gene-

modified mice fed a high-fat diet may shed light on mechanisms underlying obesity 

related cardiomyopathy and may also be used to test novel therapies for obesity related 

cardiomyopathy. 
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5.2. Future Directions 

5.2.1. Improvements for First-Pass MRI in Mice 

 Currently, the image acquisition time for each AIF image is 25 ms and the image 

acquisition time for each TF image is 36 ms. The R-R interval for mice is about 120 ms 

at rest and about 100 ms after vasodilation. Image quality of first-pass MRI in mice may 

be further improved by decreasing the acquisition time for each image. This may be 

achieved by using other k-space trajectories such as radial and spiral and by exploring 

higher acceleration rates, possibly by using phased-array coils and by combining 

parallel imaging with compressed sensing. Decreasing the image acquisition time would 

reduce the artifacts due to cardiac motion especially after vasodilation. However, with 

non-cartesian trajectories, off-resonance artifacts may be a problem, especially with 

obese mice. This may be further optimized by reducing the duration of each spiral or 

radial spoke.     

5.2.2. Improvements for ASL in Mice 

 The scan time for ASL in mice may be reduced by using a segmented acquisition 

where 3-4 spiral interleaves are acquired each heartbeat and by exploring higher 

acceleration rates. Currently, in our study, we have used rate 2 acceleration for ASL 

imaging. Using an imaging protocol with 3 spiral interleaves per heartbeat with rate 4 

acceleration, would bring the total scan time (including both slice-selective and non-

selective scans) down to 6-8 min. This would make it feasible to integrate ASL in a more 

comprehensive MRI protocol. 



Chapter 5 

147 

 

5.2.3. Assessing Therapies for Obesity-Related Cardiomyopathy 

 In our study, we demonstrated that HFD mice have increased LV mass and 

increased LV wall thickness.  It has been shown using prior studies that numerous 

factors may contribute to LV hypertrophy such as lipotoxicity (157), low levels of 

adiponectin (161) and increased inflammation (160). Thus, future experiments may 

investigate therapeutic approaches such as the use of lipid lowering drugs, 

supplementation of adiponectin or the use of anti-inflammatory drugs to prevent and 

reverse cardiac hypertrophy in HFD mice. 

 In our study we showed that MPR is impaired in HFD mice after 18 weeks of diet. 

Additionally, we also demonstrated using vascular reactivity studies that HFD mice have 

reduced response to acetylcholine, which is an endothelium mediated vasodilator. This 

could signify endothelial dysfunction. Prior studies have shown that obesity is linked to 

increased oxidative stress which results in reduced nitric oxide bioavailability and this 

could eventually lead to endothelial dysfunction (18,164). Thus, therapies to reduce 

oxidative stress may restore endothelial dysfunction associated with obesity and may 

also normalize the MPR values in HFD mice. Prior studies have used leptin treatment 

and inhibitors of NADPH to reduce oxidative stress in obese mice. A recent study also 

showed that obesity related endothelial dysfunction of the mesenteric arteries can be 

prevented by deficiency of P-selectin Glycoprotein Ligand-1 (165). Other mechanisms 

may also be responsible for endothelial dysfunction. A prior study showed that 

Interleukin-6 (IL-6), a cytokine associated with obesity, can induce oxidative stress and 

endothelial dysfunction by upregulating angiotensin II type 1 receptor (166).  In addition, 

a recent study showed that Olmesartan, an angiotensin II type 1 receptor blocker (ARB) 
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significantly suppressed high-fat diet induced vascular endothelial dysfunction and 

disruption of eNOS in mice (142). Thus, future studies may test the therapeutic benefits 

of ARBs and other novel therapies on high-fat diet induced cardiac dysfunction in mice. 

A prior study showed a shift in myocardial substrate utilization in a genetic mouse 

model of obesity (20). They showed decreased glucose oxidation and increased fatty 

acid oxidation in the hearts of obese mice and they also showed that this cardiac 

metabolic shift preceded the other cardiac abnormalities. Thus, the shift in cardiac 

metabolism may play a critical role in the pathogenesis of obesity related 

cardiomyopathy. Hence, future studies may use micro-PET with MRI in mice fed a high-

fat diet to assess cardiac metabolism and to investigate the underlying mechanisms.
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