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Coronary artery imaging in mouse

ABSTRACT

Atherosclerosis in the coronary arteries is the major reason for myocardial infarction

and cardiovascular death. In the clinic, several imaging systems make it possible to

study coronary artery function and morphology non-invasively, such as transthoracic

Doppler echocardiography (TTDE). Coronary flow velocity reserve (CFVR), as as-

sessed using TTDE, can be applied to detect early as well as late pathological changes in

atherosclerotic disease. However, no imaging method has been capable of  addressing

coronary artery morphology and function in mouse, the most widely used experimental

animal in cardiovascular disease. In this context, we set out to develop an ultrasound-

based methodological platform to study coronary artery function and morphology and

to explore how it could be used to confirm pathological cardiovascular changes in

mouse. We showed that detection and measurements of  left coronary artery (LCA)

flow velocity in the proximal and more distal segments is feasible using TTDE. In order

to measure coronary function, we introduced a CFVR protocol where coronary hype-

remia was induced either by mild hypoxia or with adenosine. For the first time, we

applied a novel ultrasound biomicroscopy (UBM) technique to morphologically mea-

sure atherosclerosis-related narrowing of  coronary arteries and to detect adenosine-

induced hyperemic dilatation of  the LCA. Using a combination of  TTDE and UBM,

we were able to calculate a coronary flow index and thereby compare flow velocity-

based CFVR and flow-based CFR in mouse. Using TTDE and UBM, we have been

able to measure atherosclerosis-related changes measured as minimal lumen diameter

(MLD) in the proximal LCA. In the absence of  coronary stenosis, we showed that

endotoxin reduced CFVR, and that some of  the deleterious effects are mediated through

the 5-lipoxygenase pathway. In another study, CFVR was found to co-vary with differ-

ent inflammatory cytokines and atherosclerotic lesion characteristics at different time-

points. In summary, we have developed a unique imaging platform to study mouse

coronary artery function and morphology, and found that the established imaging read-

outs appear to reflect important pathophysiological features of  atherosclerosis.

Key words: atherosclerosis, coronary artery, coronary flow velocity reserve, imaging, mouse,

transthoracic Doppler echocardiography, ultrasound biomicroscopy
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ABBREVIATIONS

5-LO = 5-lipoxygenase

AA= arachidonic acid

ACh = acetylcholine

ApoE = apolipiprotein A

BA = brachiocephalic artery

CAD = coronary artery disease

CFR = coronary flow reserve

CFVR = coronary flow velocity reserve

CHD = coronary heart disease

CysLT= cysteinyl leukotriene

EC = endothelial cell

GM-CSF = granulocyte-macrophage colony-stimulating factor

HDL = high density lipoprotein

IL = interleukin

IVUS = intravascular ultrasound

LAD = left anterior descending

LCA = left coronary artery

LDL = low density lipoprotein

LDLr = low density lipoprotein receptot

LTB
4
 = leukotriene B

4

MCP = monocyte chemoattractant protein

MCE = myocardial contrast echocardiography

MI = myocardial infarction

MLD = minimal lumen diameter

L-NNA = N(omega)-nitro-L-arginine

NO = nitric oxide

ROS = reactive oxygen species

SMC = smooth muscle cell

SNP = sodium nitroprusside

TG = triglycerides

TTDE = transthoracic Doppler echocardiography

TTE = transthoracic echocardiography

UBM = ultrasound biomicroscopy

VLDL = very low density lipoproteins

WT = wild type

2



Coronary artery imaging in mouse

INTRODUCTION

Imaging technologies make it possible to study structures and function without surgical

procedures. The possibility to identify pathological structural changes and to study

physiological parameters makes these modalities not only suitable for the clinic, but

also for research purposes. In this thesis we have developed an imaging platform to

study the structures and function of  mouse coronary arteries. The methodology makes

it possible to move the aim from ex vivo peripheral vasculature to in vivo studies of  the

most important vascular bed in this widely used animal model of  human cardiovascular

disease.

The heart, cardiovascular disease and death

Three billion times in a lifetime, 3.7 million times in a year and 100.000 times in a day.

These numbers correspond to synchronized contractions of  the heart, which on a daily

basis pumps more than 7 m3 blood through 100.000 km of  vessels. Circulating blood

provides organs and tissues with nutrients and oxygen, distributes signaling molecules,

and carries metabolic and catabolic waste. No doubt, a fully functional heart and circu-

lation is a vital part of  life. Therefore, it might not be surprising that diseases affecting

the cardiovascular system account for more than one in three deaths annually, which

makes it the principal cause of  death worldwide (Braunwald, 1997; Smith et al., 2004).

The vast majority of  all cardiovascular deaths are related to coronary artery atheroscle-

rosis (Rosamond et al., 2007).

Coronary heart disease and atherosclerosis

Atherosclerosis in the coronary arteries is the underlying cause of  the majority of  coro-

nary heart disease (CHD), leading to myocardial infarctions (MI) and death of  7.2

million people every year, worldwide. Coronary atherosclerosis develops early in life,

e.g. in non-symptomatic subjects who have undergone intravascular ultrasound (IVUS),

coronary atherosclerosis has been shown to be prevalent in 21% people between the

ages of  13 and 19, and almost 85% in people between 40 and 49 years old (Tuzcu et al.,

2001). However, clinical symptoms of  coronary atherosclerosis are generally not ob-

served until middle age. Eventually, coronary atherosclerosis might grow to be lumen

occlusive and patients with atherosclerosis-related coronary lumen narrowing, or stenosis,

of  >70% in at least one major epicardial coronary artery are generally defined to have

coronary artery disease (CAD) (Gould et al., 1974). Angioplasty is common clinical

practice to expand coronary artery lumen in patients with CAD, and has been proven to

improve cardiac function and to reduce myocardial incidence. Whilst stenosis is still the

strongest factor relating to and predicting myocardial incidents (Pundziute et al., 2007),

3



Johannes Wikström

several other aspects are most certainly of  vital importance in atherosclerosis-related

CHD. The “clogged-pipes model”, where CHD is more or less considered a plumbing

problem, has been reconsidered. The reason for this is that significant stenosis is far

from always present in myocardial infarction. Instead, rupture of  so called “vulnerable

plaques” with thin plaque cap, large content of  macrophages and extracellular lipids,

are usually not occlusive. The fact that vessel regions adjacent to ruptured lesions have

also been shown to be inflamed and that serum levels of  inflammatory factors are

elevated following MI, indicates that CHD is not only a focal disease. Thus, in addition

to atherosclerosis burden-related disease manifestations, systemic pro-atherogenic fac-

tors are certainly of  importance. The concept of  “vulnerable plaques” has been comple-

mented by the viewpoint of  “vulnerable patient” (Naghavi et al., 2003).

Atherosclerosis and inflammation

The late Russell Ross was one of  the pioneers in the paradigm shift towards the view of

atherosclerosis as an inflammatory disease that is now established (for reviews  (Hansson

et al., 2006; Libby, 2002; Ross, 1999)). In short, atherosclerotic lesion initiation is be-

lieved to start with infiltration of  plasma lipids into the innermost layer of  the arteries,

the intima, preferentially at sites with turbulent flow and oscillatory shear stress, typical

of  curvatures and vessel branches. Following retention of  lipoprotein, inflammatory

cells are attracted to the site, initiating an inflammatory driven process of  plaque growth.

In addition to excreting inflammatory cytokines and growth factors, macrophages start

to engulf  lipids in the intima, turning themselves into so called foam cells. Parallel

processes include migration of  smooth muscle cells from the media of  the vascular

wall into the intima where they excrete extracellular components, such as collagen. The

extracellular components are in turn under the influence of  macrophage derived de-

grading factors. In time, the plaque is a quite complex array of  different cell types,

extracellular components and lipids. The inflammatory status and the composition of

the lesion are factors influencing the mechanical stability of  the plaque. Moreover, as

the lesion grows, it may become more or less occlusive in the artery depending on what

capacity the vessel has to enlarge its outer circumference. Physiological mechanical stress

comprises factors capable of  rupturing the plaque with subsequent thrombosis that

may clog the artery and deplete downstream tissues of  oxygen and nutrients. One of

the common features of  various stages of  atherogenesis is endothelial dysfunction

(Ross, 1999).

Endothelial dysfunction

Endothelial cells (EC) line the innermost layer of  the vascular wall, adjacent to the

blood stream, and regulate vascular tone, anti-thrombotic, and anti-inflammatory prop-
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erties of  the vascular wall. In addition to fibrinolytic factors, adhesion molecules and

vascular growth factors, endothelium-derived nitric oxide (NO) seems to be the major

mediator to maintain vasomotor behavior (Ignarro et al., 1988), anti-thrombotic

(Radomski et al., 1987) and anti-inflammatory capacity of  the vasculature (Huang et al.,

2006; Luscher, 1990). Structural and functional modifications of  EC are observed first

in curvatures and vascular branch sites, which are predilection areas for atherosclerotic

lesion development. Modified EC are more permeable to circulating lipoproteins such

as low density lipoproteins (LDL). Once activated by lipoproteins, ECs begin to ex-

press adhesion molecules (e.g. vascular cell adhesion molecule-1 (VCAM-1) and intrac-

ellular adhesion molecule-1 (ICAM-1), P/E-selectin) that facilitate binding of circulat-

ing monocytes and lymphocytes to the intima. Risk factors for atherosclerosis, such as

smoking, diabetes, hyperlipidemia, and hypertension are associated with impaired NO-

dependant vasodilatation.

5-lipoxygenase in atherosclerosis and sepsis

The leukotrienes (LT), i.e. LTB4 and the cysteinyl LTs (cysLTs: LTC4, LTD4, LTE4),

constitute a group of  arachidonic acid (AA) derived substances, known to mediate

inflammatory responses (Samuelsson, 1983). In the process of  LT-biosynthesis, 5-

lipoxygenase (5-LO) is the rate-limiting enzyme that catalyzes the conversion of  AA

into LTA4, the precursor of  both LTB4 and cysLTs (Samuelsson, 1983). In the vascu-

lature LTs mediate leukocyte recruitment, edema formation (Dahlen et al., 1981) and

coronary artery contraction (Allen et al., 1998). LTs have long been recognized as me-

diators of  anaphylaxis and asthma, but accumulating evidence has indicated an impor-

tant role for 5-LO and LTs in atherosclerosis (Spanbroek et al., 2003) and risk of  myo-

cardial infarction and stroke (Helgadottir et al., 2004) in man, as well as mediating aneu-

rysm formation and atherosclerotic lesion development in mouse (Mehrabian et al.,

2002; Zhao et al., 2004).

Lipopolysaccharide (LPS) (or endotoxin)  is commonly used in experimental settings to

promote inflammatory responses (Poltorak et al., 1998) such as septic shock (Collin et

al., 2004), and to induce EC dysfunction (Pleiner et al., 2002). Both in vitro and in vivo

data have shown interactions between LPS administration and the 5-LO pathway. De-

pendent on different experimental settings, LPS can increase (Harizi et al., 2003), but

also reduce (Serio et al., 2003) production of  5-LO metabolites in vitro. In vivo, 5-LO

gene deficiency as well as pharmacological blockade of  5-LO function in rats, has been

shown to reduce organ failure following severe LPS endotoxemia (Collin et al., 2004).
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Coronary morphology and function

Two main coronary arteries branch off  from the aortic root, giving rise to the left and

right coronary artery (LCA and RCA). The LCA branches off  into the left anterior

descending (LAD) and into the left circumflex artery (LCX) that together supply the

left ventricle with blood. As in other vascular beds, flow through the coronary arteries

obeys Ohm’s law, i.e. flow equals perfusion pressure divided by resistance of  the vascu-

lature. However, unlike other vascular beds, both the pressure gradient and the resis-

tance vary throughout the cardiac cycle, influenced by the contraction in systole and the

relaxation during diastole (Guyton et al., 1998). During systole, the ventricular pressure

is dramatically increased, reducing the driving pressure gradient that nearly abolishes all

blood flow. In diastole, the ventricular pressure is low, resulting in a larger pressure

gradient and consequently to larger flow. Thus, diastolic flow is the major component

to supply the working myocardium.

Features of coronary circulation

The circulation of  the myocardium is different from skeletal muscle in several impor-

tant aspects:

• Responsible for its own perfusion (Guyton et al., 1998)

• High oxygen demand under resting conditions (8 ml·min-1·100 g-1 tissue in cardiac

tissue in comparison with: kidney 5, brain 3, liver 2, skin 0.2, skeletal muscle 0.15

ml·min-1·100 g-1) (Tune et al., 2004)

• High oxygen extraction under resting conditions (75 % at rest in cardiac tissue at

rest compared to 25 % in skeletal muscle) (Tune et al., 2004)

• Autoregulation of  coronary flow that ensures blood supply independently of  blood

pressure (Mosher et al., 1964)

Thus, upon increased work load, increased flow is the only way to meet the myocar-

dium with raised oxygen demand.

The concept of coronary flow reserve

Coffman and Gregg introduced the concept of  coronary flow reserve (CFR), i.e. the

ratio between maximal coronary flow and baseline resting flow, as a measure of  maxi-

mal capacity to increase coronary flow (Coffman et al., 1960). To reach maximal coro-

nary hyperemia, vasodilator, such as adenosine, has typically been used to establish a

linear relationship between driving pressure and flow by inactivating the coronary auto-

regulation. Dr Lance Gould established the relationship between stenosis severity and

flow resistance, showing that baseline coronary flow remains unchanged until a degree
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of  stenosis of  85 % is reached, while hyperemic coronary flow is reduced following 50

% stenosis (Gould et al., 1974). In healthy adult humans, CFR is generally between 3.5

and 5. CFR below 2 is generally considered pathological. Increased baseline flow, due to

e.g. high oxygen consumption, and reduced hyperemic flow, due to e.g. stenosis, mi-

crovascular dysfunction, and increased blood viscosity, have been associated with re-

duced CFR (Hirata et al., 2004; Hozumi et al., 1998b; Rim et al., 2001). Myocardial oxy-

gen consumption is mainly dependant on heart rate, contractility and wall stress that in

turn are related to ventricular pressure, wall thickness and chamber size (Graham et al.,

1968). Several disease conditions may influence any of  these factors, e.g. hypertension

and left ventricle hypertrophy etc (Kozakova et al., 1997).

Coronary flow velocity reserve as measured by trans-
thoracic Doppler Echocardiography

Transthoracic Doppler Echocardiography (TTDE) has been used to measure velocity-

based calculations of  coronary reserve, called coronary flow velocity reserve (CFVR).

TTDE CFVR has been used as a non-invasive method in the clinic to evaluate hemody-

namic significance of  coronary stenosis (Hozumi et al., 1998b; Saraste et al., 2001) and

also atherosclerosis-related minimal lumen diameter (Chugh et al., 2004). In the absence

of  coronary stenosis, CFVR has been shown to be reduced in conditions related to

microcirculatory function of  the myocardium, such as left ventricle hypertrophy (Strauer,

1992) and diabetes (Nitenberg et al., 1993). Risk factors of  atherosclerosis such as pas-

sive smoking (Otsuka et al., 2001), hypercholesterolemia (Hozumi et al., 2002), hyper-

tension (Erdogan et al., 2007), elevated levels of  oxLDL and homocysteine (Laaksonen

et al., 2002) also reduce CFVR. In addition, a reduced CFVR has been shown to be

associated with poor cardiovascular outcome in various patient groups (Bax et al., 2004;

Rigo et al., 2006; Tona et al., 2006).

The capacity of  CFVR to predict cardiovascular outcome, is probably due to its capac-

ity to reflect several parameters of  importance for survival, including inflammatory

status, endothelial cell and resistance artery function, as well as the rheologic status of

the blood (Hirata et al., 2004).

Mouse models of human atherosclerosis

Knowledge of  the mouse genome and methods to manipulate it, in combination with short

reproduction time and affordable price, have made mouse the number one animal disease

model. The possibility of  targeted genetic manipulation has provided this research area with

detailed information about disease mechanisms behind atherogenesis. Typically, atheroscle-

rosis is initiated in these models by hypercholesterolemia through modification of  lipopro-

tein metabolism associated pathways (Breslow, 1993; Daugherty, 2002). (Figure 1)
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Imaging in man and mouse

In the clinical setting, several methods are used to study cardiac and coronary function.

Myocardial perfusion may be measured with magnetic resonance imaging (MRI)

(Rebergen et al., 1993), positron emission tomography (PET) (Wisenberg et al., 1981),

and myocardial contrast echocardiography (MCE) (Pacella et al., 2006), myocardial scin-

tigraphy (Rodney et al., 1994) and single photon emission computer tomography (SPECT)

(Elhendy et al., 2000). Specific epicardial coronary arteries can be studied using angiog-

raphy (Cox et al., 1989), MRI (Rebergen et al., 1993), intravascular ultrasound (IVUS)

(Tuzcu et al., 2001), and more recently by high-end transthoracic Doppler

echocardiography (TTDE) (Hozumi et al., 1998a; Hozumi et al., 1998).

Several of  these methods have recently been adapted to mouse experimental settings.

MRI (Yang et al., 2004), PET (Stegger et al., 2006), pin-hole SPECT (Wu et al., 2003),

and MCE (French et al., 2006; Scherrer-Crosbie et al., 1999) have been used to study

perfusion defects following LCA ligation in mouse. Epicardial coronary arteries have

been visualized using ultrasound biomicroscopy (Zhou et al., 2004) and atherosclerotic

lesions in the LCA has been quantified using microangiography (Yamashita et al., 2002)

in vivo. However, none of  these methods provides the opportunity to study both coro-

nary artery morphology and coronary flow reserve (function) in real-time in living mice.

Figure 1. The left coronary artery (LCA) and atherosclerosis in the aorta (Ao) in mouse. a)

LCA can be clearly seen following haematoxylin staining from the aorta  in a free dissected

heart. Scale bar is 5 mm. b) Atherosclerotic lesions in the aorta and the braciocephalic artery

in a 40 weeks old atherosclerotic mouse. White lines indicate lesions seen primarily in the

curvatures and close to larger artery branch sites. Scale bar is 3 mm.
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Thus, the common use of  mice in cardiovascular research urges for continuous devel-

opment and downscaling of  imaging modalities to non-invasively assess in vivo mor-

phology and physiology that facilitates repeated measurement in longitudinal studies.

Further, by using imaging techniques that are employed in the clinic, data and findings

from preclinical studies can be more rapidly translated to the human setting.

9



Johannes Wikström

AIMS OF THE THESIS

The general aim of  this thesis was to develop and validate a non-invasive imaging method

to study mouse coronary artery morphology and function, as well as to explore the

possible biological relevance of  coronary flow reserve.

Specific aims:

• To establish an in vivo approach to study mouse coronary flow velocity using
TTDE (Paper I).

• To develop a protocol to measure coronary flow velocity reserve (CFVR) in
mouse (Paper II).

• To measure coronary atherosclerosis-related structural changes in mouse using
CFVR and UBM (Paper II).

• To measure coronary artery function by CFVR following inflammatory stimuli
and to explore potential importance of  the 5-lipoxygenase pathway in this
setting (Paper III).

• To investigate the possible relationship between CFVR, plasma markers of
inflammation and lesion characteristics in atherosclerotic mice (Paper IV).

• To explore the relationship between flow, flow velocity, coronary flow reserve
and CFVR in mouse (Paper V).

10
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METHODS

Experimental animals and diets (Paper I-V)

Animals

The mice were allowed to rest at least one week after arrival and before any experimen-

tal procedures were performed. The animals were housed at constant temperature (23°C)

in a room with 12-hour dark/light cycles and had free access to chow diet and water. All

experiments were performed in accordance with national guidelines and approved by

the Animal Ethics Committee, Göteborg University.

Mice do not develop atherosclerosis spontaneously, therefore specific gene modified

strains were used in the present thesis. We used either apolipoprotein E gene deficient

(ApoE-/-) mice or low density lipoprotein receptor gene deficient mice (LDLr-/-). Com-

mon features of  these two models are hypercholesterolemia with a large fraction of  low

density lipoproteins (LDL) and very low density lipoproteins (VLDL) (Breslow, 1993).

We also used 5-lipoxygenase gene deficient mice and their wild type littermates. With

the exception of  Paper II were mice with a mixed background of  C57BL/6 and SV129

were used, mice were bred on a background of  C57BL/6. Without genetic modifica-

tions, regular C57BL/6 mice were used as wild type control mice.

Comments: In humans, unhealthy combination of  “good” and “bad” cholesterol, qua-

druples the risk of  MI, thus showing the great influence of  serum cholesterol compo-

sition for atherosclerosis and CHD. Low density lipoproteins (LDL), distributing cho-

lesterol from the liver to peripheral organs, is in this context considered “bad”, whereas

high density lipoprotein (HDL), that transports peripheral cholesterol to the liver for

excretion is considered “good”. The major influence of  lipoprotein transport in ath-

erosclerosis is also stressed by the fact that normal mice do not develop any signs of

atherosclerosis due to cholesterol composition with high HDL fraction. However, sev-

eral mouse models are available where specific lipid carrier proteins and receptors, im-

portant for lipid clearance have been genetically deleted (Breslow, 1993a). Some of  the

most well known are the apolipoprotein E deficient (ApoE-/-), and the low density

lipoprotein receptor deficient (LDLr-/-) mouse. In addition, transgenic mice with defec-

tive lipoprotein transport/clearance, such as the ApoE3*Leiden strain, have also been

generated.

Diets

In most studies we used either regular chow diet (5 % fat & 0.01 % cholesterol) for

control or “western” diet (21 % fat & 0.15 % cholesterol) for accelerated lesion forma-
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tion. Comments: The cholesterol and fat-enriched western diet used in our studies typi-

cally induced total cholesterol levels between 20 and 40 mM after 10 weeks of  treat-

ment in LDLr-/- mice. In comparison, LDLr-/- mice on chow diet typically average at 6

mM total cholesterol.

Anesthesia (Paper I-V)

Full inhalation anesthesia using 0.7-1.5 % isoflurane (Abbot Scandinavia AB, Solna,

Sweden) mixed with air was used during all ultrasound and air pouch procedures. Dur-

ing anesthesia, normal body temperature was maintained using a thermo-regulating

lamp and an electrical heating pad connected to a rectal thermometer. Comments: Anes-

thesia impacts circulation and respiration, but is a necessary approach when using infu-

sion in mice. Isoflurane is used in all papers in this thesis and is considered to be one of

the best anesthetic choices when studying cardiac parameters (Roth et al., 2002). Higher

doses of  isoflurane (>1.5 %) have been shown to induce dilation of  resistance arteri-

oles in the myocardium (Frank Kober, 2005). For this reason, the lowest possible doses

were used.

Ultrasound techniques (Paper I-V)

Ultrasound was used in all papers to evaluate function and morphology of  the heart

and the left coronary arteries during anesthesia. Before any ultrasound imaging, the fur

of  the mouse thorax was carefully removed using hair-removal crème. Ultrasound con-

tact gel was used for best visualization. All cardiac and coronary imaging, except mor-

phological examinations of  the LCA, were acquired using a high frequency 15 MHz

linear transducer (Entos CL15-7 or Microson 15L8) connected to an ultrasound system

(ATL-HDI5000, Philips Medical Systems or an Acuson Sequoia 512 echocardiograph).

Comments - Principles of  Ultrasound imaging (Feigenbaum, 1986): The principle of  ultrasound

techniques is a) to generate sound-waves, b) to register echo of  emitted sound waves

and finally c) to rebuild an image based on timing and intensity of  the registered echo.

In most modern ultrasound transducer, piezoelectronic crystals are the key to produce

sound and to register echo. The piezoelectronic crystal starts to vibrate and thereby

generate sound waves of  high frequency when exposed to electricity, but also possesses

the capacity to generate electric currencies when exposed to mechanical stress induced

by sound echo. Tissue with different composition will scatter, focus or reflect sound

waves differently according to principles of  acoustic impedance. The reflected sound

waves are then interpreted into images. The resolution of  ultrasound is dependent on

what wavelengths are emitted. Shorter wave lengths allow better resolution at the cost

of  acoustic penetration into tissue. Therefore, superficial structures are more easily
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imaged in high resolution. The rate at which ultrasound is emitted, sampled and trans-

formed into a new image is referred to as frame rate. Also frame rate is dependent on

transducer frequency or rather depth of  sound wave penetration, since deeper penetra-

tion and reflection takes longer time. Thus, high frequency transducers permit better

resolution at a higher frame rate, but at the cost of  penetration depth.

Cardiac ultrasound

For two-dimensional B-mode examinations of  mouse cardiac function, a transducer

frequency of  15 MHz was used, allowing a resolution of  150 µm at a frame rate of  300.

B-mode examinations were obtained in long axis images of  the heart, visualized from a

parasternal long axis view. The probe was then rotated 90° clockwise and adjusted to

the level just caudal to the mitral level to obtain short axis CINE loops and MMODE.

Comments on B-mode and MMODE ultrasound (Feigenbaum, 1986): In clinical settings, B-

mode ultrasound is commonly used to produce real time 2D imaging, such as cardiac

imaging in echocardiography examinations and fetus surveillance in obstetrics. Typical

clinical ultrasound set-ups have transducer frequencies between 4-8 MHz and with ap-

proximate frame rate of  150 frames per second. In my thesis, B-mode images mainly

underlie calculations of  left ventricle mass (LVM). In MMODE only one line of  the

ultrasound beam is analyzed, which is continually displayed at a time axis. Since the

whole capacity of  the ultrasound system is now focused on one single line, MMODE

delivers an extremely high temporal resolution of  approximately 1800 frames/second.

MMODE is thus indeed suitable for functional measurements of the rapidly beating

mouse heart. MMODE images underlie calculations of  shortening fraction (SF), ejec-

tion fraction (EF), end diastolic volume (EDV) and left ventricle wall thickness (WT).

(See also Calculations in Appendix)

Coronary artery Doppler and coronary flow velocity reserve

Doppler measurements of  the proximal and the mid LCA were made from a modified

parasternal long axis view (6 MHz pulsed Doppler, gate size 0.5-1 mm). In the modified

parasternal long axis view the course of  the LCA was typically parallel to the Doppler

beam, which facilitated Doppler measurements without angle correction. Under the

guidance of  color Doppler echocardiography, pulsed coronary Doppler measurements

in the proximal and the mid LCA were performed at the same site during baseline and

hypoxia or adenosine-induced hyperemia. Infusion of  adenosine (140-160 µg/kg/min)

(ITEM Development AB, Stocksund, Sweden) was facilitated via the tail vein and coro-

nary hyperemia was typically obtained within 1-3 minutes from infusion start. Moder-

ate hypoxia was induced by adding N
2
 to the anesthetic gas mixture. Mean diastolic

coronary flow velocity (CFV) was averaged over three consecutive cardiac cycles during

13
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baseline and hyperemic condition. CFVR was calculated accordingly: CFVR=CFV
hyperemia

/

CFV
baseline

. (See also Calculations in Appendix)

Comments on Doppler techniques (Feigenbaum, 1986): As the name indicates, Doppler tech-

nique uses the phenomena of  the Doppler shift, i.e. that sound waves change in fre-

quency if  reflected by moving obstacles. Objects moving towards the transducer will

produce reflections with higher frequencies than emitted, whilst objects moving away

from the transducer will produce reflections with lower frequencies. The amplitude of

the Doppler shift is dependent on the velocity but also on the angle of  the reflecting

obstacle as defined by cosine. Hence, if  flow velocity is constant, the Doppler shift is

maximal (and more reliable as measurement) when the emitted sound wave is parallel to

the movement (cos0°=1) of  the reflecting obstacles, while movements perpendicular

(cos90°=0) to the ultrasound beam do not produce any Doppler shift. Four different

Doppler techniques are available: continuous, pulsed, color and tissue Doppler. In my

articles, pulsed Doppler and color Doppler were mainly used. In the color Doppler

technique, the Doppler shift is translated to different colors, depending on velocity

away from or towards the Doppler transducer. Color Doppler is generally combined

with B-mode ultrasound to get additional data on morphology. The combination of

color Doppler and B-mode is called Duplex ultrasound. Using Duplex ultrasound, a

cursor can be placed, and depending on sample volume, will generate a spectral Dop-

pler image from a specific area displayed as seen in Figure 1c. Moderate hypoxia is a

complete non-invasive technique used in Paper II to induce coronary hyperemia. How-

ever, since adenosine is the hyperemic agent of  choice in clinical settings we have used

this approach in most other settings. (See also Calculations in Appendix)

Coronary artery morphology imaging using ultrasound
biomicroscopy (Paper II & V)

In vivo imaging

The proximal and mid segment of  the LCA was visualized using ultrasound biomicros-

copy (UBM) with a transducer that provides a theoretical  axial resolution of  40 µm and

a lateral resolution is 80 µm in a frame rate of  at least 60 frames per second (Vevo 770,

Visualsonics, Toronto, Canada). In Paper II, a modified parasternal long axis view, simi-

lar to the imaging window used for Doppler measurements was used. From this projec-

tion, the segment that is most proximal to the heart is visualized, allowing measurement

of  early atherosclerosis plaque-related lumen narrowing, referred to as minimal lumen

diameter (MLD). In Paper V, starting from the modified parasternal long axis view

described above, the UBM probe was rotated approximately 120° clockwise and then
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carefully adjusted to obtain maximal lumen diameter. In this image window, a typical 2

mm long horizontal area segment of  the LCAprox, originating from the aortic root,

can be visualized.

Comments: UBM was first used to study embryonic development and measurements of

cancer tumors in small experimental animals. In the present thesis, UBM has been used

to study morphology of  the LCA. In our experience, the modified long axis view in

Paper II provides the best opportunity to study the most proximal sites of  the LCA,

which is known to be one of  the first sites of  coronary lesion development in mice.

However, it is anatomically difficult to visualize a longer coronary segment length from

this view. Thus, when measuring potentially small changes in coronary lumen diameter

during coronary hyperemia, another imaging window that shows a longer stretch of  the

LCA was needed. Due to the two-dimensional nature of  the UBM technique, careful

probe adjustments are always necessary to avoid off-axis-related underestimations of

the MLD and average LCA lumen diameter.

Off-line measurement

A CINE-loop of  at least 20 cardiac cycles was recorded and measured off-line (Vevo

770 V2.0.0). MLD was measured in one single measurement at the narrowest site in a

sequence LCA most dilated 0-500 µm into the proximal LCA. Average LCA diameter

was calculated as an outlined proximal LCA segment area from 0.5 mm downstream of

the coronary ostium to approximately 1.5 mm into the proximal LCA, divided by the

length of the delineated LCA segment area. (See Calculations in Appendix)

Myograph technique (Paper III)

Three millimeter long vessel segments from the thoracic aorta at the level of  the sixth

inter-costal branch (mid-thoracic aorta) were free-dissected and pair wise mounted on

stainless steel wires (diameter 40 µm) connected to a force transducer in an ex vivo organ

bath. The organ bath consisted of  physiological salt solution (PSS) with constant tem-

perature (37°C) and pH (7.4), continuously gassed with 80 % O
2
 and 5 % CO

2
. Isomet-

ric tension forces were measured using a Grass system connected to a digital acquisition

system (PharLab, AstraZeneca, Mölndal, Sweden). After standardized equilibration pro-

cedures and phenylephrine-induced pre-contraction (3 µM), endothelium-dependent

relaxation capacity was studied during increasing doses of  acetylcholine (ACh) (10-9–10-

5 M). Finally, sodium nitroprusside (SNP) (10-5 M) was used to evaluate the endothe-

lium-independent relaxation. A second aortic segment from the same animal was incubated

with the non-selective inhibitor of  nitric oxide synthase N(omega)-nitro-L-arginine (L-NNA)

(10-4 M), followed by the same ACh-induced relaxation protocol as described above.
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Comments: The myograph technique is commonly used in experimental settings to evaluate

endothelial as well as smooth muscle cell function and can be performed in both larger

conduit vessels such as the aorta but also in smaller more actively regulated vessels, such

as mesenteric arteries (Hagg et al., 2005). Ach-mediated vasodilation in conduit arteries

was used to test the NO-producing capacity of  the conduit vessel as a surrogate for

endothelial function. Study of  resistance arteries in this ex vivo model probably reflects

more the physiological role of  these arteries in vivo.

Histology and immunohistochemistry (Paper II, IV)

Histology was used to measure detailed morphology of  atherosclerotic lesions and

vasculature. Following euthanasia, tissues were fixed in 4 % buffered formaldehyde and

embedded in paraffin for sectioning. 5 µm tissue preparations  were cut and mounted

on glass and stained for either elastin (Miller´s staining, Histolab Products AB, Swe-

den), collagen (Picro-Sirius red, Histolab Products AB, Sweden) or immuno-stained for

macrophage content (anti-mouse Mac-2 monoclonal antibody, Clone M3/38, Cedarlane,

Canada). Digital morphological quantification was performed in representative sec-

tions using computer software (Image Pro Plus 5.1, Media Cybermetrics, USA). Plaque

area, internal elastic lamina length and collagen- and macrophage content were calcu-

lated when applicable. Comments: Histology is traditionally one of  most common ways

to evaluate pathology changes, as well as detect spatial occurrence of  structures and

proteins in mice. The method allows investigation of  fixed tissue down to the µm level.

In this thesis histology has been used to complement and to verify findings from imag-

ing data, as well as to perform more thoughtful investigations of  plaque morphology.

Air pouch (Paper III)

The air pouch model was used to study infiltration and activity of  inflammatory cells.

The principle of  this method has been described in detail previously (Sin et al., 1986). In

short, sterile air (3 ml) is injected in the dorsal subcutaneous space, creating an air-

pouch. Three days later additional air is injected into the same cavity. On day 6 the

exudates are obtained by lavage of  the air pouches with sterile PBS (2x3 ml). Comments:

In the present thesis, the air-pouch method was used to induce an inflammatory re-

sponse to study production of  inflammatory leukotrienes. Mast cells are the most abun-

dant inflammatory cells migrating into the air pouch, but also macrophages are abun-

dant in exudates. This model is used as a biological effect model, mimicking in vivo

inflammatory processes. In the present work, exudates from the air pouch were used

for ELISA immunoassay of  LTB4 (DE0275, R&D systems Inc., Minneapolis, MN,

USA), since measurements of  this leukotriene cannot be easily performed in blood

using either ELISA or mass spectrometry due to high background noise.
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Cytokine panels (Paper III & IV)

Several cytokines known to be detectable in non-stimulated conditions were analyzed

in plasma using a bead-based multiplex assay (Bio-Rad Laboratories, Hercules, CA,

USA). Comments: Multiplex assays make it possible to detect and measure several pro-

teins simultaneously, which provides a powerful tool to map the pattern of  inflamma-

tory responses. This approach is typically useful in early explorative studies, when litera-

ture data is lacking, such as in the case of  mouse coronary artery function. The reason-

ably low variability (CV typically <15%, CV=standard deviation / mean) of  the method,

makes it a convenient and cost efficient option to conventional single protein assays.

Ex vivo forced plaque rupture model (Paper III)

We have recently developed a model to study biomechanical stability of  mouse inter-

costal branch plaques as described in a paper to be published (Gan et al., 2007). A

thoracic aortic vessel segment with an intercostal plaque, typically localized between the

4th and the 7th intercostal branch site, is mounted with the abluminal side in touch with

a force-registering piston (Force Displacement Transducer FT03, Grass, USA). The

luminal side of  the vessel is surveyed with two microscope video cameras (Hirox MX-

5030SZII, 60x-300x Straight-view Lens, Hirox CO. Ltd., Japan). (Figure 2) The mounted

vessel segment is slowly lowered (0.5 mm/30 sec) over the piston while recordings of

force, the derivative of  force and images of  the rupture event are acquired simulta-

neously. A software package developed by AstraZeneca (Pharmlab, AstraZeneca R&D,

Sweden) is used to display rupture force measurements, and an image analysis software

(Matrox inspector 3.1, Matrox Electronic Systems Ltd., Canada) is used for off-line

measurements from the microscope cameras. Plaque rupture is identified as the first

discontinuity in the escalating force- or force-derivative signal that coincides with visual

confirmation of  plaque loosening from the vessel wall.

Comment: Plaque ruptures of  intercostal plaque are not considered to be a significant

risk in cardiovascular disease. However this methodology gives the opportunity to study

the integrated mechanical properties of  plaques in a well defined area (4th to the 7th

intercostal branch site), also affected by the same systemic pro-atherogenic factors that

would influence plaques in more disease-related areas, such as in the brachiocephalic

and coronary arteries.  Although we are aiming to identify the most vulnerable plaque in

an individual mouse, we consider the mechanical properties of  the tested plaques are

representative of  the general plaque characteristics.
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Statistics (Paper I-V)

Values in this thesis are presented as mean ± standard error of  mean (SEM) in all

papers except for paper II where mean ± standard deviation (SD) was used. A p value

of  <0.05 was considered to be statistically significant. Parametric analysis was used

throughout this thesis. When applicable, single comparisons between groups were per-

formed using Student’s paired t-test. The Student’s paired t test with adjustments for

four comparisons over time using a Bonferroni correction (p values < 0.0125 [0.05 of

4]) are considered statistically significant) was used to study the influence of  adenosine

on blood pressure and heart rate compared to baseline values. When multiple compari-

sons over time were performed, analysis of  variance (ANOVA) followed by Bonferroni’s

multiple comparison test was used. Cytokine values were logarithmically transformed

before statistical analysis. In Paper IV, student’s t-test was performed between cytokine

values in the upper and lower median of  CFVR at different age and plaque rupture

force. Two-way ANOVA was used to compare LCA lumen diameter change between

strains.

Pearson’s test was used to study correlation. Bland-Altman graphs were plotted based

on difference (CFR-CFVR) vs. average (CFR, CFVR). Vascular relaxation was expressed

as relaxation percentage of  standardized phenylephrine pre-contraction. Area under

the curve analyses were used to compare ACh-induced vascular relaxation, followed by

Student’s t-test. Maximum vasodilatory response was obtained using sigmoid dose-re-

sponse non-linear regression analysis. Intra-observer variability was calculated as coef-

ficient of  variation, CV = (SD x - y)/(mean x, y) · 100. All graphs and statistics were

performed using GraphPad Prism 4 (PrismTM 4.0, Graphpad Inc., USA).

Comments: There is always a choice of  which statistics to use, depending on what param-

eters are measured and on what group sizes are analyzed. Some of  the group sizes were

relatively small, and one can in these settings also use non-parametric tests. However,

after consulting a statistician, we decided to choose parametric testing, unless there is

good reason to believe that the physiological or morphological parameter is not nor-

mally distributed. In the papers of  this thesis, cytokine concentration in the blood might

not be normally distributed due to their on/off  characteristics with highly elevated or

no expression at all. Thus, logarithmic transformation was performed for the cytokine

analyses in this thesis.
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Figure 2. Schematic figure of the plaque rupture device and a ruptured plaque as seen by

histology. a) The plaque (Pl) is mounted on holder and then lowered (arrows) over a fixed,

force-reading piston (P) while two microscope video cameras (Cam) record the event. b)

Ruptured plaque in histology section stained for collagen.
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SUMMARY OF RESULTS

Methodological explorations (Paper I, II, V)

Before this study, mouse coronary

function had been evaluated ex vivo

using perfusion set-ups. Perfusion set-

ups provide the opportunity to per-

form investigations of  coronary vas-

culature and cardiac function with

well controlled driving pressure and

cardiac work-load (Flood et al., 2002).

The well controlled milieu of  perfu-

sion set-ups has its obvious benefits

in some experimental settings, at the

cost of  its physiological relevance.

Being an ex-vivo method, several po-

tentially important parameters are not

taken into consideration, such as neu-

ral influence, blood carried vasoactive

factors, blood rheologics and myocar-

dial afterload. We developed an im-

aging platform to study mouse coro-

nary function and morphology using

transthoracic echocardiography. (I) By

using a clinical, high-resolution ultra-

sound device, we were able to detect

and measure coronary artery flow in

several parts of  the left coronary ar-

tery (Figure 3). Despite the extreme

heart rate found in mouse (400-600

beats per minute), flow velocity and

Doppler flow patterns were similar to

findings in humans, i.e. coronary flow

occurred mainly at diastole (~85%) and averaged at approximately 14 cm/s (Table 1 Ap-

pendix). (II) A protocol to induce coronary hyperemia and to calculate CFVR was then

developed. During increasing dosing of  adenosine, blood pressure and heart rate were mea-

sured, showing that only the dose of  640 µg/kg/min significantly changed blood pressure

(Figure 4). Coronary hyperemia could be induced by either mild hypoxia or venous infusion

of  adenosine (160 µg/kg/min) (Figure 5) with a resulting CFVR of  2.0 or 1.9, respectively.

Figure 3. Different projections of the LCA using

Color Doppler and pulsed Doppler measurements

in C57BL/6. a) Short axis view showing the aorta

and the proximal LCA. b) Modified apical 4-

chamber view with lateral LCA indicated at upper

right. c) Spectral Doppler measured in the LCA.
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(V) Finally, we tested if  adenosine induced

measurable epicardial coronary dilation

that would influence the relationship be-

tween CFVR and CFR. The proximal

LCA was studied in a parasternal short

axis view during baseline and hyperemic

conditions (Figure 6).

Coronary diameter dilated during adenos-

ine-infusion by approximately 4% in both

wild-type mice and in atherosclerotic

ApoE-/- mice (p<0.01). Due to the rela-

tively minor change in coronary diameter

during adenosine-infusion, good correla-

tion was evident between CFVR and CFR

in both strains (wild type: r2=0.77,

p<0.001, ApoE-/-: r2=0.80, p<0.001).

Typical in vivo LCA morphology and flow

data were also calculated (Figure 2 Ap-

pendix).

Figure 4. Blood pressure (upper panel) and

heart rate (lower panel) during increasing

doses of intravenous infusion of adenosine.

Bars represents mean±SEM.

Figure 5. Color Doppler

and spectral Doppler

signals during baseline and

coronary hyperemia. a)

Color Doppler indicating

left ventricle (LV), the

aorta (Ao) and the left

coronary artery (LCA).

Arrow indicate the

proximal site of the LCA.

b) Doppler signal from the

proximal LCA. Baseline to

the left and hyperemic

condition to the right.

Arrow indicate time-point

of hyperemic induction.
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Pathophysiological findings (Paper II-IV)

TTDE and UBM were used to study pathological changes in the LCA  in mouse. (II)

CFVR in aged atherosclerotic LDLr-/- mice, where proximal coronary atherosclerotic

lesions were evident in subsequent histological analyses (Figure 7), was correlated to

minimal lumen diameter (MLD) (r2=0.87, p<0.005), as measured by ultrasound biomi-

croscopy (Figure 8). (III) Using CFVR and myograph technique, we showed that the 5-

lipoxygenase (5-LO) pathway seems to mediate some of  the deleterious effects of  en-

dotoxin challenge, as 5-LO-/- mice showed more resistance to both coronary (p<0.05)

Figure 6. Proximal left coro-

nary artery flow profile and

morphology during baseline

and hyperemic conditions ima-

ged in C57BL/6 mice. Left

panel corresponds to baseline

condition and right panel

corresponds to hyperemic

condition. Upper panel:

Doppler signals (numbers to

the left show flow velocity in

cm/s). Mid panel: morphology

of the left coronary artery using

UBM. Lower panel shows how

typical average diameter are

measured with highlighted box

indicating typical measure-

ments of LCA segment area

and dotted line showing LCA

segment area length. Numbers

in the mid and the lower panel

right indicates mm in the UBM

system.  Ao=aorta, LCA=left

coronary artery.

Figure 7. Typical histology of proximal (A,B) and mid (C) LCA in LDLR-/- mice. Coronary

artery lesions were found in the proximal but not in the mid LCA. Arrowheads indicate

coronary lesions. Scale bar is 200 µm.
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and peripheral artery dysfunction (p<0.05) (Figure 9). 5-LO-/- mice also showed higher

levels of  anti-inflammatory and EC protective IL-10 (p<0.05). (IV) To find out which

factors may potentially co-vary with CFVR in atherosclerotic mice, several inflamma-

tory cytokines were measured at two occasions together with CFVR. Also end-point

histology of  the brachiocephalic artery (BA) and the aorta were performed and plaque

stability was tested using a novel plaque rupture model. End-point CFVR was related to

plaque occlusion in the BA (r=-0.62, p<0.05) and to inflammatory factor MCP-1

(p<0.05). Early CFVR was related to IL-9 (p<0.05), but showed also correlation to

end-point plaque rupture force (r=0.47, p<0.05). Plaque stability in turn, correlated to

macrophage content in the aorta (r=-0.57, p<0.05) and was related to IL-1b (p<0.05)

and GM-CSF (p<0.05). (See Figure 10)

Figure 8. Graph showing

correlation between coronary

flow velovity reserve (CFVR)

and minimal lumen diameter

(MLD) in atherosclerotic 38

weeks old LDLR -/- mice

(P<0.005, R2=0.8707).

Figure 9. Difference between 5-LO-/- and WT mice

in coronary artery function and aortic EC-

dependant relaxation capacity. a) CFVR pre- and

post-LPS-stimulation in 5-LO-/- and WT mice. b)

Aortic ACh-mediated relaxation in 5-LO and WT

mice. The results are displayed as mean±SEM. *)

p<0.05 **) p<0.01

a b
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Figure 10. Functional relationships of CFVR and plaque stability. a) Correlation between

CFVR at the age of 20 weeks vs. plaque rupture force as measured at 33 weeks of age.

r=0.47, p<0.05. b) Correlation between CFVR at 33 weeks of age and plaque occlusion

of the BA. r=-0.62, p<0.05. c) Correlation between macrophage content in aortic

histology sections and rupture force. r=-0.57, p<0.05. BA=brachiocephalic artery,

CFVR=coronary flow velocity reserve, Mφ=macrophage
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GENERAL DISCUSSION

Atherosclerosis in the coronary arteries is the underlying reason for the vast majority of

myocardial infarctions and cardiovascular death worldwide. By using imaging techniques,

the functional as well as the morphological integrity of  coronary arteries can be studied

in humans. Despite the prevalent use of  mouse models of  atherosclerosis, few studies

have focused on the most important vascular bed, namely coronary arteries, due to the

lack of  relevant imaging techniques. In this thesis we show that TTDE and UBM can

be used for non-invasive imaging of  normal and pathological mouse coronary artery

function and morphology in vivo, in a feasible and reproducible manner.

Methodological considerations

Anesthesia

All coronary measurements were performed during anesthesia that is known to influ-

ence important hemodynamic parameters such as blood pressure and heart rate (Roth

et al., 2002). Nevertheless, anesthesia was a necessary approach in this thesis, and all

physiological and pathophysiological observations were made in this condition.

Coronary artery imaging using TTDE

Myocardial perfusion in mice and rats has been studied extensively in ex vivo systems, in

which hemodynamic factors can be easily controlled (Flood et al., 2001). However,

multiple fluid mechanical and biological factors influence the in vivo coronary circula-

tion and makes an in vivo approach necessary (Hozumi et al., 1998b; Kozakova et al.,

1997a). Clinically relevant modalities, such as MRI (Yang et al., 2004), PET (Stegger et

al., 2006), pin-hole SPECT (Wu et al., 2003) and MCE (French et al., 2006; Scherrer-

Crosbie et al., 1999) have been used to study perfusion defects following LCA ligation,

while UBM (Zhou et al., 2004) and microangiography (Yamashita et al., 2002) have been

used to image LCA morphology in mouse.

However, the extremely high heart rate and small size of  the mouse makes it extremely

demanding to study coronary artery circulation. With a frame rate of  250-300 frames

per second, the ultrasound-based method has become an interesting option for coro-

nary imaging. Especially in light of  the establishment and rapid development of  the

human ultrasound-based coronary imaging techniques, a parallel coronary imaging ap-

proach in mice may contribute substantially to cardiovascular research using this im-

portant animal model.

Thus, in the present thesis we present data showing that despite the extremely high
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heart rate, mouse coronary flow profiles were strikingly human-like in terms of  ampli-

tude, duration and systolic/diastolic distribution. This finding reinforces the relevance

of  the mouse as an animal model in cardiovascular research.

Coronary flow velocity reserve

CFVR  is a non-invasive ultrasound-based method used in the clinic to evaluate hemo-

dynamic significance of  coronary stenosis (Hozumi et al., 1998d, Saraste et al., 2001). In

the absence of  coronary stenosis, CFVR has been shown to be reduced in conditions

related to microcirculatory function of  the myocardium (Erdogan et al., 2007; Nitenberg

et al., 1993; Strauer, 1992) and early risk factors of  atherosclerosis (Hozumi et al., 2002;

Laaksonen et al., 2002; Otsuka et al., 2001). In addition, a reduced CFVR has been

shown to be associated with poor cardiovascular outcome in various patient groups

(Bax et al., 2004; Rigo et al., 2006; Tona et al., 2006). The integrated property of  CFVR

to reflect both early and late cardiovascular status, in addition to the non-invasive na-

ture of  the methodology makes it a potentially attractive approach in experimental

research in mouse. In this thesis we showed that moderate hypoxia and adenosine could

be used to induce similar coronary hyperemia, without influencing heart rate or heart

rate and blood pressure respectively. In mice, adenosine mainly acts through the ad-

enosine A
2A

 receptor  that seems to induce relaxation on resistance arteriole trough

increased levels of  cyclic GMP, release of  NO trough ATP-dependant K+ channels

(K
ATP

) (Flood et al., 2001), and is thus considered to be both endothelium-dependant

and endothelium-independent. The increase in coronary flow through dilated vessels

induces flow-mediated dilation, which in turn requires a functional endothelium (Hirata

et al., 2004). In our studies we have concluded that higher adenosine doses than 160 µg/

kg/min rarely increase the hyperemic flow velocity further, but often influence heart

rate (data on file). The resulting CFVR averaged at approximately 2 in the initial experi-

ments. A recent study used CFVR to study myocardial microvascular dysfunction fol-

lowing coxsackevirus-induced myocarditis in mouse (Saraste et al., 2006 ). In the same

study CFVR averaged at 2.4 before myocarditis in C57BL/6 mice using a dose of  320

µg/kg/min without influencing heart rate. The difference between the CFVR results

might also be due to different anesthetics.

Ex vivo perfusion studies in mouse hearts have shown that adenosine usually induces

resistance lowering and flow increases that corresponds to CFR between 1.4-4.4

(Bratkovsky et al., 2004; Flood et al., 2001; Godecke et al., 2002; Talukder et al., 2002).

The difference in flow responses reported in these studies are most probably due to

differences in adenosine concentrations (0.1-740 µM) and other methodological differ-

ences, such as basal metabolism and oxygen saturation of  the perfusion-medium. How-

ever, these high adenosine concentrations are not possible to use in living animals with-
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out considerable influence on systemic hemodynamics. Based on these major method-

ological discrepancies, values from in vivo and ex vivo approaches may differ substan-

tially.

Compared to humans, CFVR in mice seems to be low. While adenosine or hypoxia-

induced CFVR averaged at 2 in our studies in mice, corresponding values in healthy

humans usually exceed 3. This discrepancy may be explained by several factors: 1) Mice

have been shown to only increase oxygen uptake by a factor of  2 when forced to run on

a treadmill (Faldt et al., 2004), compared to the nearly 20-fold increase in humans, 2)

high basal metabolism due to large surface/body weight, 3) sedentary cage life, since

voluntary exercising rats increase their CFVR (Hagg et al., 2005). Thus, whether differ-

ences in CFVR between different mouse and man are due to constitutional or environ-

mental etiology still remain unclear.

Assessment of coronary flow reserve using TTDE and UBM

In humans, coronary blood flow has previously been assessed by multiplying the cross-

sectional area and flow velocity (velocity–time integral [VTI]) of  the coronary arteries

(Doucette et al., 1992; Oskarsson et al., 2002). By combining the excellent resolution of

UBM with reliable TTDE measurements of  the proximal LCA morphology and flow

velocity respectively, we were able to calculate flow and coronary flow reserve (CFR) in

a similar way. CFR was shown to be approximately 11% higher then CFVR because of

hyperemia-induced dilation of  the LCA in C57BL/6 mice. Calculations of  LCA abso-

lute flow (5.1±0.4 ml·g-1·min-1) was somewhat lower than perfusion values from MRI

(6.9-7.0 ml·g-1·min-1) (Frank Kober, 2005; Streif et al., 2005), and fluorescence-labelled

microspheres technique (5.7-6.4 ml·g-1·min-1) (Richer et al., 2000; Trabold et al., 2002),

where both left and right coronary flow are measured. However, when comparing the

LCA-supplied myocardium, our flow value is most probably in the same magnitude as

the other techniques. The average CFR of  1.93 in the present study was also similar to

a CFR value of  1.9 using fluorescence-labeled microspheres perfusion in C57BL/6

mice (Trabold et al., 2002). Since CFR should be similar in the left and the right coro-

nary artery in healthy mice, the difference between fluorescence-labeled microspheres

perfusion values and ultrasound-based values in the present study should at least theo-

retically be minor. Percentage of  cardiac output that was directed to the LCA (4.2%)

was also in the same magnitude as  reported for fluorescence labeled microsphere per-

fusion values (3.2-6%) (Barbee et al., 1992; Richer et al., 2000; Trabold et al., 2002).

Despite significantly lower values of  CFVR compared to CFR, very good correlation

was shown between the methods. Hence, in most settings CFVR would probably be the

method of  choice, because of  its lower variability. If  investigations are performed where
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vascular reactivity is also believed to be influenced, simultaneous measurements of

coronary lumen and VTI would probably be useful to calculate coronary flow reserve.

However, when examining CFR, larger group sizes are needed, since this methodology

has a larger variability.

Pathophysiological considerations

In addition to the methodological development, we also explored biological relevance

of  the technique in atherosclerosis-related patho-physiological conditions.

Coronary flow velocity reserve correlates to minimal lumen

diameter (Paper II)

In clinical studies, Doppler-assisted CFVR has been validated to predict coronary ar-

tery stenosis (Hozumi et al., 1998b; Saraste et al., 2001). Recently, using quantitative

angiography and invasive CFVR measurements, Cough et al. showed good correlation

between CFVR and MLD (Chugh et al., 2004). In the present thesis, moderate reduc-

tion of  oxygen tension induced substantial coronary hyperemia in LDLr-/- mice. Com-

parisons between the TTDE-measured CFVR and UBM-measured proximal LCA MLD,

indicates that there also in mouse is a relationship between coronary function and patho-

logic morphology. Despite that absolute values of  flow-limiting lumen narrowing and

CFVR migth differ between hypercholesterolemic atherosclerotic mouse and CAD

patients, due to e.g. ten-fold difference in lumen diameter and possible rheologic differ-

ences, the principles of  flow-limiting atherosclerotic lesions seen in clinical settings,

most probably applies also to mouse. Thus, in the present thesis we showed that UBM

and CFVR could be used to measure naturally occurring coronary atherosclerosis in

living mice.

Coronary flow velocity reserve is reduced following inflamma-

tory stimuli (Paper III)

In humans, conditions affecting coronary microcirculation (Erdogan et al., 2007;

Nitenberg et al., 1993; Strauer, 1992)  and atherosclerotic risk-factors that reduce EC

function, such as hyperlipidemia (Hozumi et al., 2002) passive smoking (Otsuka et al.,

2001) and increased levels of  oxidized LDL and homocysteine (Laaksonen et al., 2002),

have been shown to reduce CFVR. Recently, Saraste et al used a CFVR protocol similar

to ours, to show that CFVR is reduced in a mouse model of  myocarditis (Saraste et al.,

2006). LPS is commonly used to induce EC dysfunction in experimental settings (Pleiner

et al., 2002) and has been shown to mediate some deleterious effects through the 5-LO

pathway (Collin et al., 2004; Harizi et al., 2003; Raingeaud et al., 1995). The exact mecha-

nism of  LPS-induced vascular damage and EC dysfunction are not entirely clear, but
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endothelium-derived NO availability seems to be of  major importance (Huang et al.,

2006).

In the present thesis, we show that LPS induced a reduction of  CFVR in C57BL/6

mice but not in 5-LO-/- mice. Thus, the 5-LO-pathway seems to be an important media-

tor at the level of  coronary artery function. The reduction in CFVR was mainly because

of  increased baseline flow velocity. In humans, baseline CFV reflects the basic cardiac

metabolic demand, as well as the epicardial coronary vascular tone, which to a great

extent is regulated by the endothelium (Hirata et al., 2004; Tune et al., 2004). No differ-

ence was observed in functional or morphological cardiac parameters that would nor-

mally impact cardiac workload and oxygen demand, such as ejection fraction, heart rate

and cardiac output. The importance of  EC function for baseline coronary tone is sup-

ported by the observation that subjects with high physical exercise capacity have lower

baseline CFV as a result of  enlarged vessel diameter (Windecker et al., 2002) that  is

generally preceded by a functional enlargement dependent on the NO-producing ca-

pacity of  the endothelium (Pasterkamp et al., 2000). In ex vivo perfusion set-ups, it is also

evident that blockade of  NO (50 µM NG-nitro L-arginine) increases coronary resis-

tance by approximately 25 % in mouse (Flood et al., 2001). Thus it is evident that the

NO producing capacity is of  major importance to maintain dilation in the vasculature

of  the myocardium in mouse. Also, in contrast to humans, mouse adenosine-induced

coronary relaxation is to a major part influenced by NO and activation of  K
ATP

 (Flood

et al., 2001). Thus, it seems reasonable that EC dysfunction with reduced NO, could

constrict epicardial arteries with following increase in coronary flow velocity in baseline,

but also influence the adenosine-induced hyperemia as seen in Paper III. In addition,

various vasoconstrictors derived from the 5-LO pathway, such as cysLTs might also

exert direct effects on coronary arteries (Allen et al., 1998) as well as in the aorta (Lefebvre

et al., 2006).

The higher levels of  IL-10 in the 5-LO-/- mice, suggest that this well known anti-inflam-

matory cytokine (Heeschen et al., 2003) can be involved in protecting coronary and

aortic vascular function in the protective phenotype. Indeed, IL-10 gene deficiency in

mice increases susceptibility to LPS-induced EC dysfunction (Gunnett et al., 2000). No

convincing mechanistic explanation exists however on how 5-LO pathway products

might influence IL-10 production in vivo.

Thus, the reduced ACh-induced EC-dependent relaxation capacity in the aorta might

reflect changes also evident in the coronary circulation, shown as increased basal flow

velocity.
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CFVR in relation to inflammatory factors and atherosclerotic

lesion characteristics (Paper IV)

The concept of  atherosclerosis as a segmental or focal disease has been challenged by a

viewpoint where systemic, circulating inflammatory cytokines and growth factors have

gained more attention as potential major players influencing plaque characteristics and

vascular function (Libby et al., 2005). CFVR is reduced in conditions of  coronary steno-

sis (Hozumi et al., 1998b; Saraste et al., 2000), following exposure to atherosclerotic risk

factors (Hozumi et al., 2002; Laaksonen et al., 2002; Otsuka et al., 2001) and in condi-

tions affecting blood viscosity (Rim et al., 2001; Woodward et al., 1999) due to increased

levels of  adhesion molecules and large circulating inflammatory cells. Also, CFVR can

serve to predict cardiovascular outcome in various patient groups (Bax et al., 2004; Rigo

et al., 2006; Tona et al., 2006).

In the Paper IV,  low CFVR at the age of  20 weeks was related to high levels of  plasma

IL-9. IL-9 is upregulated in asthmatic disease (Gounni et al., 2000), but its role in ath-

erosclerosis is not clear. At the age of  33 weeks, low CFVR were associated with higher

levels of  MCP-1. MCP-1 is a potent chemoattractant for inflammatory cells (Rollins et

al., 1990) and has been shown to be important for lesion development in mice (Boring

et al., 1998) as well as being upregulated in CAD patients at risk of  incidence (Martinovic

et al., 2005). Thus, circulating cytokines may impact CFVR either directly or through

indirect mechanism such as blood viscosity. Further studies are however required to

address the mechanistic links between these cytokines and coronary vascular function.

CFVR at 20 weeks of  age in Paper IV was found to correlate to end-point plaque

rupture force. CFVR has been shown to have prognostic value, e.g. indicating bad prog-

nosis after myocardial infarction (Bax et al., 2004), heart transplantation (Tona et al.,

2006) and non-ischemic dilated cardiomyopathy (Rigo et al., 2006). The capacity of

CFVR to predict cardiovascular outcome is probably due to its capacity to reflect sev-

eral parameters of  importance for survival, including inflammatory status, endothelial

cell- and resistance artery function as well as the rheologic status of  the blood. How-

ever, at the end of  the study, at the age of  33 weeks, no correlation was found between

CFVR and plaque rupture force. Instead, CFVR correlated to the degree of  plaque

occlusion in the BA. Whilst UBM has the obvious advantage of  being a non-invasive

technique, systematic examination of  irregular vessels with “smeared plaques” is de-

manding and detailed morphological composition is not possible. Therefore we chose

to relate coronary function to the plaque-prone BA,  which has been extensively studied

using histology (Johnson et al., 2001; Williams et al., 2002). Given that BA and coronary

artery atherosclerosis are to some extent parallel processes, it is conceivable that the

end-point CFVR was also influenced by the extent of  coronary atherosclerosis, in addi-
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tion to inflammatory factors. Interestingly, peripheral intima-media thickness in the

carotid artery of  patients with coronary artery disease has been related to myocardial

flow reserve (Sonoda et al., 2004). Thus, it seems peripheral plaque sites can serve as a

surrogate marker of  coronary artery atherosclerosis also in mouse. Taken together, in

the absence of  severe coronary artery atherosclerosis, CFVR is probably influenced by

systemic inflammatory status associated with plaque mechanical stability, while in aged

atherosclerotic mice CFVR may be a sensitive marker of  lumen-narrowing plaque growth.

Inflammation plays an important role in late stages of  atherosclerosis as shown by the

abundant occurrence of  inflammatory components in culprit lesions (Fuster et al., 2005)

as well as elevated plasma levels of  e.g. IL-6 and SAA following myocardial infarction

(Maier et al., 2005). In the present study plaque mechanical stability was correlated to

percentage of  macrophage content, and low rupture force was related to higher plasma

levels of  IL-1b and GM-CSF. Macrophages are amongst the most abundant inflamma-

tory cells in atherosclerotic lesions able to release several pro-inflammatory cytokines,

as well as extracellular matrix degrading proteases (Libby et al., 1996) with potential

influence on plaque stability. IL-1b may contribute to lesion destabilization by

upregulating metalloproteinases (MMP)-2  that is capable of  breaking down collagen

type IV (Mountain et al., 2006). GM-CSF has been shown to increase levels of

myeloperoxidase and MMPs, including MMP-1, MMP-9 and MMP-12 (Curci et al., 1998;

Kohno et al., 2004) that are proposed to reduce plaque stability (de Nooijer et al., 2006;

Morgan et al., 2004). Thus, increased levels of  IL-1b and GM-CSF may partially explain

the mechanisms responsible for the lower plaque mechanical stability in LDLr-/-, as seen

in Paper IV.

Ultrasound-based coronary artery imaging in mouse,
comparison between different modalities

Within atherosclerosis research, the two most relevant issues are naturally occurring

coronary artery atherosclerosis and coronary artery macro- and microvascular func-

tion. Thus, only direct imaging of  coronary artery morphology and functional imaging

of  coronary artery vasodilatory capacity may provide diagnostic information about

these two aspects.

Study of  myocardial perfusion is of  interest in mice with myocardial infarction, typi-

cally induced by LCA ligation. However, for diagnosis of  hemodynamically significant

coronary artery stenosis, hyperemia needs to be induced to visualize coronary “steal”.

A number of  imaging modalities seem to be capable of  assessing rest perfusion pat-

terns in mice, such as microsphere, MRI, SPECT and PET. However, due to various

practical methodological problems, hyperemic values can not easily be measured in the
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same animal. These disadvantages make the above mentioned techniques unsuitable

for detection of  perfusion defects due to naturally occurring coronary artery athero-

sclerosis in mice. MCE with its relatively high temporal resolution, is a potential prom-

ising approach to assess both resting and hyperemic myocardial perfusion. However,

since flow/flow velocity values are calculated based on intensity analysis of  the real-

time images, transthoracic images do not seem to provide sufficient image quality to

guarantee reproducible flow calculations. In absence of  coronary artery stenosis, TTDE

seems to be the only way to non-invasively assess coronary artery function in mice,

which has been studied previously by the ex vivo approach.

While microangiography provides luminology of  all the mouse coronary arteries in vivo,

the invasive nature of  the method does not allow repeated measurement. UBM, on the

other hand, can be used repeatedly and with high feasibility and reproducibility to visual-

ize LCA morphology. The major drawback of  the technique is that only the proximal part

of  LCA can be imaged. However, since coronary artery atherosclerosis mainly affects the

proximal segment of  LCA, UBM seems to be a cost-efficient and reliable research tool in

this setting. In our lab, another approach has also been developed to quantify LCA steno-

Table 1. Methods to study mouse myocardial perfusion, coronary artery stenosis and coronary

flow reserve MRI=magnetic resonance imaging, SPECT=pin-hole single photon emission

computer tomography, PET=positron emission tomography, MCE= myocardial contrast

echocardiography, TTDE=transthoracic Doppler Echocardiography, UBM=ultrasound

biomicroscopy,  =yes, *=by calculating ratio between in-stenosis and post-stenosis flow

velocity, degree of stenosis can be determined, **=only the proximal LCA can be visualized.
√√√√√
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sis by using a velocity ratio-based approach (Gronros et al., 2006). See Table 1 for summa-

rized comparison between different methods to study coronary parameters.

Taken together, by combining TTDE and UBM, we have now established the only ap-

proach in mice, by which we can in real-time non-invasively and repeatedly study mouse

coronary artery morphology and function. Ultrasound-based techniques are usually con-

sidered operator-dependent. However, by systematic and dedicated training, we achieved

good intra- and interobserver variability in our lab, which facilitates application of  the

techniques in various intervention studies.
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CONCLUSIONS

In this thesis a methodological non-invasive imaging platform was established, which

provides us with a unique tool to study coronary function and morphology in mouse,

making it possible to study disease-related changes in the most significant vascular bed

of  cardiovascular disease.

Specific conclusions:

• It is possible to detect and measure in vivo coronary artery flow velocity using

transthoracic ultrasound in mouse with low intra-observer variability and high

feasibility (Paper I).

• Similar coronary hyperemia can be induced either by moderate hypoxia or

with adenosine, thereby providing an opportunity to measure coronary flow

velocity reserve (CFVR) using transthoracic ultrasound in mouse (Paper II).

• It is possible to measure atherosclerotic coronary lesions in mouse using

CFVR and ultrasound biomicroscopy (Paper II).

• In the absence of  coronary atherosclerosis, CFVR can be used to evaluate

the influence of  inflammatory stimuli on coronary function in mouse, also

showing that the 5-lipoxygenase pathway is at least partially involved in

coronary artery dysfunction following endotoxin challenge (Paper III).

• Different inflammatory factors and atherosclerotic lesion phenotypes in mouse

co-vary with CFVR at different time-points, indicating that CFVR can be

used as an integrative functional marker for atherosclerotic disease progression

(Paper IV).

• By combining simultaneous measurement of  coronary artery diameter and

flow velocity, volumetric flow can be measured in left coronary artery in

mice. Despite significant adenosine-induced coronary artery dilation, good

correlation was evident between CFR and CFVR. With lower methodological

variability, CFVR is probably the most robust technique to use (Paper V).

Thus, imaging of  mouse coronary function will serve as a tool to further study physiol-

ogy and patho-physiology that might provide us with information about key mecha-

nisms underlying early endothelium-related but also late incidents, such as acute coro-

nary syndrome. The possibility to use similar diagnostic methods in man and experi-

mental animal models may also improve efficiency and relevance of  basic scientific

animal research and help to confer new knowledge into clinical practice.
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POPULÄRVETENSKAPLIG
SAMMANFATTNING

Åderförkalkning i hjärtats kranskärl är orsaken till de flesta fallen av insjuknande i

hjärtinfarkt och kärlkramp. På många sjukhus kan kranskärlens utseende och funktion

studeras utan att använda kirurgiska ingrepp med hjälp av olika metoder för visuell

avbildning (imaging) såsom angiografi, intravaskulärt ultraljud och ultraljudsutrustning.

Ultraljudsbaserad Doppler-teknik kan användas för att studera den så kallade

kranskärlsflödeshastighetsreserven (CFVR). CFVR har visat sig vara ett bra sätt att

identifiera kranskärlsförträngningar och dålig cirkulation i mindre blodkärl till följd av

exempelvis diabetes eller sjukdomsrelaterad förtjockning av hjärtväggen. Även kända

riskfaktorer för åderförkalkning påverkar CFVR negativt, såsom passiv rökning och

höga nivåer av blodburet fett. Således kan CFVR mätt med Doppler-ultraljud ge

möjligheten att studera både tidiga och sena sjukdomsrelaterade processer som påverkar

kranskärlen utan andra ingrepp än intravenös infusion.

I möss, som ofta används för experiment inom åderförkalkningsforskning, finns inga

imaging-metoder som uppfyller kriterierna att på ett kontrollerat sätt (och reproducerbart)

studera både funktion och sjukdomsförändringar i de viktiga kranskärlen. Orsakerna

till detta är mössens ringa storlek, samt deras mycket höga hjärtfrekvens, som försvårar

undersökning. Modern ultraljudsutrustning har emellertid både bra detaljupplösning

och hög bildvisningsfrekvens, vilket gör metoden användbar för studier av hjärtfunktion

hos möss. I denna avhandling har vi utvecklat sätt att med ultraljudsbaserade metoder

studera både kranskärlsutseende och kranskärlsfunktion i sövda möss. I den första studien

visade vi att man med hjälp av Doppler-ultraljud kunde mäta kranskärlsflödeshastigheten

och att flödesprofilen, trots den extremt höga hjärtfrekvensen, var mycket lik den i

mänskliga kranskärl. För att studera kranskärlsfunktion utvecklade vi ett CFVR-protokoll,

där maxflöde kunde framkallas antingen farmakologiskt med hjälp av venös infusion av

adenosin, eller genom att man snabbt sänkte syrgashalten i sövningsgasen. CFVR

beräknas som maximal flödeshastighet dividerat med flödeshastighet i vila. Ju högre

CFVR-värde desto bättre kranskärlscirkulation. Med hjälp av en specialutvecklad

ultraljudsutrustning för fosterstudier i möss, kallad UBM (ultrasound biomicroscopy),

utvecklade vi ett sätt att studera vänster kranskärls utseende. Genom att kombinera

Dopplerultraljud med UBM-mätningar, visade vi att det är möjligt att beräkna

kranskärlsflödet i mus. Vi visade även att muskranskärl, liksom friska människokranskärl,

ökar i diameter under inverkan av adenosin. Sambandet mellan kranskärlsflödesreserv

(CFR) och CFVR visade sig dock vara mycket god. Med hjälp av dessa två imaging-

metoder (Doppler och UBM) kunde vi sedan mäta åderförkalkningsförträngningar i

gamla möss, påvisa att inflammatorisk kranskärlssjukdom utlöst av bakteriegifter
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åtminstone delvis utlöses via 5-lipoxygenas, samt att CFVR vid olika tidpunkter

samvarierade med olika inflammatoriska och åderförkalkningsplackrelaterade

förhållanden som plackstabilitet och graden av tilltäppning som

åderförkalkningsförändringen gav.

Vår slutsats är att vi som första forskargrupp i världen utvecklat imaging-metoder som

gör det möjligt att både studera både funktion och utseende på de allra viktigaste kärlen

inom åderförkalkningsforskning i mus, nämligen kranskärlen. Metoderna gör det möjligt

att studera inflammatoriska och åderförkalkningsrelaterade förändringar i samma djur

över tid i så kallade longitudinella studier, vilket både stärker forskningsfynden och

dessutom minskar det antal försöksdjur som behövs.
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APPENDIX

Calculations (Paper I-V)

Cardiac calculations

• Left ventricular mass (LVM) = 1.05· ((5/6· LV
outer area diastole SAX

· LV
length diastole LAX

+ LV
wall thickness diastole SAX

) - (5/6· LV
inner area diastole SAX

· LV
length diastole LAX

))

• LV
wall thickness SAX

 (for LVM calculations) = (LV
outer area diastole SAX

/ )0.5 - (LV
inner area

diastole SAX
/ )0.5

• Wall thickness (WT) = (LV
septal  wall thickness diastole MMODE

 + LV
posterior wall thickness diastole

MMODE
)/2

• End diastolic volume (EDV) = LV
inner diameter diastole MMODE

3

• Stroke volume (SV) = LV
inner diameter diastole MMODE

3 - LV
inner diameter systole MMODE

3

• Shortening fraction (SF) = ((LV
inner diameter diastole MMODE

 - LV
inner diameter systole

)/ LV
inner

diameter diastole MMODE
)· 100

• Ejection fraction (EF) = SV/EDV· 100

• Cardiac output (CO) = SV· heart rate

Coronary calculations

• CFVR = CFV
hyperemic

 / CFV
basal

• CFR = VTI
hyperemi

· LCA
area hyperemic

 / VTI
baseline

· LCA
area

 baseline

• VTI (velocity-time integral) – delineated from diastolic part of  the
Doppler signal

• LCA lumen diameter and LCA lumen area:

• LCA
diameter

 = LCA segment area / LCA segment length

• LCA
area

 = · (LCA
diameter

/2)2

· LCA
flow

/Cardiac cycle = VTI· LCA
area

· LCA
flow

 = LCA
flow

/Cardiac cycle· heart rate

· LCA
flow

/LVM = LCA
flow

 / left ventricular mass

39



Johannes Wikström

Table 2. Coronary Doppler measurements in ten weeks old C57BL/6 mice in the mid and

the lateral part of the LCA. LCA=left coronary artery, VTI=velocity time intergral. Values

are presented as mean±SEM. (From Paper I)

Table 3. Proximal LCA characteristics in wild type eighteen weeks old C57BL/6 mice.

LCA=left coronary artery, Ø=diameter, FV=diastolic flow velocity, LVM=left ventricle mass.

All values are presented as mean±SEM. (From Paper V)

Table 4. Echocardiographic data

before LPS-administration. No

significant difference was evident

between the groups. LVM=left

ventricle mass, BW=body

weight, WT=wall thickness,

EDV=end diastolic volume,

EF%=ejection fraction,

FS%=fraction shortening,

SV=stroke volume, CO=cardiac

output, HR=heart rate,

MMV=mitral motion velocity.

(From Paper III)

Representation of typical coronary artery and cardiac data
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