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SYNOPSIS

There is a need for an imaging modality (or modalities) that will provide information

about the composition as well as the severity of atherosclerotic lesions, given the

critical role that plaque composition plays in the acute thrombotic complications of

atherosclerotic diseases. Magnetic resonance is a unique noninvasive imaging

modality that affords a high intrinsic contrast between soft tissue structures using

oscillating magnetic fields. Thus, before we can use magnetic resonance imaging

(MRI) for the purpose of atherosclerotic plaque characterisation, validation of MRI

with histopathology in models of complex atheroma would be required. This thesis

builds on exciting early work with MRI and atherosclerosis by a systematic

evaluation of its use in the ex vivo and in vivo setting, in the aorta and coronary

arteries, in rabbit and porcine models and leaves us with the potential for human

coronary atherosclerotic imaging.

Initially we assess the ability of MR imaging, in an ex vivo setting to be able to

identify all of the components of complex atherosclerotic lesions in an experimental

porcine model. This first step, provides the basis for the possibility that if the

techniques used could be translated to the in vivo setting, then the potential for

characterising atheroma in humans is possible.

The next step is towards translation of MR imaging techniques to in vivo coronary

lesions, confirming the ability of the motion suppression techniques employed.

Comparability of in vivo and ex vivo MR images from the same sites in the coronary

arteries would provide compelling evidence that the imaging technique was robust

for this pu{pose.



XV

To confirm and extend the above described work, definitive confirmation that MR

imaging was accurate in its representation of the atherosclerotic lesion would be

required by providing comparative histopathological sections of the regions imaged.

Using the porcine model, where the coronary anatomy is comparable to the human,

the feasibility of now translating these techniques to patients with coronary artery

disease would then be proven.

Rabbits models of atherosclerosis have utility in that they may have discrete fibrotic

and lipidic plaque components. These two components of atherosclerosis appear

critical in the determination of both risk of plaque rupture and subsequent

thrombogenicity. Furthermore, the abdominal aorta of the rabbit is comparable in

size to the human coronary artery. By utilising MR imaging techniques in a

cholesterol fed rabbit model of atherosclerosis for the definition of both composition

of the lesion, as well as the extent of atherosclerotic burden, we move closer towards

the goal of being able to serially monitor changes in plaque cornposition.

Despite the pleiotropic postulates about the mechanisms involved for the risk

reduction in mortality and recurrent coronary events in patients with coronary artery

disease treated with lipid lowering therapy, in particular statins, the effect that these

therapies have on the composition of atherosclerotic plaques is not definite. Despite

pathological data, suggesting a reduction in lipidic and increase in fibrotic

components of atherosclerotic lesions in response to dietary modification in animal

models, the serial evaluation of the same lesions over time in response to a therapy

will provide us with important data relevant to the concept of atherosclerotic plaque

stabilisation.
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Having discussed the theoretic ability of noninvasive MRI to serially image

atherosclerosis, it remained to be shown that serial imaging at different time-points

of the same atherosclerotic lesions could be performed. This crucial concept is

central in the defining of compositional changes in atherosclerotic lesions. Having

confirmed the ability of MRI to document the lipidic and fibrotic components of

abdominal aortic atherosclerosis in the cholesterol fed rabbit model described in the

previous chapter, the next step to serially image these lesions under circumstances of

atherosclerotic progression and regression. This is crucial in confirming the ability of

MRI to identi$z the same atherosclerotic lesions in the same individuals at different

time-points and to document compositional changes in these lesions.

The ability of serial noninvasive MR imaging to document changes in aortic wall

parameter in the 'Watanabe Heritable Hyperlipidaemic (WHHL) rabbit permits

monitoring of the arterial remodelling process. We now know that significant

atherosclerosis can exist without any compromise to the lumen. Furthermore,

positive arterial remodelling appears to be associated with vutnerable atherosclerosis,

thus enhancing the significance of its detection. This concept of arterial remodelling

has been described for over 10 years. However, the mechanisms involved remain

uncertain because of the difhculty in obtaining longitudinal studies over the lengthy

time interval during which remodelling likely occurs, and because of limited data

from relevant animal models. The feasibility of using MR imaging to document

arterial remodelling in vivo permits future studies at multiple time points. Indeed it is

clear that early artenal remodelling is not always positive. This further reinforces the

need for an imaging modality that can serially and noninvasively provide information

about the arterial remodelling process in humans. The ability of MR to provide serial

and noninvasive information about the arterial wall in this model could provide us



XVII

with a useful imaging tool to assist the investigation of arterial remodelling in future

studies.

Atherosclerotic imaging with MR has the potential to enhance our understanding of

the patho-biology of this disease process and assist our understanding of the effect of

therapies on atherosclerotic lesions. The ultimate goal of coronary artery

atherosclerotic plaque characterisation and quantifrcation is obtainable as

demonstrated by the progression of findings on the uses of MRI in atherosclerotic

imaging in this thesis.
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Chapter I

INTRODUCTION
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1. I. BACKGROUND

The thrombotic complications of atherosclerotic diseases remain the leading causes

of mortality in 'Western Society. In Australia, cardiovascular diseases are responsible

for 1 in every 2.4 (41%) deaths and are the leading single cause of mortality.

Furthermore, the presence of atherosclerotic disease (defrned as thickening of the

artenal wall through the accumulation of lipids, macrophages, T-l¡rmphocytes,

smooth muscle cells, extracellular matrix, calcium and necrotic debris) is more

prevalent agatn and of itself rarely fatal. The crucial final common process for the

conversion of a non-occlusive, often clinically silent, atherosclerotic lesion to a

potentially fatal condition is plaque disruption. The mortality associated with

atherosclerotic disease relates to the acute coronary syndromes, including acute

myocardial infarction, unstable angina pectoris and sudden cardiac death. There is

substantial clinical, experimental and post-mortem evidence demonstrating the

central role that acute thrombosis upon a disrupted atherosclerotic plaque plays in the

acute coronary syndromes. Therefore, therapeutic approaches to date have focused

on reducing or resolving such thrombotic complications of atherosclerotic plaques

(i.e. antiplatelet, anticoagulant and thrombol¡ic therapies) in order to reduce the

socio-economic impact of these acute coronary syndromes.
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1. 2.INTRODUCTION

It was in the l9'h century that the first theories about the origin of atherosclerosis

were proposed.

The thrombogenic, or incrustation theory, first proposed by Rokitansky in 1852 (von

Rokitansþ 1852), proposes that fibrin deposition and its subsequent organisation by

fibroblasts is the critical intitial phase in atherogenesis. Lipid deposition occurred as

a subsequent, secondary process, leading to intimal thickening. There has been recent

corroborative data for this theory with the observation that platelet deposition on de-

endothelialised areas may trigger the migration and proliferation of vascular smooth

muscle cells (Ross 1986).

The lipidic theory, initially postulated by Virchow in 1856, suggests that lipid

infiltration is the primary process leading to atherosclerosis and the consequence of

an imbalance between the influx and efflux of cholesterol within the arterial wall.

Our current understanding integrates the above theories with more recent advances in

our understanding of the cellular and molecular processes involved in atherogenesis

into a more complex, unified theorem, often referred to as the "response to injury"

hypothesis (figure 1. 1) (Fuster et al. 1992; Fuster et aL 1992).
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Figure 1. I

Multifactorial Theory on the Origin of Atherosclerosis
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Summary of some of the important mechanisms and pathways involved in atherogenesis.

Endothelial dysfunction appears to be the critical initiating factor for the subsequent

events that ultimately lead to atherosclerosis. This highlights the crucial role that a

normally functioning endothelium plays in retarding the onset and progression of

atherosclerosis. The strong relationship between known risk factors for

atherosclerosis (including dyslipidaemia, smoking, hypertension, diabetes, obesity

and inflammation) and endothelial dysfunction highlights this point. Despite the

presence of these systemic risk factors, the clinical manifestations of atherosclerosis

relate to focal disease. The explanation for this propensity for formation of focal

atherosclerotic lesions at certain sites involves disturbances in the blood flow pattern;

a concept related to shear stress.
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1. 3. PATHOGENESIS

1. 3. 1. Rheological Factors

The arterial vessel wall, and thus the endothelial cells, are subject to mechanical

forces including the hydrostatic force exerted by blood within the vessel,

circumferential stress from motion of the vessel during the cardiac cycle and shear

stress resulting from blood flow within the vessel. It is the last of these forces, shear

stress, which appears to have the greatest impact upon events occurring at the blood-

vessel wall interface because it stimulates the release of vasoactive substances,

changes such cellular processes as gene expression, cell metabolism and cell

morphology (Davies 1995). Shear stress refers to the force generated by the sliding

motion of two adjacent planes. Blood flow can be described as an inhnite number of

laminae sliding across one another and thus each lamina experiences some frictional

interference from the others. Blood flow in a non-obstructed, straight vascular

segment is classically parabolic (so-called laminar flow). Moreover, this ordered

laminar pattern of flow is pulsatile in association with the cardiac cycle. Thus,

endothelial cells experience pulsatile shear stress with alterations in magnitude that

result in a mean positive shear stress. At areas of abrupt curvature in the vessel (such

as at the carotid bulb) the laminar blood flow is disrupted, resulting in recirculation

vortices that lead to low mean shear stress and flow reversal. There is a strong

correlation between endothelial dysfunction and areas of low mean shear stress and

oscillatory flow with flow reversal (Ku et al. 1985). These sites demonstrate the

appearance of cellular adhesion molecules on the endothelial cell surface, increased

uptake of lipoproteins, inflammatory cell transmigration and the secretion of

chemokines and cytokines leading to the proliferation of smooth muscle cells and

macrophages within the vessel wall. Expression of vascular cellular adhesion
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molecule I (VCAM 1), one of the earliest markers for fatty streaks and upregulated

in areas of the endothelium associated with atherosclerosis, has an inverse

relationship with shear stress (Ohtsuka et al. 1993; Ando et al. 1994; Ando et al.

1995; Sampath et aI. 1995; Tsao et al. 1995; Walpola et al. 1995). This suggests that

inflammatory cell binding would be enhanced under conditions of low mean shear

stress. Furthermore, extensive monocyte aclhesion has been noted under conditions of

low mean shear stress, which has co-localised to areas of VCAM I expression

(Walpola et al. 1995). Monocyte chemoattractant protein I (MCP 1), an important

chemokine in monocyte recruitment to the vessel wall (Ross 1993), has been shown

to be inhibited in conditions of pulsatile positive shear stress (Shyy et al. 1995).

Thus, substantial evidence exists that high mean shear stress inhibits leukocyte

binding and chemokine and cytokine expression, while low mean shear stress

promotes inflammatory cell binding.

An important role of the endothelium is to provide an antithrombotic surface for the

flowing blood. There is substanttal data demonstrating that shear stress is an

important stimulus forthe secretion of prostacyclin (Grabowski et al. 1985; Ross et

al. 1990) and nitric oxide (NO) (Rubanyi et al. 1986; Busse et al. 1989; Vanhoutte

1989), both of which are potent inhibitors of platelet aggregation. Furthermore, shear

stress has been shown to regulate the production of thrombomodulin (Malek et al.

lgg4) which (through interaction with protein C and S) inactivates specific clotting

factors, stimulates the expression of tissue plasminogen activator (Malek et al.1994;

Takada et al. 1994; Kawai et aL. 1997) and reduces the secretion of plasminogen

activator inhibitor type 1 (Kawai et al. 1997). The genes for the production of tissue

factor, one of the most potent stimuli for thrombin generation via the extrinsic

pathway of the coagulation cascade, are upregulated in conditions of low mean shear

stress (Lin et aI. 1997), leading to the existence of a prothrombotic endothelial
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surface. Thus, it is clear that in conditions of low mean shear stress, there is not only

the removal of anticoagulant mechanisms, but also the emergence of procoagulant

ones.

Smooth muscle cell proliferation is an important feature of atherosclerotic lesions

and is stimulated by endothelial factors, of which shear stress is one of the regulators

(Kraiss et aI. 1993). Low mean shear stress (which is pro-atherogenic) has been

shown to be associated with increased production of endothelial platelet derived

growth factor (PDGF) (Kraiss et al,. 1993). High mean shear stress (which is anti-

atherogenic or atheroprotective) has been associated with reduced production of

endothelin 1 (Sharefkin et al. 1991) and angiotensin II (Rieder et al. 1997) (smooth

muscle mitogens), and increased production of NO (Buga et aI. l99I; Ohno et al.

1995) and transforming growth factor P (TGF-B) (inhibitors of smooth muscle cell

growth). Thus, substantial evidence exists for shear stress mediated modulation of

vascular smooth muscle cell proliferation.

This process is complicated a little by the concept of shear rate. This is different from

shear stress and reflects the blood flow relative to the luminal size of the vessel.

Thus, it directly influences the transit time that the above-described cellular and non-

cellular substances have to gain entry into the vessel wall. As such, conditions of

high shear rate decrease the time that these pro-atherogenic substances are in contact

with a given endothelial cell and help to impede the development of atherosclerosis

by affecting the rate of transport of cellular (i.e. monocytes, T-cells, platelets) and

non-cellular (i.e. lipoproteins, cytokines, growth factors, fibrinogen etc.) pro-

atherogenic substances into and away from the vessel wall. This concept is less

defined than the previously described relationship between shear stress and

endothelial dysfunction. However studies have shown that the concentration of LDL
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at the surface of the vessel wall was inversely related to the shear rate, and that

increased local LDL concentration resulted in an inereased rate of lipid infiltration

into the vessel wall (Deng et al. 1995). Thus areas exposed to low mean shear rates

and flow reversal appear to be relatively permeable to LDL and other

macromolecules, accounting for the predilection of lipid accumulation at these sites.

NO appears to be one of the critical factors accounting for the anti-atherogenic

properties of high mean shear stress on the vessel wall. This substance inhibits

platelet aggregation and leukocyte binding to the endothelium, vascular smooth

muscle proliferation and alters lipoprotein metabolism (Vanhoutte 1989). The

production of NO is dependent on an enzyme called nitric oxide synthase (NOS)

(Janssens et al. 1992; Nishida et al. t992; Sessa et al. 1992). Shear stress is one of the

most potent physiological stimuli for the production of NO by endothelial cells.

Recent research implicates the activation of the synthetic enzyme nitric oxide

synthase (NOS) as the mechanism by which shear stress up-regulates NO production

by the endothelial cells (Corson et al. 1996; Fleming et aL 1997).

Exactly how the endothelial cell response to shear stress is mediated remains unclear,

although such signalling pathways as G-proteins, intracellular calcium, gene

expression and kinase activity have all been implicated.

1. 3. 2. Endothelial Dysfunction

The endothelium also plays a central role in artenal haemostasis, through the

regulation of plasma lipoprotein permeability and leukocyte adhesion, and the

production of prothrombotic and antithrombotic factors, growth factors and

vasoactive substances (frgure 1. 2).
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Figure 1.2
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The numerous factors produced by the endothelium with varying effects highlighting the central homeostatic

role of a normally functioning endothelium.

Initially it was proposed that endothelial denudation was the first step in

atherosclerosis (Ross et al. l9l3), although it is now clear that endothelial

dysfunction rather than denudation is a far more important process. Many of these

processes have been described above as shear stress acts through the endothelium in

order to exert its effects. Dysfunctional or activated endothelial cells may express a

series of cellular adhesion molecules (CAMs) called selectins that induce

inflammatory cells such as the monocyte to marginate, roll and attach to the

endothelial surface (Springer et al. 1996). Thereafter, a different series of CAMs

called integrins (i.e. Vascular CAM or VCAM and intercellular CAM or ICAM) are

expressed resulting in the adherence and subsequent migration into the

subendothelial space (Springer et al. 1996). Plasma lipids accompany monocyte

migration into the arterial wall, and subsequently these cells transform into tissue
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macrophages acting as lipoprotein scavengers and modifiers. The continued

internalisation of this lipidic material by macrophages leads to the formation of foam

cells. Dysfunctional endothelium, rather than possessing the normal anticoagulant

properties, appears procoagulant and expresses vasoactive molecules, cytokines and

chemokines as described earlier. Furthermore, these dysfunctional endothelial cells,

monocytes and platelet aggtegates produce an assortment of chemotactic, inhibitory

and stimulatory growth factors for other inflammatory cells (i.e. T-cells) and smooth

muscle cells. These smooth muscle cells subsequently produce extracellular matrix

and with further receptor mediated lipid accumulation and connective tissue

synthesis lead to continued plaque growth. These processes describe the phenomenon

of slow and predictable atherosclerotic progression (figure l. 3) (Fustet et al. 1992;

Fuster et aI. 1992). Impairment of these functions of the endothelium is intrinsically

tinked to the development of atherosclerosis.

Figure 1.3
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One of the most important causes of endothelial dysfunction, low mean shear stress

has been described in detail above. However, many of the known risk factors for

atherosclerotic disease ate known to be associated with endothelial injury or

dysfunction, including hyperlipidaemia (in particular LDL), diabetes (in particular

hyperglycaemia), hypertension, smoking, elevated senrm homocysteine, and

infective agents such as herpes viruses and chlamydial organisms (Ross 1999),

1.3.3. lnflammation

The recruitment of monocytes into the vessel wall is an early step in the formation of

an atherosclerotic lesion. The fatty streak, the precursor for atherosclerotic lesions,

contains macrophages and T lymphocytes exclusively (Stary et al. 1994), although

the deposition of lipidic material precedes this inflammatory cellular influx in

patients with hypercholesterolaemia (Simionescu et al. 1986; Napoli et al. 1997).

Inflammatory processes are intimately associated with endothelial dysfunction and

important components of many if not all stages of atherosclerotic development.

Whether it is the presence of systemic inflammatory processes that initially incites

endothelial dysfunction) or a dysfunctional endothelial leads to the up-regulation of

cellular adhesion molecule expression and inflammatory cell activation, the end

result is a perpetuation and augmentation of the cellular and non-cellular responses

of inflammation. This ultimately results in the migration of monocytes and T-cells

into the vessel wall. Cellular adhesion molecules act as the receptors for these

inflammatory cells, including selectins, intercellular adhesion molecules and vascular

cell adhesion molecules (Springer et al. 1996). The subsequent migration of

leukocytes across the endothelium depends on chemotactic factors such as monocyte
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chemoattractant protein 1 and oxidised LDL (Rajavashisth et al. 1990) as well as

adhesion molecules such as platelet-endothelial cell adhesion molecules (Muller et

al. 1993). Factors such as monocyte colony stimulating factor appear to be important

for the survival and multiplication of macrophages within the growing

atherosclerotic lesions (Qiao et aL 1997; de Villiers et al. 1998). T-cells are similarly

dependent on interleukin 2 (Ross 1999). Many other inflammatory factors are

implicated in the pathogenesis of atherosclerotic lesions (including interferon T, CD

40,heat shock protein 60, the disintegrins etc.), however their exact roles are yet to

be accurately defined (Ross 1999).

Macrophages produce many growth factors (including PDGF, basic FGF, and

epidermal growth factor) in addition to the inflammatory factors described above

(Libby et aI. 1996). However, it is the production of matrix degrading substances (in

particular the matrix metalloproteinases and heparanses) which are crucial to the

perpetuation and growth of the early lesion (Celentano et al. 1997). In order for

smooth muscle cell migration to occur from the media to the intima (where

atherosclerotic lesions reside), the extracellular matrix surrounding the smooth

muscle cells and the basement membrane which separates the media from the intima

must be degraded. Matrix metalloproteinases (MMPs) can perform this task

(Celentano et al. 1997). Furthermore, cytokines released by macrophages have been

shown to stimulate smooth muscle cells to produce these MMPs themselves (Galis et

al. 1994).Included in this family of proteinases is an interstitial collagenase (MMP

1), gelatinase A (MMP 2), stromelysin I (MMP 3) and gelatinase B (MMP 9).

Gelatinase A (MMP 2) degrades the collagen found in the basement membranes, and

appears to be critical in allowing smooth muscle migration through the basement

membrane (Pauly et al. 1994). The major control of MMP activity, once activated

from the inactive zymogeî,lies with the production of tissue inhibitors of MMPs
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(TIMPs) (Celentano et al. 1997), of which three have been identified to date. These

TIMPs are secreted by macrophages and most connective tissue cells and different

TIMPs appear to have different effects on the various MMPs. Thus, it appears that

the ratio of MMPs to TIMPs is crucial in determining whether the necessary

conditions favor connective tissue and basement membrane breakdown or not. This

area continues to be a source of on-going research. The role that MMPs play in

promoting plaque disruption will be discussed later.

Lymphocytes, including CD4 and CD8 positive T-cells, have been identified in

significant numbers within atherosclerotic lesions, and invariably play a role in the

inflammatory processes in plaque genesis and progression (Jonasson et al. 1986; van

der Wal et al. 1989). These T-cells are activated when they bind antigens processed

and presented by both macrophages and smooth muscle cells. One such antigen may

be oxidised LDL (Stemme et al. 1995). This results in the secretion of cytokines

(including interferon T, TNF c¡¿ and B) that augment the inflammatory process. Other

inflammatory cells have also been identified in atherosclerotic lesion (i.e. Mast cells)

however their exact role remains unclear.

1. 3. 4. Smooth Muscle Gells

Smooth muscle cells, despite their apparent homogeneity within the media of the

vessel wall, have a heterogeneous embryonic origin, depending on the vascular bed

described. Thus it has been postulated that the smooth muscle cells in different

arterial beds may respond differently to the stimuli that generate atherosclerotic

lesions (Chamley-Campbell et al. 1981; Babaev et al. 1990; Koyama et al. 1996).

Furthermore, even within the same site, smooth muscle cells appear to express one of

two phenotypic states (Frid et al. 1997). One, a contractile (non-synthetic) state, the
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noÍnal form, the other a proliferative (synthetic) state, whereby the smooth muscle

cell is able to produce matrix proteins and replicate. It is the latter of these forms that

appears central in the progression of atherosclerotic lesions (Wight 1989).

The mechanism by which smooth muscle cells appear to migrate to the intima has

been described earlier. It is worth to re-iterate that under the effect of cytokines,

chemokines and growth factors released from the macrophages as well as oxidised

LDL itself, the smooth muscle cells migrate into the intima where they proliferate

and secrete matrix proteins, including collagen (important in determining a plaques'

stability). Moreover, smooth muscle cells have the ability to secrete MMPs, and thus

perpetuate the migration of further smooth muscle cells into the intima (Galis et al.

ree4).

The effect of a unique growth factor, transforming growth factor P (TGF B), is worth

mentioning briefly, as it appears to have bi-directional effects. It tends to inhibit

smooth muscle cell proliferation while at the same time promoting the formation of

extracellular matrix (Amento et al. l99l; Gibbons et al. 1992). Its role in

atherosclerotic progression remains unclear.

1. 3. 5. Hypercholesterolaemia

Another substance that causes endothelial injury is Low-Density Lipoprotein (LDL)

(Moreletal. 1983;Navab etal. 1996;Griendlingetal. 1997).Itisespeciallypotent

when modified by oxidation, glycation or associated with immune complexes (Khoo

et a|. 1988; Khoo et aI. 1992; Griendling et al. 1997; Steinberg 1997). Oxidised LDL

is avidly taken up by tissue macrophages within the vessel wall either via LDL

receptors (which are subject to down-regulation as the intracellular lipid content



t7

increases) or scavenger receptors (which ate not subject to any feedback

mechanisms) leading to the accumulation of cholesterol esters and eventually foam

cell formation (Brown et al. 1983). This process is initially protective as the

sequestration of oxidised LDL stops its deleterious effects on endothelial and smooth

muscle cells (Falcone et al. l99l Diaz et al. 1997; Han et al. 1997). Ho'wever,

uptake of oxidised LDL by the macrophages induces the release of more

inflammatory cytokines and chemokines (i.e. monocyte colony stimulating factor

(Quinn et al. 1987; Rajavashisth et al. 1990) and monocyte chemoattractant protein I

(Leonard et al. 1990). This further promotes the migration of more inflammatory

cells and enhancing the uptake of oxidised LDL by macrophages and smooth muscle

cells. Thus a perpetuating cycle of inflammation, endothelial injury and lipoprotein

modification and uptake may be established. Highly oxidised LDL is cytotoxic to the

endothelium, macrophages and smooth muscle (Cathcart et al. 1991). The uptake of

oxidised LDL by macrophages is unregulated through the scavenger receptor system,

leading to the accumulation of large quantities of lipid and thus the formation of

foam cells (Goldstein et aI. 1979). These foam cells may under necrosis under direct

cytotoxic effects from the modified LDL or a process of programmed cell death

called apoptosis, induced by certain inflammatory cytokines such as interferon y

(Libby et al. 1996; Ross 1999). These two processes lead to the accumulation of

extracellular lipid that may coalesce to form a lipidic, necrotic core, the clinical

significance of which we will discuss later.

The density, not just the quantity, of the LDL particles has been shown to correlate

with risk of atherosclerotic disease (Slyper 1994).It seems likely that small dense

LDL particles are more susceptible to peroxidation (de Graaf et al. 1991; Tribble et

aI.1992), and thus promote atherogenesis by the mechanisms described above.
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As described above, LDL in its modified (especially oxidised) form is particularly

atherogenic and inflammatory. Thus, many antioxidants have been proposed to

potentially attenuate this factor of atherogenesis. Antioxidants have been shown to

reduce the size of atherosclerotic lesions (Carew et al. 1987; Kita et al. 1987;

Sasahara et aI. 1994; Chang et al. 1995; Navab et aI. 1996) and fatty streaks (Chang

et a1. 1995) in animal models. This last finding has suggested that antioxidants may

have aî anti-inflammatory effect, by modulating the expression of adhesion

molecules for monocytes (Fruebis et al. 1997). Antioxidants have been shown to

increase the resistance of human LDL to oxidation ex vivo, coûlmensurate with the

plasma vitamin E levels (Reaven et aI. 1993). Although the incidence of myocardial

infarction has been reduced by vitamin E supplementation in some preliminary

clinical trials (Rimm et al. 1993; Stampfer et al. 1993; Stephens et al. 1996), other

antioxidants (i.e. B-carotene) appear to have no such benefit (Reaven et al' 1993:,

Hennekens et al.1996; Omenn et al.1996).

High-density lipoprotein (HDL) fractions appear to counter the atherogenic effects of

LDL, although it is unclear of which mechanism(s) is responsible. There do appear to

be both lipid dependent and independent effects (Barter et al.1996). Clearly, the role

of HDL in reverse cholesterol transport (the removal of cholesterol from peripheral,

extrahepatic sites including the vessel wall and returning it to the liver for

metabolism or excretion) can explain some of its atheroprotective effect (Barter et al.

1996). However, HDL (of which there are discrete subfractions with variable effects)

has also been shown to have both antioxidant (Decossin et aL. 1995) and anti-

inflammatory effects (Ulevitch et al. 1981), and thus the atheroprotective

mechanisms of HDL may impact at more than one pathway.
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1. 3. 6. lnfective Agents

Recent interest in the role of infective agents in the pathogenesis of atherosclerosis

has resurfaced. It is true that some evidence does support an association between

some infective agents (notably chlamydia pneumoniae and herpes viruses, but

recently also helicobacter pylori and hepatitis A) and the onset of atherosclerosis

(Adam et al. 1987; Saikku et al. 1988; Grattan et al. 1989; Thom et al. t992; Mendall

et aI. L994; Sorlie et aI. 1994; Rathbone et aI. 1996; Danesh et al. 1997; Ossei-

Gerning etal. 1997; Ossewaarde et al. 1998; Pasceri et al. 1998;ZhuetaI. 1999).

Certainly, in experimental models, chlamydia pneumoniae has been shown to

increase atherosclerosis, both in a rabbit model and an apo-E knockout mouse model

of atherosclerosis (Muhlestein et al. 1998; Rosenfeld et al. 1998) and

cytomegalovirus (a herpes virus) has been shown to increase atherosclerosis in the

apo-E knockout mouse (Hsich et al. 1999). This led to the postulate that perhaps

direct antibiotic therapy may help retard atherosclerotic progression and

complications. However, despite preliminary data suggesting that antibiotic therapy

may reduce the incidence of complications associated with acute coronary

syndromes (Gurfrnkel et al.1997), further larger scale trials have had negative results

(Anderson et al. 1999; Gurfinkel et al. 1999). However, to date it must be

emphasized that there is no direct and definitive evidence that these organisms can

cause the lesions of atherosclerosis. However, we are unable to completely rule out

the possibility that in some patients, in combination with other factors, infective

organisms may play a role in atherogenesis.
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1. 3. 7. Calcification

During the progression of atherosclerotic lesions the accumulation of calcium is

often noted. There still exists debate about the clinical significance of this substance

within an atherosclerotic lesion, especially in light of the publication of recent studies

relating non-invasive estimations of coronary artery calcification with clinical

outcomes (Arad et aI. 1996; Secci et al. 1997). However, active cellular processes

appear to regulate its accumulation. Smooth muscle cells may express osteopontin

(Giachelli et al. 1995), and the expression of other factors may act on the vessel wall

to promote the mineralisation of atheroma. Degradative processes appear to be

important also, and macrophages within the atherosclerotic plaque may serve an

osteoclastic function in calcified lesions. It appears that coronary calcification is a

complex, regulated process, similar to bone formation, that is related to, yet distinct

from, atherosclerosis (Doherty et al. 1999).

1. 3. 8. Thrombotic Factors

Both platelet and thrombin rich thrombi are intimately linked to the initiation and

perpetuation of atherosclerotic lesions. The pro-coagulant nature of dysfunctional

endothelium has been described above, and this can lead to the deposition of platelet

and thrombin rich microthrombi. Platelet derived growth factors (such as PDGF) and

thrombin itself leads to the migration and proliferation of smooth muscle cells and

macrophages (Bombeli et al. 1998).

There is evidence from angiographic and pathological studies that not all growth of

atherosclerotic lesions abides by the above-described linear, predictable laws. A

rapid, faster process has been noted by serial angiographic studies where the
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presence of a mild or moderately stenotic plaque (<50%) was the most frequent

cause of acute ischaemic events (Ambrose et al. 1988; Little et al. 1988; Nobuyoshi

et al. l99l; Giroud et al. 1992). It was further noted that even in the absence of

clinical symptoms, some minor lesions had rapidly progressed in size over a short

period in time. Post-mortem studies of patients dying from ischaemic events have

elucidated the cause of both the above to be intimately related to plaque associated

thrombosis (Davies et al. 1985; Falk 1992; Falk et aI. 1995; Davies 1996; Mann et al.

1996; Felton et al. 1997). The atherosclerotic lesions that appeared susceptible or

prone to such thrombotic phenomenon were noted to have coÍlmon identifiable

characteristics. These so-called "vulnerable" plaques are more prone to plaque

disruption and subsequent thrombus formation. They are histologically characterised

by the presence of an eccentric plaque, containing a soft lipid-rich core that is

separated from the arterial lumen by a thin fibrous cap (Davies et al. 1985; Falk et al.

1995 Mann et al. 1996). The lipid core of such vulnerable plaques contains activated

macrophages and T-cells, especially concentrated at the shoulder areas of an

eccentric plaque; the very site where the fibrous cap is most likely to rupture and

expose the very thrombogenic lipid core to the flowing blood (Falk et al. 1995; Ross

lggg). Thus the inflammatory cells within the plaque are important factors in not

only atherosclerosis progression, but also plaque disruption'

1.3.9. Miscellaneous

For completeness we need to briefly mention two concepts that have not arisen in the

above discussions

Firstly, the role of vasospasm in atherogenesis needs to be addressed. Certainly many

of the pro-atherogenic and pro-thrombotic factors linked to the pathogenesis of
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atherosclerosis (including thromboxane 42, endothelin I and angiotensin II) have

vasoconstrictor properties. Moreover, many of the atheroprotective factors (including

NO and PGI2) have vasodilator properties, and thus in their absence there is a fufiher

propensity to vasoconstriction. The intrinsic importance of vasoconstriction in

atherogenesis remains unclear and many believe that it may simply represent an

epiphenomenon of the processes of atherogenesis'

Secondly, the concept of vascular remodelling and its association with

atherosclerosis needs to be considered. It is a well described phenomenon that as

atherosclerotic lesions grow in size, there may be an initial outward remodelling

(dilatation) of the vessel wall such there the end result is that there is no absolute

change in the luminal area (Glagov et al. 1987). Thus, imaging modalities that rely

on opacification of the arterial lumen for atherosclerotic detection (coronary

angiography) will significantly underestimate the atherosclerotic burden of a given

artery. However, the degree to which this remodelling occurs varies widely, even

between different segments of the same atherosclerotic artery (Davies 1998). The

concept of remodelling has implications for atherosclerotic detection and disease

presentation, as high-grade stenoses (leading to symptoms of angina pectoris) are

associated with a failure of this positive remodelling. However, remodelling does not

appeff to have a role in the pathogenesis of atherosclerosis, just in its manifestations.

1. 4. PLAQUE DISRUPTION AND THROMBOSIS

We have discussed some of the features that of an atherosclerotic plaque that

predispose to complications of thrombosis leading to one of two broad events. One,

non-occlusive luminal thrombosis leading to silent, rapid plaque gtowth, or two,

occlusive (transiently or peÍnanently) luminal thrombosis associated with unstable
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angina pectoris, acute myocardial infarction or sudden cardiac death). Plaques

containing alarge atheromatous core are more prone to disruption, and indeed three-

quarters of such plaques are responsible for the atherothrombotic complications

leading to the acute coronary syndromes (Falk 1983; Richardson et al. 1989; Frink

1994; van der Wal et al. 1994). Most of the other cases are associated with plaque

thrombosis atop a macrophage rich intimal erosion in a more frbrotic plaque, often in

association with a severe artenal stenosis (Falk 1983; Richardson et al. 1989; van der

Wal et al. 1994). However, it is worth to explore these concepts more thoroughly,

including factors for both plaque disruption and subsequent thrombosis.

Plaque disruption is a central feature of atherothrombotic syndromes, and the risk

that this will occur relates to intrinsic properties of the plaque (its vulnerability) and

extrinsic factors (triggers).

1. 4. 1. lntrinsic Factors

Atherosclerotic plaque disruption tends to occur at those sites where the fibrous cap

is thinnest and most heavily inf,rltrated with macrophage derived foam cells (i.e. its

weakest point). This tends to be at the shoulder region of eccentric lesions

(Richardson et al. 1989) (the juncture between the normal vessel wall and the

atherosclerotic plaque). Factors that have been shown to be associated with risk of

rupture of the fibrous cap are the following;

1. Size of the atheromatous core

2. Thickness, collagen content and smooth muscle cell content of the fibrous cap.

3. Inflammation within the fibrous cap.

4. Cap fatigue
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It is true that the composition of most atherosclerotic lesions is mainly fibrotic

however a significant atheromatous core does exists in the majority of so-called

culprit lesions for acute coronary syndromes as we described earlier (Falk 1989)' A

number of studies have been performed confirming the association between size of

the atheromatous core and risk for subsequent plaque rupture. One study found that

in aortic plaque, an athcromatous core of > 40Yo of the plaque content was at a

particularly high risk of disruption and subsequent thrombosis (Davies et al. 1993).

This concept helps to explain the postulated mechanism by which lipid lowering is

felt to reduce clinical events. Based on numerous animals studies, lipid-lowering

therapy is believed to decrease the lipid content of the plaque (i.e. decrease the size

of the lipid-rich core) resulting in a more fibrotic and stable plaque (Wagner et al.

1980; Small 1988; Loree etal.1994).

Fibrous caps vary widely in their thickness and composition, however there rs a

tendency for them to be thinnest at the previously described shoulder regions of the

plaques (Richardson et al. 1939). Collagen (in particular type 1 collagen) is a critical

determinant of fibrous cap strength and in disrupted aortic plaques, smooth muscle

cells (the source of collagen in the cap) and the collagen content itself is decreased

(Davies et aI. 1993; Majno et al. 1995). One mechanism postulated for the reduction

of smooth muscle cells in the fibrous cap is apoptosis (Majno et al. 1995), although it

is uncertain if this is the only mechanism responsible.

Evidence of active inflammation (with immunohistochemical stainings of

pathological samples) within the fibrous cap at sites of disruption is strong, and

studies have shown macrophage infiltration at the disrupted shoulder regions of

fibrous caps (Constantinides 1966; Friedman 1971; Falk 1983). An important
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mechanism appears to be the production of matrix degrading enzymes including the

previously discussed MMPs, which played an important role in atherogenesis also.

Activated macrophages within the fibrous cap produce a variety of MMPs and in

vitro studies have confirmed the ability of these enzymes to degrade fibrous caps

(Shah et al. 1995). Although many of this group of enzymes have been implicated,

o¡ly gelatinase B (MMP-9) has been associated with rupture prone areas in human

atherectomy specimens (Brown et al. 1995). T-cells are present in increased numbers

at these rupture prone sites also, and are able to stimulate macrophages to produce

MMP-9 (Malik et al. 1996).

Continuous, repetitive stress on the fibrous cap may weaken it and ultimately lead to

a sudden fracture in it, a concept called cap fatigue (Maclsaac et al. 1993). By

lowering the frequency (heart rate) and magnitude (flow- and pressure-related) of the

loading conditions, a reduction in risk of plaque disruption should ensue (FitzgeruId

1987). This is one of the mechanisms by which B-blockers may help to reduce the

risk of acute coronary syndromes.

1. 4. 2. Extrinsic Factors

Atherosclerotic lesions within the coronary artenal system are subject to a number of

mechanical and haemodynamic forces that may trigger disruption of atherosclerotic

plaques (Maclsaac et aI. 1993; Lee et aI. 1994). Various forces act on the vessel wall

throughout the cardiac cycle and it is worthwhile reviewing these briefly.

Cap tension refers to the circumferential wall tension that is exerted on the vessel due

to the blood pressure. This force is governed by Laplace's law, which simply implies

that the higher the blood pressure and the larger the luminal diameter, the more
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tension that develops in the wall (Lee et al. 1994). The soft atheromatous core is

unable to bear these forces well and the tension is redistributed to adjacent structures

such as the fibrous cap (Richardson et al. 1989). Thus we can appreciate that mild-

moderately stenotic lesions will be subject to greater circumferential stresses under

Laplace's law than would severely stenotic lesions, and thus at greatet risk of

rupture. Further forces that the coronary artery wall and thus atherosclerotic lesions

are subject to include longitudinal flexion and circumferential bending associated

with the motion of the heart and the propagating pulse wave of systole. It appears

that part of the mechanism by which B-blockers exert their favorable effect on

reducing re-infarction is by attenuating these forces. It is finally worth mentioning

that vasospasm or plaque haemorrhage could potentially enhance plaque rupture by

compressing the atheromatous core and causing a "blow out" of the plaque into the

vessel lumen (Friedman l97I;Lin et al. 1988). However, it is there is little datato

confirm the significance of this mechanism in plaque rupture.

Studies of the relative thrombogenicity of the various components of atherosclerotic

plaques has demonstrated that lipid-rich plaques are up to 6 times more

thrombogenic than all other components (Fernandez-Ofüz et al. 1994). The exact

mechanisms for the thrombogenicity of the lipid core are uncertain. However, it has

been shown that lipid cores have a high tissue factor content (Toschi et al. 1997), and

this may account for some or most of the thrombogenicity. The origin of this tissue

factor appears to be from macrophage derived foam calls (Wilcox et al. 1989;

Thiruvikraman et al. 1996). Studies with directional atherectomy specimens from

patients with unstable coronary syndromes showed a higher population of

macrophage rich areas than specimens from stable angina patients. Moreover, there

was a significant correlation between these macrophage rich areas and tissue factor

positive staining in the atherectomy samples from the patients with unstable coronary
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syndromes (Moreno et al.1994; Annex et al. 1995; Moreno et al. 1996). Despite this

evidence, tissue factor in the lipid core may potentially be derived from other sources

also (smooth muscle cells, endothelial cells etc.)'

1.4. 3. Sysfemic ThrombogenicitY

There is substantial experimental and clinical evidence that a primary

hypercoagulable or thrombogenic state may exist in the circulation that promotes

focal thrombus formation. This is of particular importance when considering the risk

of complicating thrombosis after plaque rupture and confirms that factors beyond the

atherosclerotic plaque are of great importance in predicting thrombotic risk. Systemic

factors, including alterations in lipid and hormonal metabolism, haemostasis,

fibrinolysis, and platelet and leukocyte function, are known to be associated with

increased blood reactivity and thrombogenicity.

Increased plasma levels of catecholamines may favor platelet reactivity. Platelet

aggregation and the generation of thrombin has been documented experimentally by

circulating catecholamines (Rowsell et al. 1966; Goto et aI. 1996:' Spalding et al.

1998), and it seems probable that this association helps to explain the link between

emotional stress (Krantz et aI. 1996) and circadian variation (i.e. early morning

clustering of events) (Muller et al. 1985; Willich et al. 1989; Johnstone et al. 1996)

with myocardial infarction. There has been increasing evidence of enhanced platelet

reactivity in cigarette smokers (Fuster et al. l98l; Winniford et al. 1986; Blann et al.

1998), that may or may not be related to catecholamine levels (Powell 1998). The

enhanced thrombogenicity of smoking is fuither confirmed by the finding that there

is a sharp decline in acute vascular events most often associated with thrombosis

when smoking is ceased (Buhler et al. 1988; Paul 1989).
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Hypercholesterolaemia has been linked with hypercoagulability (Hunt l99O;

Thompson et al. 1995) and enhanced platelet reactivity (Carvalho et al. 1974;

Badimon et al. 1991; Henry et al. 1995) in numerous studies. Certainly young

patients with a strong family history of coronary artery disease seem to have

increased platelet reactivity. Importantly, this hypercoagulable state associated with

hypercholesterolaemia is reduced with the normalisation of lipid levels with lipid-

lowering therapy (Lacoste et al. 1995).

Homocysteine has also been shown to be associated with arterial thrombosis as well

as atherosclerosis. It increases tissue factor activity of the endothelial cells þossibly

in conjunction with lipoprotein (a)1, it inhibits the expression of endothelial cell

surface thrombomodulin (the substance central to the activation of protein C), and it

inhibits the binding activity of antithrombin III to the endothelial heparan sulphate.

Thus, homocysteine, through these various mechanisms, acts to reduce the natural

anticoagulant properties of the normal endothelium (Boers et al. 1985; Boers t997;

de Jong et al. 1998; Prasad 1999).

Lipoprotein (a) has been documented as an independent risk factor for coronary

artery disease (Dahlen et al. 1986; Seed et al. 1990; Djurovic et al. 1997; Hopkins et

al. 1998). Apolipoprotein (a), the major apoprotein found in lipoprotein (a), has close

structural homology with plasminogen (Mclean et al. 1987). There is evidence that

high levels of lipoprotein (a) result in competitive inhibition of the f,rbrinol¡ic

activity of plasminogen (Scanu 1998). Thus the haemostatic balance is tilted in favor

of thrombosis, predisposing patients to thrombotic complications. Both lipoprotein

(a) and LDL compete with plasminogen binding to extracellular matrix. However,

since endothelial damage with a subsequent proliferative response has been observed
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experimentally (Allen et al. 1998), this metabolic condition appears more important

in atherogenesis than thrombogenesis.

Thus it seems clear that defects within the fibrinolytic pathways lead to an increased

thrombogenic risk in patients with coronary artery disease (Olofsson et al. 1989;

Geppert et al. 1998; Vaughan 1998). A correlation between high levels of

plasminogen activator inhibitor-1 (PAI-l), tissue-type plasminogen activator (tPA)

and cross-linked fibrin with the progression of atherosclerotic disease has been

documented (Salomaa et al. 1995). Furthermore, it has been shown that in patients

with angina pectoris, plasma levels of fibrinogen, von Willebrand factor (vWF) and

tPA are independent predictors of subsequent myocardial infarction or sudden death

(Thompson et al. 1995). In patients with some types of dyslipidaemia, high levels of

PAI-I correlated with the cholesterol levels. Whilst this suggests a potential

mechanism by which hypercholesterolaemia is associated with increased

thrombogenicity, the association between PAI-I and coronary artery disease and

acute myocardial infarction is unclear, with conflicting reports in the literature

(Hamsten et al. 1985; Thompson et al. 1995).

Other haemostatic proteins have also been investigated regarding their role as

thrombogenic risk factors. Several prospective studies have indicated that high

plasma fibrinogen concentrations are independent risk factors for coronary artery

disease and myocardial infarction (Meade 1997). The mechanism by which

fibrinogen contributes to atherogenesis is not well understood. Hypotheses include

increased fibrin formation, increased viscosity, platelet aggregation and stimulation

of smooth muscle cell proliferation. It is, however, also important to recall that high

plasma fibrinogen levels are correlated with age, degtee of obesity, hyperlipidaemia,
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diabetes, smoking, and emotional stress; all conditions that are themselves associated

with atherosclerosis.

Platelet aggregation and coagulation are increased in diabetes mellitus. Platelets from

diabetic patients have shown enhanced adhesiveness and hyperaggregability in

response to a wide raîge of agonists (Winocour 1992; Aronson et aI. 1997). Elevated

thromboxan e A2 synthesis occurs in diabetic patients, facilitating platelet

aggregation and thrombus formation (Davi et al. 1990). The prirnary reason for

altered platelet behavior in diabetes is not well understood, but there is evidence that

the derangement may start with the megakaryocyte. Other abnormalities in the

coagulation system of diabetic patients that could also be implicated in platelet

reactivity include increased fibrinogen and v'WF levels and decreased antithrombin

III activity in response to hyperglycaemia. In addition, a typical feature of insulin

resistance and hyperinsulinaemia is an increased PAI-I activity resulting in reduced

plasma frbrinolytic activity (McGill et al. 199 4).

Diabetes is also associated with a severely dysfunctional endothelium. Impaired

endothelium dependent relaxation is the best characterised of these abnormalities,

and can be induced by short exposure to high glucose concentrations. Diabetes may

impair endothelium dependent relaxation by an increased generation of advanced

glycosylation end products and increased oxygen free radicals in the arterial wall

(Chappey et aI. 1997). The loss of endothelium derived relaxing factor (NO) has a

profound effect on arterial vasomotion and leads to vasospasm and increased platelet

aggregation by increasing the local shear rate. Furtherrnore, diabetes seems to reduce

the prostacyclin production by the endothelial cells, possibly resulting in higher

levels of platelet activation and endothelial adhesion. High glucose levels have also
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been shown to impair endothelial regeneration (Winocour 1992: Aronson et al.

teeT)

1. 5. CLINICAL MANIFESTATIONS OF ATHEROTHROMBOSIS

The signitìcance of acute thrombosis complicating a disrupted atherosclerotic plaque

was postulated over 40 years. The statement by Jens Dedichen, a Norwegian

physician, in 1956 that "man lives with arteriosclerosis and dies of the complicating

thrombosis" (Dedichen 1956) shows incredible insight into a process that was not

generally accepted until as late as 20 years ago.

The clinical manifestations of atherosclerotic plaques depend on several factors,

including the following;

l. Degree and abruptness of blood flow obstruction.

2. Duration of decreased myocardial perfusion.

3. Myocardial oxygen demand at the time of the blood flow obstruction.

4. Extent of the thrombotic response to plaque disruption.

Plaque rupture is generally accompanied by haemorrhage into the plaque and with a

variable amount of luminal thrombosis. If the thrombus is small, plaque rupture

probably proceeds unnoticed. If the thrombus is large enough to compromise blood

flow through the coronary artery, however, the individual may experience an acute

ischaemic syndrome.

Disruption of an atherosclerotic plaque in the coronary arteries, whether ruptured or

fissured, plays a fundamental role in the development of the acute coronary
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syndromes (including unstable angina pectoris, acute myocardial infarction or

sudden cardiac death) (Fuster et aI.1992; Fuster et aI. 1992; Falk et al' 1995; Ross

lggg). Coronary thrombosis almost exclusively occurs in the setting of underlying

atherosclerosis, with disruption of the underlying plaque triggering thrombosis

(Theroux et al. 1993). Angioscopic studies have documented the presence of

intraluminal thrombi both in unstable angina (Sherman et al. 1986; Mizuno et al.

1992; deFeyter et al. 1995; Silva et al.l995;Nesto et al. 1998) and acute myocardial

infarction (Mizuno et al. 1992; Van Belle et al. 1998). The incidence of thrombi in

unstable angina varied signifrcantly among different studies largely related to the

time interval between anginal symptoms and the angiographic study (Sherman et al.

1986; Uchida et aI. 1987; Rehr et al. 1989; Uchida et al. 1995). The shorter the

interval between the two, generally the higher the likelihood of finding occlusive

thrombi.

It is likely that when injury to the vessel wall is mild, the thrombogenic stimulus is

relatively limited and the resulting thrombotic occlusion transient as occurs in

unstable angina (Fuster et al. 1992; Fuster et al. 1992). On the other hand, deep

vessel irj.try as is seen with plaque rupture results in the exposure of collagen, lipids

and other intravascular components, leading to more persistent thrombotic occlusion

and acute myocardial infarction (Theroux et al. 1998).

plaque fissuring or rupture with subsequent thrombosis accounts for many of the

episodes of unstable angina or acute myocardial infarction. However, it is important

to consider other mechanisms in the aetiology of acute coronary syndromes.

Coronary vasospasm may play an important role in the pathogenesis of acute

coronary syndromes, as documented through electrocardiographic and angiographic

studies (Maseri et al. 1978). In the setting of a minor plaque disruption with a small
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thrombotic response, there can still be the release of vasoactive substances by both

the platelet and the arterial wall, leading to further compromise of coronary blood

flow (Willerson et al. 1939). Coronary artery vasospasm was found to be an

important contributor to the phenomenon of intermittent coronary artery occlusion in

patients with acute myocardial infarction (Gasser et al. 1986).

In patients with stable coronary artery disease, symptoms often result from increases

in myocardial oxygen demand beyond the availability of stenotic coronary arteries to

increase its delivery. Unstable angina, non-Q-wave and Q-wave myocardial

infarction represent a continuum of the same disease process and, in contrast to the

setting of stable angina, are usually characterised by an abrupt reduction in coronary

artery blood flow (Theroux et al. 1998). In the case of unstable angina, the

thrombotic vessel occlusion tends to be transient and episodic, leading to anginal

symptoms at rest. In addition to plaque disruption, other mechanisms may contribute

to the reduction in coronary flow. As mentioned earlier, platelets that have attached

to the disrupted plaque release vasoactive substances including thromboxane A2 and

serotonin, promoting the aggregation of further platelets to the area and inducing

vasoconstriction (Willerson et al. 1989). Alterations in perfusion probably account

for 60-700/o of cases of unstable angina. The remainder appears to be mainly due to

transient increases in myocardial oxygen demand (Braunwald et al. 1994).

In non-Q-wave myocardial infarction, the angiographic morphology of the

responsible lesion is similar to that seen in unstable angina, confirming that plaque

disruption is common to both syndromes. However, about 25o/o of patients with non-

e-wave myocardial infarction have a totally occluded infarct related artery at early

angiography, with the distal myocardium supplied by collateral vessels (Theroux et

al. 1998). The presence of ST-segment elevation in the electrocardiogram, early peak
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in the plasma creatine kinase and high angiographic patency rate of the infarct related

artery all suggest that complete coronary occlusion followed by early reperfusion (<

2 hours) due to resolution þartial or total) of the thrombus and/or of the vasospasm

is important in the pathogenesis of most non-Q-wave myocardial infarctions. Thus,

by limiting the duration of myocardial ischaemia, spontaneous thrombus lysis,

vasospasm resolution or a well-developed collateral circulation can prevent the

formation of Q-wave myocardial infarction (Theroux et al. 1998).

Deep arterial injury or ulceration results in the formation of a fixed and persistent

thrombus leading to the abrupt cessation of myocardial perfusion and necrosis of Q-

wave myocardial infarction (Fuster et al. 1992; Fuster et al. 1992). The coronary

artery lesion responsible for the infarction is frequently only mild to moderately

stenotic, suggesting that plaque rupture with subsequent thrombosis is the primary

source of the occlusion rather than the severity of the underlying lesion (Falk et al.

1995). Although an individual severe stenosis has been shown to occlude more

frequently than less severe stenoses, the lesser stenoses account for more coronary

artery occlusions due to their much greater number (Alderman et al. 1993).

Furthermore, the less severe stenoses are much less likely to be associated with a

protective collateral circulation, and thus occlusion is more likely to lead to an acute

clinical event (Danchin 1993). In approximately 25o/o of patients with Q-wave

infarction, coronary thrombosis results from superficial intimal injury in association

with a high-grade stenosis (Fuster et al.1992; Fuster et al.1992).

The acute onset of malignant ventricular dysrhythmias (ventricular tachycardia and

ventricular fibrillation) appear to account for the syndrome of sudden cardiac death

(Mehta et al. lg97). However, two distinct mechanisms play a role in the

pathogenesis of these dysrhythmias. First, in patients with a substrate for the
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generation and maintenance of malignant ventricular dysrhythmias (such as

extensive myocardial infarction or cardiomyopathy), a fatal episode of such

dysrhythmias can lead to sudden cardiac death (Mehta et aI. 1997). Second, a rapidly

progressive coronary artery lesion in which plaque rupture and subsequent

thrombosis leads to acute myocardial h¡.poperfusion in the absence of collateral flow

may also induce malignant ventricular dysrhythmias and sudden cardiac death

(Mehta et aI. 1997).
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1. 6. ATHEROSCLEROTIC PLAQUE IMAGING

What is clear from the review of the pathogenic mechanisms behind atherosclerosis

and the acute coronary syndromes, is that we are currently extremely limited in our

ability to accurately identify patients at risk for an acute coronary event. The

armamentarium of diagnostic investigations, both non-invasive and invasive,

currently clinically available is only able to provide us with data related to the

stenotic severity of a coronary artery. The non-invasive testing includes stress-

induced (exercise or pharmacologic) ischaemic changes in electrical repolarisation,

wall motion or myocardial radioactive-tracer uptake. The invasive test of coronary

angiography, although the current gold standard for the detection of coronary

atherosclerotic disease, provides us with no data about the composition of the

atherosclerotic lesion (Fuster et al. 1995; Topol et al. 1995). However, the vast

majority of acute coronary events involve a non-critically stenosed atherosclerotic

lesion (Falk et al. 1995), and thus with currently available means of identification,

these lesions would be undetected by stress testing/imaging techniques' Thus, given

the critical role that atherosclerotic lesion composition has been shown to play in the

risk of both plaque rupture and subsequent thrombogenicity, and thus consequently

an acute coronary event, new detection techniques need to be investigated for the

task of documenting atherosclerotic lesion composition (Fuster 1998).

The imaging of such vulnerable plaques would need to provide information about

composition as well as degree of encroachment on the vessel lumen by the

atherosclerotic plaque. The ideal imaging modality would need to be safe,

noninvasive, accurate and reproducible, thus allowing longitudinal studies in the

same patient (Celermajer 1998). There are currently several imaging modalities



37

under investigation for this purpose, and it is worth to explore the strengths and

limitations of each of them.

1. 6. 1. UltrasonograPhy

Intravascular ultrasound (IVUS) examination utilises a miniaturised ultrasound

transducer placed on the distal end of a flexible catheter. By advancing this structure

through a coronary catheter and into a coronary artery, cross-sectional images of the

vessel wall and atherosclerotic plaque have been obtained for the study of

atherosclerosis and percutaneous coronary interventions. Thus, it is by definition an

invasive technique, limiting its potential future use for screening or in minimally

symptomatic patients. This technique has provided substantial information about the

role of remodelling in early atherosclerotic plaque growth (Hermiller et al. 1993),

and lesions of up to 40%o stenosis of the vessel can be accommodated by this process,

leading to no discernible loss of lumen area (Glagov et al. 1987). These lesions are

not detectable by coronary angiographic techniques, however, are still potentially

able to rupture and thrombose and thus lead to acute coronary syndromes (Falk et al.

1995). For the pu{pose of atherosclerotic lesion characterisation, numerous studies

have been performed with high-frequency (20-30MHz) probes both ex vivo and in

vivo in order to validate the technique (Nishimuru et al. 1990; Keren et al. l99I;

Linker et al. l99l; Tobis et al. 1991). In general, ultrasonic tissue character is

determined by the amount and reflectivity of small macromolecules, such as

collagen, that scatter the ultrasound beam, some of which is back toward the

transducer, and thus is detected (Kimura et al. 1995). "Hard" plaques are highly

reflective and thus produce bright echoes (Kimura et al. 1995). They are composed

mainly of fibrous tissue and calcium (Kimura et aL 1995). "Soft" plaques are more
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echolucent and may represent lipid, thrombus or loose connective tissue (figure 1. 4)

(Gussenhoven et al. 1989; Hodgson et al. 1993).

X'igure 1. 4

Intravascular ultrasound images of coronary artery atherosclerosis, demonstrating a t'fibrotic" or tthard"

echogenic lesion (a) and "lipid rich" or "soft" echolucent lesion (b).

Calcification is easily identified by ultrasound imaging because of its high

echogenicity (Gussenhoven et al. 1939). Despite this ease of identification on

intravascular images, proof that a bright signal with shadowing on IVUS specifically

represents calcium is mostly inferred (Kimura et al. 1995). A post-mortem

histological validation study in coronary arteries revealed sensitivities of only 89%

for dense calcification and 64Yo for micro-calcifications (Friedrich et al. 1994).

Further limitations are that dense fibrous tissue bordering zones of calcification may

appear indistinguishable from calcium using imaging criteria (Kimura et al. 1995).

Furthermore, IVUS is unable to quantify the total amount of vessel calcification as

deeper structures (which may or may not be calcified) are hidden in the shadow of

the superficial calcified region (Kimura et al. 1995)'
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The differentiation of "hard" from "soft" plaques relies on the analysis of echo

reflectance (brightness) of the tissues (Kimura et al. 1995). Despite efforts to

standardise this analysis (Hodgson et al. 1993), it is often a subjective measure that is

further dependent on the transmit gain, attenuation by intervening tissues and the

time-gain compensation settings (Kimura et al. 1995). Thus, analysis of plaque

brightness for the discrimination of fibrous tissue content is diffrcult to quantify

because of its dependence on gain.

Echolucent plaques with IVUS imaging, initially thought solely due to "lipid lakes",

may also represent areas of intraplaque and/or luminal thrombosis (Kimura et al.

1995). Despite the use of higher frequency IVUS probes, it remains difficult to

differentiate acute thrombus from surrounding soft plaque on IVUS images (Kimura

et al. 1995); a differentiation that may have significant implications for the

evaluation and treatment of the patient.

Thus, although IVUS has the potential to discriminate some of the components of the

atherosclerotic plaque, especially calcification, the differentiation of thrombus, soft

plaque and hard plaque can be problematic (Kimura et al. 1995). Furthermore, it is an

invasive procedure, and therefore intrinsically limited in its use.

It is worth mentioning that transthoracic (Ross et al. 1990; Caiati et al. 1999; Caiati

et al. 1999) and transoesophageal (Taams et al. 1988; Yoshida et al. 1990; Redberg et

al. 1995) echocardiography have been reported to visualise the proximal coronary

arteries, and thus potentially provide data about the vessel wall without the invasive

aspects of IVUS. However, the intrinsic limitations of ultrasonographic

discrimination of plaque components discussed above are still factors with these

modalities.
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1. 6. 2. lJltrafast Electron Beam Computerised Tomography

This imaging modality has been prominent in the literature recently, and although

associated with the exposure of the patient to some, relatively minimal radiation

(generally <600mrad per scan) (Detrano et al. 1999), it is a non-invasive procedure,

and thus potentially able to be utilised for the pu{pose of risk stratif,rcation in an

asymptomatic or minimally symptomatic population.

Ultrafast electron beam computerised tomography (ultrafast EBCT) requires a

specific CT scanning machine, and is not a modification of currently available CT

machines. Ultrafast EBCT machines are relatively specialised scanners, in that they

allow the rapid acquisition of imaging data (lO0msec per image slice) which can be

gatedto the more quiescent cardiac phase of diastole. However, the image quality for

these scanners for non-cardiovascular scans (i.e. brain imaging) is considered less

than for the conventional CT scanners. Cunent research is underway validating the

ability of helical CT scanners to quantify coronary artery calcium (CAC), and thus

make the technique more obtainable at a clinical level. However to date, no

signif,rcant data has been published using helical CT scanners, although a recent

comparison between conventional CT and ultrafast EBCT assessment of CAC

showed similar results.

Ultrafast EBCT has been shown able to quantify relatively accurately and

reproducibly CAC using a validated scoring method (figure l. 5) (Detrano et al.

1994;Mahaisavariya et al. 1994; Mautner et al. 1994).
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Figure 1. 5
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Axial electron beam CT image through the thorax, demonstrating two distinct regions of calcilication in the

left anterior descending artery (white arrows) which appear bright. There is a third region of calcification at

the origin of the left main artery (no arrow) (image courtesy of Dr. William Stanford)

As we discussed earlier, CAC seems to be a marker of atherosclerotic burden within

the coronary arterial system (Simons et al. 1992; Fallavollita et al. 1994; Mautner et

al. 1994; Rumberger et al. 1994; Detrano et al. 1996; Kennedy et al. 1998) and

subsequent prognosis (Arad et al. 1996; Detrano et al. 1996; Secci et al. 1997). It is

equally true, however, that CAC has also been shown associated with a decreased

risk of individual plaque rupture and vulnerability (Johnson et al. 1985; Kragel et al'

1989). There is extensive dala from animal atherosclerotic models that

atherosclerotic regression is associated with more calcium than atherosclerotic

progression (St Ctair 1983; Strong et al. 1994). Paradoxically, a recent study
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suggested that CAC scores increased in a patient population after treatment with

lipid-lowering therapy and therefore theoretically inducing atherosclerotic regression

(Callister et al. l99S). Racial variances have also been noted regarding the

correlation between CAC and coronary atherosclerosis (Tang et al. 1995; Doherty et

a!. lggT). In particular, Afücan-American subjects had a significantly lower

prevalence of coronary calcific deposits when compared with Caucasian or Asian

Americans, even after controlling for risk factors (Tang et al. 1995; Doherty et al.

l9g7). Thus, the overall role of calcium in deposits in atherosclerotic lesions remains

somewhat unclear.

Certainly, the conclusion from recent studies is that in symptomatic patients, ultrafäst

EBCT appears to be moderately useful in predicting the severity of coronary artery

disease (Doherty et al. 1999). Furthermore, prognostic data is available from these

studies. In one study using cinefluoroscopy, the S-year survival rate of patients with

CAC was 58% compared with 87o/o in patients without CAC (Margolis et al. 1980)'

The results for ultrafast EBCT assessment of CAC and prognosis appear similar to

this (Doherty et al. 1999). Thus, a significant correlation between CAC as quantified

by ultrafast EBCT and the occuffence of subsequent coronary events exists.

However, another study, in asymptomatic patients showed that ultrafast EBCT,

although able to predict risk of future coronary events, was in fact no better than

standard risk factor assessment (Detrano et al. 1999). Other studies in asymptomatic

patients have shown that >45o of patients with death or myocardial infarction had a

CAC score of <152 Hounsfield units (HU) considered to represent a low CAC score

(Detrano et al. 1999). Thus, it seems that a negative calcium score does not rule out

the presence of atherosclerosis and more importantly, a vulnerable atherosclerotic

lesion may exist in the absence of calcium in the coronary arteries (Wexler et al.

ree6).
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It is clear that estimating only one component of the atherosclerotic lesion, namely

the calcium content, which appears to provide limited information anyway, is

inadequate in assessing risk of plaque r,'ulnerability at a given site. Ultrafast EBCT is

unable to provide any data about any of the other plaque components (i.e. lipid-core,

fibrous cap, and thrombus).

It is worth mentioning that ultrafast EBCT has been studied for use in coronary

angiography. A recent study showed excellent correlation with coronary angiography

obtained by EBCT when compared with traditional coronary angiography

(Achenbach et al. 1993). However, images of all three coronary arteries could be

obtained in only 63o/o of patients, due to inadequate image qualrty (Achenbach et al.

1998). Thus above and beyond the intrinsic limitations of coronary angiography

techniques, this non-invasive imaging modality has a long way to go before being

potentially clinically relevant as an alternative to traditional coronary angiography.

1. 6. 3. Coronary AngioscoPY

The angioscopy technique reveals the characteristics of the vessel and atherosclerotic

plaque surface, information not provided by conventional coronary angiography (den

Heijer et al. t994; Uchida ef al. 1995). The colour of the material in the artery (red,

white and yellow) can provide information about the predominant contents of the

lesion (thrombotic, lipidic and fibrotic respectively), however, this technique does

not provide accurate information about the internal heterogeneity of the lesion.

Recent clinical trials have shown that yellow plaque colour was closely related to

degenerated plaques or atheroma and was associated with acute coronary syndromes

(Thieme et al. 1996ù and that angioscopic identification of plaque rupture and
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thrombus were independently associated with adverse outcome in patients with

complex lesions after interventional procedures (Feld et aI. 1996). This technique,

due to its intrinsically invasive nature, and the limitations with the data it can provide

about the atherosclerotic lesion, remains a research tool.

1. 6.4. Nuclear lmaging of Atheroscrerosrs

Nuclear imaging techniques have been extensively researched and are frequently

used in clinical practice for the investigation of patients with proven or suspected

coronary artery disease. However, the data provided depends on perfusion limitations

and or myocardial rnjury and no information is provided about the atherosclerotic

lesion per se. As such the role of nuclear imaging is limited in assisting with the

characterisation of atherosclerotic lesions, however, it is worth briefly mentioning

some recent research in this field.

Given the role of LDL in atherosclerotic development and progression, investigators

have studied the uptake and distribution of radiolabelled LDL in both animal models

(Vallabhajosula et al. 1988; Rosen et al. 1990; Sinzinger et al. 1990) and humans

(Lees et al. 1983; Lees et al. 1988; Ginsberg et al. 1990; Vallabhajosula et al.1990;

Virgolini et al. I99l; Pirich et al. 1995) with atherosclerotic disease. Not only did it

localise to the atherosclerotic regions, but was corelated with the macrophage

content of the lesions (Lees et al. 1988; Virgolini et al. 1991). However, limitations

with the resolution, relatively low uptake and high blood-pool activity have hindered

the utility of this technique (Vallabhajosula et al. 1997).

More promising has been the radiolabelling of platelets with indium 111 or

technetium -99m, for the detection of thrombus (Vallabhajosula et al. 1997). The role
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of thrombosis and platelets in the pathogenesis of atherosclerosis and especially in

the acute coronary syndromes has been described earlier. Thus, the potential to be

able to detect this complication of plaque rupture would potentially provide

important prognostic information with therapeutic implications. However to date,

studies of its clinical utility in carotid atherosclerosis have shown poor results in

predicting risk of subsequent plaque ulceration and clinical events (Minar et al. 1989;

Moriwaki et al. 1995). Furthermore, like radiolabelled LDL, high blood pool activity

and inadequ ate radiotracer concentrations at the site of interest have limited this

technique (Vallabhaj osula et aI. 1997 ) -

Other substrates have also been radiolabelled in order to image atherosclerotic

lesions (endothelin derivatives (Dinkelborg et al. 1998) and several immunoglobulins

to plaque components including macrophages (Sinzinger et al. 1996) and fibrin

derivatives (Knight 1993)). The results have been of varying success, but to date,

none appears any more successful than those discussed above in identifying

atherosclerotic plaque components.

1. 6. 5. Positron Emission Tomography

This advanced form of nuclear imaging, positron emission tomography (PET)'

utilises positron emitting isotopes, such as C-l1, O-15, N-l3 and F-l8, labeled with

naturally found compounds in the body (i.e. F-18 and glucose). In conjunction with

the advances in image acquisition, PET imaging has been able to quantify many

physiological and metabolic processes in humans (Beanlands 1996).Its most studied

cardiovascular application has been as a noninvasive means of diagnosing critical

coronary artery lesions, using myocardial perfusion tracers (Go et al. 1990; Stewart

et al. 1991). Furthermore, F-18 FDG PET, by quantifurng myocardial metabolism,
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has become the gold standard for defining viable myocardium in patients with

compromised left ventricular function being considered for a revascularisation

procedure (Tillisch et al. 1986; Maddahi et aI. 1994).

Beyond its cardiovascular applications, F-18 FDG PET has been utilised for many

years in the diagnosis and prognosis of various malignancies (Strauss et al. 1991).

The avidity of the malignant tissues for the F-18 FDG tracer is felt related to the high

metabolic rate of the malignant cells (Strauss et al. I99t). Interestingly, recent data

studying the relative avidity of the cellular components of malignancies for the F-18

FDG tracer showed that macrophages were the cell type with the highest affinity for

the tracer (Kubota et al. 7994). This was felt to be due to the enhanced rate of

glucose utilisation by macrophages (Kubota et aI. 1994)-

We have previously examined in detail the critical role of the macrophages in plaque

vulnerability, risk of rupture and subsequent thrombogenicity. Indeed, the density of

macrophages, on pathological and post-mortem studies, correlates highly with plaque

instability and risk for acute coronary syndromes. Thus, a non-invasive imaging

technique that was able to provide quantitative information about the macrophage

density within a given atherosclerotic site could potentially allow risk stratification

for subsequent acute coronary events. Moreover, the potential for longitudinal

studies exists whereby progression and/or regression of this risk could be monitored

by quantifying changes in macrophage content of the atherosclerotic plaque. This

remains an unconfirmed postulate however.
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1.6.6. Novel lmaging Methods and Atherosclerosis

New imaging modalities are just emerging, as research tools only at this stage, but

with future potential uses, and we should be aware of their potential uses.

Infrared light has been used to detect the vessel wall structures (Fujimoto et al.

1999). Optical coherence tomography was able to define the ultrastructure of the

normal arterial vessel wall in rabbit aortas using infrared light with an invasive

imaging catheter in a recent study (Fujimoto et al. 1999). In a different study,

infrared thermal images were able to reveal heterogenetty in temperature among

atherosclerotic plaques taken at carotid endarterectomy, which correlated with cell

density, most of which were macrophages (Casscells et al. 1996). Of course, this data

is recent and very preliminary and whether or not this technique may play a role in

the future of atherosclerotic plaque characterisation remains to be seen.

1.6.7. Magnetic Resonance Imaging

Magnetic resonance (MR) imaging is a unique technology that allows the

noninvasive visualisation of cardiovascular anatomy (Kaufman et al. 1983). Of all

imaging modalities currently available in all fields, MR imaging provides the

greatest intrinsic contrast between soft tissue structures. Thus, it is a powerful tool

for defining pathoanatomical processes of the visceral organs, including the heart and

vascular structures. Furthermore, the absence of ionising radiation the free choice of

tomographic planes enhances the potential of this technique for the future. However,

it does have limitations, including relatively long imaging time, relative isolation of

the patient from medical care from medical care during image acquisition, and

contraindication in patients with certain metallic implants (i.e. permanent
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pacemakers). Imaging time and quality is rapidly improving with technological

advances in the field, and the information that MR can provide in the cardiovascular

field is rapidly growing. MR has the potential to provide information about cardiac

anatomy, function (myocardial and valvular), perfusion and metabolism. More

recently, application to the coronary arteries suggests that MR may supply

information about coronary angiography, flow velocity and even the characterisation

of the atherosclerotic lesions themselves within the coronary artery wall. Although

we are still a long way from this o'one stop shop" of cardiac imaging with MR, it is

an exciting field that will surely play a significant role in cardiovascular irnaging in

the future.

1. 6.7. l. MR Basics

Current MR imaging techniques have evolved to a highly specialised degree and the

understanding of the processes involved is extremely complex. However, it is worth

exploring the concept of MR imaging on a simplistic level. Central to the basics of

MR imaging is that a person, when placed within an external magnetic field, is able

to become partially magnetised although this is orders of magnitude less than the

strength of the external magnetic field. Much of this effect is associated with

hydrogen ions (protons) within the body; the largest source of which is water. By

subjecting the person to subsequent and different magnetic fields perpendicular to the

first magnetic field, the vector of magnetisation within the person changes. A

physical principle of changing magnetic fields is that they emit radiofrequency

waves, and it is the collection of this information that can be translated into the MR

image we finally atalyze. The characteristics of these radiofrequency waves are

determined by many factors, including the parameters of MR techniques but
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importantly, the various tissues themselves, and this allows for the accurate

differentiation between the soft tissue components of the body.

Two main imaging sequences or techniques form the basis for much of the MR

imaging performed today.

Spin-echo imaging can provide excellent discrimination between vanous

components of the heart and has flexible contrast characteristics, depending on the

programmed parameters of the imaging sequence (i.e. Tl weighted - TlW, proton

densþ weighted - PDW and T2 weighted - T2W imaging). With this technique,

blood within the vascular compartment appears black (so-called "black blood

imaging"). Due to the often-longer imaging times, this imaging sequence has

traditionally been used for the imaging of static phenomena, including myocardial

wall thickness, cardiac chamber volumes and intracardiac thrombus.

Gradient-echo imaging is especially useful for vascular lumen angiography and the

flowing blood appears white (so-called "bright blood imaging"). This form of

imaging sequence may be acquired rapidly allowing cine imaging of the heart and

thus the assessment of myocardial function. The advent of extremely rapid image

acquisition (10-15 images per second) with this technique allows for real-time

imaging and with further improvements in the resolution and image quality, the

potential for performing interventional vascular procedures with MR real-time

imaging exists. This technique of imaging is less able to provide varying tissue

contrast compared with spin-echo imaging, although images with Tl and T2

weighting can be obtained.



50

1. 6. 7. 2. Myocardial lmaging

Myocardial ischaemia and infarction are associated with changes in the tissue

relaxation times (including Tl and T2 rclaxation - concepts beyond this discussion)

and this manifests as an increase in the signal intensity of these regions on T2W

images (Williams et al. 1980; Higgins et al. 1983; Scholz et al.1992). Furthermore,

by using a paramagnetic contrast agent, such as gadolinium chelated with DTPA

(Gd-DTPA), there has been enhancement of the signal intensity of these ischaemic

regions with TIW imaging (McNamara et al. 1984; 'Wesbey et al. 1984; Runge et al.

1985;Peshocketal. 1986;Tscholakoff etal. 1986; Johnstonetal. 1987;Nishimura

et al. 1987; Matheijssen et al. 1991). These paramagnetic agents cause the relaxation

times to shorten. The significance of this is that on TlW images, depending on the

intrinsic characteristics of the tissue and the local concentration of the paramagnetic

agent, the signal intensþ will be brighter on a TIW image. Numerous studies have

shown the ability of Gd-DTPA contrast enhanced MR imaging to identify changes in

myocardial segments during ischaemia (McNamara et al. 1984:. Runge et al. 1985;

Johnston et aI. 1987), infarction (Wesbey et al. 1984; Matheijssen et al. 1991) and

reperfusion (Peshock et al. 1986; Tscholakoff et al. 1986) in research settings. The

role of these techniques in the clinical setting, however, is yet to be established.

Visual evaluation of global and regional wall motion can be obtained by cinematic

viewing of MR images throughout the cardiac cycle. This so-called cine MR imaging

technique provides accurate information about bi-ventricular function, and is an

accurate technique for the noninvasive assessment of right ventricular volumes and

function (Pattynama et aI. 1992; Pattynama et al. 1995).
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The above techniques for myocardial imaging have been modified somewhat to

allow for the detection of patients with significant coronary artery stenoses. Cine MR

imaging, by visualising the myocardial motion and contractility, can be used to

monitor wall motion abnormalities under conditions of stress such as dobutamine

infusion (Pennell et aI. 1992; van Rugge et al. 1993; Baer et al. 1994). Studies to date

have shown high sensitivity and specificity for this technique in the diagnosis of

severe coronary artery disease, at least as good as that of nuclear stress imaging(Baer

et aI. 1994) or dobutamine stress echo (Nagel et al. 1999). Alternatively, myocardial

perfusion abnormalities can be detected in patients with chest pain (Manning et al.

1991) or under conditions of stress (i.e. dipyridamole) (Eichenberger et aI' 1994)

after the administration of Gd-DTPA. Lower peak signal intensity and lower rate of

signal increase than the myocardial segments perfused by non-stenotic coronary

arteries identified areas of regional myocardial hypoperfusion.

Recently, techniques have been described for the determination of the thickening and

torsion of specific myocardial segments. This relies on the ability of MR to perform

"myocardial tagging" (Zerhouni et al. 1988; Axel et al. 1989; Axel et al' 1989;

Bolster et al. 1990). This in effect allows a grid to be applied to a MR image of the

heart in diastole using specialised MR techniques, and these grids will distort through

systole (Buchalter et al. 1990). The myocardial thickening and rotational torsion can

be quantifred. This method allows information about myocardial strain to be obtained

and future studies about its role in clinical settings is awaited with interest (Clark et

al. L99l; Beyar et aI. 1993; Lima et al. 1993).

MR spectroscopy is a unique tool that allows the evaluation of cardiac metabolism

by direct measurement of high-energy phosphates and the in vivo pH in animal

models (Stamper et al. 1992). The potential for this technique to provide information
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about metabolic changes in the myocardium in various disease states (i.e. myocardial

ischaemia and infarction, cardiomyopatþ etc.) is very exciting and could further our

understanding of the pathogenesis of such processes. To date, however, data with this

technique is restricted to research settings with limitations due to the size of the

region of interest required for analysis (Bottomley 1994).

I . 6.7 .3. Valvular Function and MR

Using the cine MR techniques described earlier, which show normal blood flowing

the cardiac chambers as bright, one can detect valvular lesions by the turbulence in

blood creating signal loss and thus appearing black within the otherwise bright blood

signal (Sechtem et al. 1987). Using the amount of signal loss as an indicator of

severity of the valvular lesion (either stenosis or regurgitation) similar to the way one

might use colour doppler information on echocardiography (echo), one can semi-

quantitatively assess valvular lesions (Mitchell et al. 1989). This allows for valvular

regurgitation assessment with comparable accuracy to echo, however, does not

provide numerical severity of the gradient across the valve in conditions of a valvular

stenosis

Recently, a technique called velocity encoded cine MR (VEC MR) imaging (also

called phase contrast cine MR imaging), has allowed for the accurate quantification

of the velocity of flow across cardiac valves (Kilner et al. 1991). This technique (also

conceptually beyond the scope of this discussion) has been shown to be highly

correlated with doppler echo estimations of velocity of flow across catdiac valves

(Eichenberger et al. 1993; Kilner et aI. 1993), and thus able to estimate the pressure

gradient across stenotic valves, using the modified Bernoulli equation. In addition to

the described estimations of flow, cardiac MR irnaging provides information about
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the cardiac chambers (size and function) as well as structural data about the valves

themselves (although not with the resolution of echo), thereby providing additional

information of importance in the assessment of valvular cardiac disease.

1.6.7.4. Coronary Artery MR

The noninvasive visualisation by MR imaging of coronary arteries is an exciting

area. Technical difficulties exist, related to motion (both cardiac andrespiratory), the

small size of the coronary arteries and their tortuous, nonlinear course (van der Wall

et a1. 1995). The best results have been reported using ultrafast breath-hold

techniques, in conjunction with cardiac gating that allow the acquisition of one image

in approximately 15-18 seconds (Edelman et al. l99l). Using the bright blood

imaging sequences, in conjunction with an MR imaging technique that removes any

signal from the epicardial fat (thus improving the definition of the epicardial

coronary arteries) image quality of the coronary arteries is continually improving.

Although MR coronary angiography has been shown to compare favorably with

conventional coronary angiography for the detection of stenoses >50o/o (Manning et

aL 1993), the resolution currently obtainable (approximately lmm) is inadequate for

routine clinical use at this stage. Recent improvements in MR coronary angiography

techniques, including the use of "navigator echo" which attempts to reduce artifacts

from motionby analyzing only the data obtained when the diaphragm or heart is in a

small range of positions, have been reported (Botnar et al. 1999). In addition, MR

angiography of coronary artery bypass grafts has been reported using these

techniques (White et al.1987; White et al. 1988; Aurigemma et al. 1989). The role of

MR coronary angiography in clinical practice is unclear, although the future may

show it to be of use for the screening the major epicardial coronary arteries for

significant stenoses.
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Using VEC MR imaging as described earlier, flow within the coronary arteries has

recently been reported (Hundley et al. 1999), and potentially will allow the

assessment of coronary flow noninvasively. Thus coronary lesions may not only be

assessed by the percent stenosis, but a physiological analysis of the limitation to flow

may be undertaken. This may be useful in not only assessing significance of

coronary lesions, but also in documenting responses to percutaneous coronary

interventions. This currently is still an investigational tool at this stage.

1. 6.7.5. Coronary Artery Plaque Gharacterisation

As has been extensively reviewed earlier, the ability to accurately define the

components of a complex coronary atherosclerotic lesion (i.e. fibrous cap, lipid core,

calcium and haemorrhage) would potentially allow the risk stratification of patients

for future acute coronary syndromes. Given the excellent soft tissue contrast

provided by MR imaging techniques, the abilþ of MR to differentiate between these

plaque components has been investigated recently (Skinner et al. 1995; Toussaint et

aI. 1995; Toussaint et aI. 1996; Toussaint et al. 1997; Fayad et al. 1998; Yuan et al'

l99S). Experimental data has shown that MR is effective in identiffing both the

normal vessel wa|l components and atherosclerotic plaque in research conditions,

often using high-field MR systems and performing imaging ex vivo, to improve the

resolution obtainable (Toussaint et al. 1995; Toussaint et aI. t997). In animal models

recently, MR has been shown able to characterise the components of atherosclerotic

lesions in rabbits but also using specialised MR systems (Skinner et al. 1995; Fayad

et al. 1998). Very recently, using spin-echo sequences, atherosclerotic lesions in

humans have been investigated in the carotid system with very promising results

(Toussaint et al. 1996; Yuan et al. 1998). However, the ability to translate these
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techniques to the coronary arteries in vivo has the same limitations that initially faced

MR coronary angiography, namely motion (cardiac and respiratory), small vessel

size and tortuosity of the vessels. However, in order to visualise the component of

coronary atherosclerotic lesion, sub-millimeter resolution will be required. Thus

despite the incredible potential for MR characterisation of coronary atherosclerotic

lesions, it has yet to been shown that this is feasible.

1.6.7.6. Other Gardiovascular Uses of MR

For completeness, it is worth mentioning that cardiovascular MR has also been of

great use for imaging patients with congenital heart disease (Hirsch et al. 1994;

Hoppe et al. t996). It has also been used for aortic imaging with great success,

especially in diseases of the aortic wall (including aortic dissection (Nienaber et al.

1993; Deutsch et al. 1994; Laissy et aI. 1995) and aneurysm (Moore et aI. 1984;

Dinsmore et al. 1986)).
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1.7. AIMS OF THE THESIS

The aims of the thesis are to investigate the abitity of high resolution MR imaging to

both characterise and quantify atherosclerotic lesions in both porcine and rabbit

models, and explore whether MR could be used to monitor serially changes in

arterial wall parameters.

1. 7. 1. Specific Aims of the lhesr-s

1. To validate that MR imaging is able to accurately quantify and characterise

coronary and aortic atherosclerotic lesions, including calcified, lipid-rich, fibro-

cellular and haemorrhagic regions in a porcine model of complex atherosclerosis ex

vivo in a clinical l.5T MR system using routine clinical radiofrequency (RF) coils.

2. That MR imaging techniques are able to account for the significant motion of the

coronary arteries in vivo by performing a comparison between in vivo and ex vivo

MR imaging using the exact techniques in a clinical 1.5T MR system usually routine

clinical RF coils.

3. Using a new noninvasive MR imaging technique in a clinical 1.5 T MR system, to

confirm that experimental coronary artery lesions can be visualised, quantified and

characterised in vivo in an experimental porcine model using standard RF coils by

comparison with histopathological specimens.
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4. To document that MR imaging techniques in a clinical 1.5 T MR system with a

standard noninvasive phased array RF coil can accurately define experimental aortic

atherosclerotic lesions in a New Zealand White rabbit model. To explore which MR

sequence has the greatest contrast between lipidic and f,rbrotic components of the

plaques in this model, and confirm that MR can in fact accurately quantify the lipidic

and fibrotic components of the plaques.

5. Validate MR imaging as a tool for the serial monitoring of atherosclerotic plaque

composition in the New Zealand White rabbit model described above under

conditions of dietary atherosclerotic progression and regression.

6. To investígatethe ability of MR imaging to noninvasively and serially monitor the

artenaI remodelling process in the Watanabe Heritable Hyperlipidaemic (WHHL)

rabbit model of atherosclerosis.
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Chapter 2

METHODS
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2. 1. ANIMAL MODELS OF ATHEROSCLEROSIS

2. 1. 1. Porcine Aortic Atherosclerosrs

yucatan mini-swine (initial weight 28-33 kg) were fed an atherogenic diet (2%

cholesterol) for 6 months. The mini-swine had free access to water and were able to

move around freely within their pens. To localise and accelerate the development of

atherosclerotic lesions, balloon denudation of the abdominal aorta was performed on

two occasions, at time 0 and 3 months. The mini-swine were pre-medicated with

ketamine (l5mg/kg IM), deeply anaesthetised with pentobarbital (25mglkg IV) via

an auricular vein, intubated and ventilated mechanically. Anaesthesia was maintained

with inhalation of isoflurane and continuous ECG monitoring was performed. The

right femoral artery (or the left femoral artery, if the right had been previously used)

was exposed via a cut-down technique and an 8 French introducer sheath inserted

into the vessel. Heparin was administered via the intra-arterial sheath (100 units/kg)

15 minutes prior to the interventions'

A 4 French Fogarty embolectomy catheter was introduced into the abdominal aorta

and advanced under fluoroscopic guidance to the level of the renal arteries. The

balloon was then inflated with 0.5-0.7 mL of dilute contrast and the catheter

withdrawn to the iliac bifurcation with the balloon inflated to maintain moderate

resistance as determined by the operator under fluoroscopic guidance. This procedure

was repeated four tirnes. The femoral artery was then tied and thereafter the animals

were recovered and returned to their pens.



61

2. 1.2. Porcine Coronary Arlery Atherosclerosrs

Two models of experimental coronary artery atherosclerosis were used for the

purposes of this thesis. Anaesthesia was performed as described above'

Firstly, as for the porcine aortic atherosclerotic model described above, Yucatan

mini-swine were used, by feeding an atherogenic diet (2% cholesterol) for 6 months

and performing coronary angioplasty 3 months after commencing the diet. The left

main coronary artery was selectively engaged with an appropriate coronary catheter

under fluoroscopic guidance (Phillips BV-24). Coronary angioplasty was performed

in both the left anterior descending (LAD) and circumflex (LCx) arteries by 3

inflations of a 4.0 X 20-mm angioplasty balloon (Cordis Corp). The first inflation

was at 6 atmospheres, the second and third inflations at 8 atmospheres. Each inflation

lasted 15 seconds, with an interval of 60 seconds between inflations. Pre- and post-

intervention angiograms were performed. The femoral artery was tied after the

procedure and thereafter the animals were recovered and returned to their pens.

Secondly, Yorkshire albino swine were used without using an atherogenic diet'

Coronary lesions were induced in these animals (weight 30-35 kg) in all three major

epicardial coronary arteries (LAD, LCx and RCA) by balloon angioplasty. The

proximal segments of the three major epicardial coronary arteries were injured with a

4.5 X 20 mm angioplasty balloon (Titan, Cordis Corp), using inflations of up to 14

atmospheres. Each inflation lasted 15 seconds, separated by a 60 second interval'

Post-procedure management was as previously reported above'
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2. 1. 3. Rabbit AorTic Atherosclerosis

Two models of rabbit aortic atherosclerosis were used for the thesis

Firstly, cholesterol fed New Zealand White rabbits were used' Complex

atherosclerotic aortic lesions were induced in New Zealand white rabbits (3.0 to 3.5

kg) by a combination of atherogenic diet (0.2o/o cholesterol) and sequential balloon

denudation, one week and thirteen weeks after initiation of the atherogenic diet.

Aortic denudation of the aorta from the aortic arch to the iliac bifurcation was

performed by four withdrawals, with moderate resistance, of a 4Fr Fogarty

embolectomy catheter introduced through the iliac aríery. All procedures were

performed under general anaesthesia by intramuscular injection of ketamine (Fort

Dodge Animal Health, Fort Dodge, IA) (20mglkg) and xylazine (Bayer Corporation,

Shawnee Mission, KA) (lOmg/kg).

Secondly, the Watanabe Heritable Hyperlipidaemic (WHHL) rabbit was used. The

WHHL rabbit has an intrinsic defrciency in LDL receptors, thus more closely

approximating humans with atherosclerosis than the cholesterol fed rabbit models.

WHHL rabbits (weighF3.O kg) underwent aortic denudation of the aorta from the

renal arteries to the iliac bifurcation, one week after arrival to the institution as

described above.

2.2. MAGNETIC RESONANCE (MR) SYSTEM AND IMAGING
SEQUENCES

Nuclear magnetic resonance (NMR) is based on the absorption of radio-frequency

energy by the magnetic moments of atomic nuclei in samples placed in a strong

magnetic field. The sensitivity of NMR parameters to the local chemical milieu and
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molecular mobilities has allowed NMR to be utilised for compound identification

and chemical compositional studies for many years. However, in 1973, Lauterbur

added an entirely new aspect to the growing array of emerging NMR uses, namely

image formation based on NMR principles. This achievement has led to the highly

successful application of NMR imaging (or "MRI") to clinical medicine.

The General Electric (GE) Signa CYli system is a high resolution, whole body

imaging system operating at 1.5 Tesla, and all MR imaging for the purposes of this

thesis was performed with this system. As described in the introduction,

Cardiovascular MR imaging sequences are generally classified as bright (white)

blood or dark (black) blood imaging techniques.

2. 2. 1. Black Blood lmaging Seguences

The black blood MR imaging techniques used in this thesis were standard Fast spin

echo (FSE) and double inversion recovery fast spin echo (2IRFSE).

Standard FSE MR techniques were used to provide high resolution images of rabbit

aortic atherosclerotic lesions and the ex vivo porcine atherosclerotic lesions. The

animals were fully anaesthetised with ketamine and xylazine as described above and

placed supine in the 1.5 Tesla MRI system (Signa, General Electric), using a

conventional phased-array volume coil. Fast gradient-echo coronal images were used

to localise the abdominal aorta. Sequential axial images (3-mm thickness) of the

abdominal aorta from the renal arteries to the iliac bifurcation were obtained using a

fast spin-echo sequence with an in plane resolution of 350 x 350 ¡rm (PDV/: TR/TE:

23OOll7 msec; T2w: TR/TE: 2300160 msec, field of view (FOV):9 x 9 cm, matrix

256 x 256, echo train length:8, signal averages:4). Inferior and superior radio
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frequency saturation pulses were used to null signal from flowing blood in the

inferior vena cava and aorta. Fat suppression was used to null the signal from the

peri-adventitial fat, in order to minimise chemical shift artifacts.

The 2IRFSE imaging sequence was used to image the experimental porcine coronary

artery lesions in vivo. Four weeks after the coronary interventions, the pigs were

again pre-medicated with ketamine (l5mg/kg IM) and anaesthesia induced with

intravenous propofol (Zeneca Pharmaceuticals, Wilmington, Delaware) (lOmg/kg).

The pigs were then intubated and mechanically ventilated with a MR compatible

ventilator (pneuPAC, Broomall, PA.). Anaesthesia was maintained with a continuous

intravenous infusion of propofol (10-15 mg/kg/hr.) and intermittent intravenous

boluses of doxacurium (Catalytica Pharmaceuticals, Grenville, NC.) (150¡rg/kg). The

animals were placed supine in the magnet, MR compatible ECG leads were

positioned and a cardiac phased-array surface coil applied to the anterior chest wall.

Magnetic resonance imaging was performed in a Signa clinical 1.5 Tesla magnet (GE

Medical Systems). After initial gradient echo series to localise the heart all

subsequent imaging used the double inversion recovery fast spin echo sequence

(2IRFSE). Non-selective and selective preparatory inversion pulses, long echo train

imaging and short radio frequency pulses, maximising blood flow suppression and

minimising vessel motion artifacts, characterise this sequence. This allows for proton

density andT2 weighted imaging through direct manipulation of the echo time (TE),

using a constant repetition time (TR) of twice the R-R' interval (2RR') whilst

maintaining cardiac gating of the sequence to end-diastole. The 2IRFSE permits the

acquisition of single images within a time period (less than 30 seconds) that makes

breath hold imaging possible and thus feasible in humans. Image slices were

obtained perpendicular to the long axis of the coronary artery. The inversion time

(TI) was determined close to the null point of the blood signal and is based on the
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longitudinal relaxation (Tl) value of the blood and the TR interval. A TE of 42 msec

was chosen for T2W images on the basis of prior work estimating the T2 values for

various atherosclerotic lesion components. The following imaging parameters were

used; T2W: TR/TE:2RR' l42msec;PDW: TR/TE:2 XRR' l17 msec; receiver

bandwidth + 62.5 Hz; echo train length (ETL) 32 echo spacing (ESP) 4.4 msec; field

of view (FOV) 10 X lQcm (or 12 X l}cm for fat suppressed images); matrix 256 X

256; slice thickness 5 mm; 2 signal averages. A saturation pulse was used to

eliminate the epicardial fat signal and thus enhance the definition of the outer

boundary of the vessel in some images. The in-plane resolution obtained was

therefore 390-47 0 X 390-47 0 microns.

2. 2. 2. White Blood lmaging Seguence

The white blood imaging sequence used for this thesis was a 2D-time of flight (TOF)

technique for the purpose of localisation of the anatomical structures of the aorta in

order to assist with MR image and histopathological co-registration. After fasting the

previous night, the rabbits v/ere anaesthetised as described above. After initial

gradient echo scout images to identify the thoracic aorta, 2D-tíme of flight MR

imaging was performed (freld of view: 18X11.25cm; matrix 256X160; TR/TE:

46l4.4msec. slice thickness 2mm;flip angle: 450).

2. g. EUTHANASIA AND SPECIMEN FIXATION

Rabbits were euthanased by intravenous injection of "sleepaway" 5 mL IV (Fort

Dodge Animal Health, Fort Dodge, IA) after receiving heparin (100 U/kg) to prevent

post-mortem blood clotting. The aortas were immediately flushed with 250m1 of

physiological buffer (O.lmol/L PBS, pH 7.4) followed by perfusion fixation with
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250m1 cold (40C) 4o/o paraformaldehyde in 0.lo/o PBS at 100mmHg. After perfusion

fixation, all specimens were immersed in fresh fixative and stored at 40C'

pigs were euthanased by pre-medication with ketamine and subsequent deep

anaesthesia with pentobarbital as described earlier. Heparin was administered (100

units/kg) and the aorta and heart exposed via an extensive median incision.

,.Sleepaway" (a proprietary substance containing propyl alcohol and pentobarbital)

l0 mL IV (Fort Dodge Animal Health, Fort Dodge, IA) was administered for

euthanasia. The heart was immediately excised and large bore catheters inserted into

the ascending aorta to perfuse the rest of the aorta antegtadely and the aortic root to

perfuse the coronary arteries retrogradely. The coronary arteries were flushed with I

L of physiological buffer (0.1 moVL PBS, pH 7.4), followed by perfusion fixation

with I L cold (4oC) 4o/opataformaldehyde in 0.1% PBS, pH 7.4 and removed "en

bloc" with surrounding epicardial fat and myocardium before sectioning. The entire

aorta from the aortic root to the iliac arteries was excised and flushed and perfusion

fixed in the above manner. All perfusions were performed at 100 mmHg. After

perfusion fixation, specimens were immersed in fresh fixative and stored at 40C.

2. 4. HISTOPATHOLOGY PREPARATION

The coronary artery and aortic atherosclerotic specimens for both porcine and rabbit

models were matched with corresponding MR images using distance from known

landmark structures such as artenalbranches or external fiducial markers. Specimens

that were to be prepared for morphometric analysis and comparison with MR images

were embedded in paraffin and sections 5-micron thick were cut and stained with a

combined Masson's trichrome elastin stain. Specimens for determination of lipidic
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atherosclerotic plaque components and comparison with MR images were kept at -

800C for specific lipid staining with Oil Red O.

2.5.IMAGE AND DATA ANALYSIS

Histopathological sections were digitised to a Macintosh computer from a Sony

3CCD video cameraattached to a Zeiss Axioskop light microscope. The MR images

were transferred to the same Macintosh computer and matched with the

corresponding histopathological sections. Cross-sectional areas of the lumen and

outer boundary of each section (coronary or aortic) were determined for both MR

images and histopathology by manual tracing with Image-Pro Plus (Media

Cybernetics). From these measurements, mean wall thickness (MWT - a computer

generated value), vessel wall area (VWA) could be calculated' Areas containing

lipidic and fibrotic material were also measured in the rabbit aortic atherosclerotic

model using the above described image software package, Image-Pro Plus. With

T2W MR imaging, lipidic regions are low signal and fibrotic regions are high signal,

thus allowing differentiation. Histopathological measurements of mean wall

thickness and vessel wall area were analyzed with sections stained by combined

Masson elastin stain (CME); lipidic and fibrotic areas were analyzed with Oil Red O

staining.

2. 6. STATISTICAL ANALYSES

Both simple linear regression and Bland-Altman techniques (Bland et al. 1986) were

used to compare correlations between MR imagingandhistopathological parameters.
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Correlations between measurements of mean wall thickness (MWT), vessel wall area

(W/A), lipidic and fibrotic areaby MR and histopathology were analysed by simple

linear regression w\th 95o/o confidence intervals (Statview, SAS Institute Inc). All

values are expressed as mean + sEM. A p value < 0.05 was used to indicate

statistical si gnificance.

The comparability between MR imaging and histopathologically derived parameters

was performed using the Bland-Altman technique (Bland et al. 1986). By plotting the

difference (i.e. subtraction) between the measurements by both techniques (y-axis)

against the mean of the measurements (x-axis) an appreciation for the level of

agreement between histopathology and MR imaging at different values can be

obtained. The value for twice the standard deviation of the difference between

measurements allowed an objective assessment of level of agreement.

To defrne intra-observer and inter-observer variability, a subset of coronary segment

MR images and corresponding histopathology sections were re-analyzed and the

intraclas s correlation c oefficients determined.

The accuracy of MR imaging for the identification of atherosclerotic plaque

components was tested using a table formulated by our group (i.e. TlW, T2W and

pDW - see Table 1). One investigator, blinded to the results of the histopathology

and the number of atherosclerotic plaque components present, analyzed the MR

images. In the initial porcine ex vivo study (Chapter 3), complex plaques with 3 or

greater components were analysed. In the subsequent in vivo study (Chapter 4) the

presence of vessel wall haematoma was analysed.
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Chapter 3

IIIGII RESOLUTION EX VIVO MAGNETIC

RESONANCE IMAGING OF IN SITU CORONARY ANI)

AORTIC ATHEROSCLEROTIC PLAQUE IN A

PORCINE MODEL
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3. 1. INTRODUCTION

As reviewed previously, coronary artery disease is the single leading cause of

mortality in the Western world (Fuster et aL 1992; Fuster et aI. 1992; Ross 1993).

The acute clinical complications of coronary artery disease are associated with

atherosclerotic plaque disruption and thrombosis (Fuster et al. 1992; Fuster et al.

1992; Ross 1993; Burke et al. 1997; Fuster et al. 1997; Libby et al' 1997; Ross

lggg). Atherosclerotic plaque composition rather than stenotic severity predicts the

risk of plaque rupture and its thrombogenicity (Fuster et aI. 1992; Fuster et al. L992;

Ross 1993; Fernandez-Ofüz et al. 1994; Toschi et al' 1997; Ross 1999)' Thus

imaging techniques that can characterise the plaque and its components will

potentially allow risk stratification in asymptomatic, as well as symptomatic, patients

with coronary artery disease and potentially select the most appropriate therapies to

help attenuate this risk.

Magnetic resonance (MR) imaging has been shown in ex vivo models of

atherosclerosis to be effective in identifying both normal vessel wall components

(Toussaint et al. 1995) and atherosclerotic plaque composition (Toussaint et al. 1995;

Toussaint et aI. 1997). These studies have usually required high freld research MR

systems (Toussaint et al. 1995; Toussaint et aL. 1997). Recently, in vivo MR imaging

in animal models of atherosclerosis including mice (Fayad et al. 1998), rats (Chandra

et al. 1998), rabbits (Skinner et al. 1995) and pigs (Lin et al. 1997), has been

demonstrated. However, to date, only linear arteries have been successfully imaged.

The in-plane resolution in 1.5 T clinical systems using standard surface coils has

generally been greater than 300 X 300 microns, in both in and ex vivo studies

(Skinner et a!. 1995; Toussaint et al. 1996). Imaging the coronary artery wall with

magnetic resonance techniques in vivo provides added levels of difficulty due to
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cardiac and respiratory motion, as well as its curvi-linear course (Post et aI. 1994;

van der Wall et al. 1995). Given the predilection of coronary atherosclerotic lesions

for more tortuous sites in the vessel, associated with lower shear stress (Traub et al.

1998), it is important to confirm that MR imaging can accurately identiff and

characterise atherosclerotic lesions in the curved coronary arteries. Additional data,

confirming the unique response of the coronary arterial system to injury, in

comparison to other arterial beds (Badimon et al. 1998), highlight the importance of

being able to serially and noninvasively characterise atherosclerotic lesions within

the coronary system. The ability to accurately identify and quantiff the coronary wall

components ex vivo on the intact heart in an atherosclerotic model has yet to be

documented.

Despite the many animal models of atherosclerosis available, there is no perfect

model of human coronary atherosclerosis (Fuster et al. 1991). Cholesterol feeding

with balloon denudation of the proximal coronary arteries in pigs inducing such

lesions has been associated with high mortality (Lee et al.l975). Balloon angioplasty

in normal porcine vessels, in the absence of an atherogenic diet leads to intimal

hyperplasia and occasionally vessel haematoma, but no other components of

complex atherosclerotic plaque (i.e. lipid cores, fibrous caps, calcification) (Steele et

al. 1985; Fuster et al. 1991).We investigated the use of Yucatan mini-swine fed an

atherogenic diet combined with balloon injury of the coronary arteries and abdominal

aorta as a potential new experimental model for complex atherosclerotic lesions.

Our data show that MR imaging of coronary atherosclerotic lesions is not limited by

the architectural curvature of the arteries. We have been able to characterise the

composition of coronary and aortic atherosclerotic lesions. This suggests the possible
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future use of MR imaging for noninvasive serial studies of atherosclerotic plaque in

an in vivo setting.
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3.2. METHODS

3. 2. 1. Animal Specles

yucatan mini-swine (n:4, initial weight 28-33 kg) were selected as an animal model

for this study. They were fed an atherogenic diet (2% cholesterol) for 6 months. To

localise and accelerate the development of atherosclerotic lesions, balloon

denudation of the abdominal aorta was performed on two occasions, at time 0 and 3

months, and coronary angioplasty was petformed at 3 months after commencing diet.

3.2.2. Anaesfhesia and Balloon lnteruentions

The mini-swine were pre-medicated with ketamine (15mg/kg IM), deeply

anaesthetised with pentobarbital (25mg/kg IV) via an auricular vein, intubated and

ventilated mechanically. Anaesthesia was maintained with inhalation of isoflurane as

described previously.

Coronary angioplasty was performed in both the left anterior descending (LAD) and

circumflex (LCx) arteries by 3 inflations of a 4.0 X 20 mm angioplasty balloon

(Cordis Corp) as described. A 4 French Fogarty embolectomy catheter was

introduced into the abdominal aorta and advanced under fluoroscopic guidance to the

level of the renal arteries and the catheter withdrawn to the iliac bifurcation with the

balloon inflated to maintain moderate resistance as determined by the operator under

fluoroscopic guidance as described.
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3. 2. 3. Blood Sampling

In 2 of the 4 mini-swine studied (random selection) blood samples were drawn at the

time of surgery, 3 months post diet conìmencement, for full lipid profile and routine

biochemical analysis.
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3.2.4. Euthanasia and Specimen Fixation

Six months after coÍtmencement of the atherogenic diet, the mini-swine were

euthanased. This was achieved by pre-medication with ketamine and subsequent

deep anaesthesia with pentobarbital as described under "anaesthesia and

preparation." Heparin was administered (100 units/kg) and the aorta and heart

exposed via an extensive median incision. "sleepaway'' 10 mL IV (Fort Dodge

Animal Health, Fort Dodge, IA) was administered for euthanasia. The heart was

immediately excised and large bore catheters inserted into the ascending aorta to

perfuse the rest of the aorta antegradely and the aortic root to perfuse the coronary

arteries retrogtadely. After perfusion fixation, specimens were immersed in fresh

fixative and stored at 4oC.

3. 2. 5. Specimen PreParation

On the evening before imaging, the specimens were removed from the fixative bath

and washed overnight with water. The following rnorning, the samples were placed

in commercially available zipJock bags, allowing direct application of a

conventional T.6-cm surface coil to the specimen. MR imaging was performed in a

Sigua clinical 1.5 Tesla magnet (GE Medical Systems)'

3. 2. 6. lmaging Parameters

The entire excised heart was placed inside the scanner, and a conventional 7.6-cm

circular receive-only surface coil applied over the coronary artery to be imaged.

After initial gradient echo series to locate the coronary artery, high resolution, 2-

dimensional fast spin echo imaging was performed, with an echo train length of 8.
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T1 weighted (Tlw): repetition time (TR) / echo time (TE) : 600 / 13 msec; T2

weighted (T2w): TR / TE :2300 / 55 msec; proton density weighted (PDV/): TR / TE

:2300 / 19 msec; field of view (FOV) 4X4 cm; matrix 256X 256; slice thickness 2

mm; 4 signal averages. A saturation pulse was used to eliminate the epicardial fat

signal and thus enhance the definition of the outer boundary of the vessel. The in-

plane resolution obtained was 156 X 156 microns.

The aortic specimens were also imaged with the same conventional 7.6-cm surface

coil. Fast spin echo imaging (echo train length of 8) with Tlw: TR I TE : 600 I 14

msec; T2w: TR I TE:2300 I 80 msec; PDW: TR / TE :2300 / 16 msec; FOV 6 X 6

cm; matrix 256 X 256; slice thickness 3 mm; 4 signal averages. In-plane resolution

was 234 X234 microns.

3. 2.7. HistopathologY

Serial sections of the coronary arteries were cut at 2-mm intervals matching

corresponding MR images. Co-registration was carefully performed by utilising one

or more landmark structures external to the coronary arteries, including artenal

branches. The aortic specimens were decalcihed and cut at 3-mm intervals to also

match MR imaging. Coronary and aortic specimens were first embedded in paraffin

and thereafter sections 5-micron thick were cut and stained with a combined

Masson's trichrome elastin stain.

3.2,8. Image and Data anat¡sis

The MR images were transferred to a Macintosh computer for analysis. The

histopathological sections were digitised to the same computer from a camera (Sony,
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3CCD Video Camera) attached to a Zeiss Axioskop light microscope. The MR

images were then matched with corresponding histopathological sections for both the

coronary (n:54) and aortic (n:a3) specimens'

Cross-sectional areas of the lumen and outer boundary of the vessels were

determined for both MR images and histopathology by manual tracing with Image-

pro Plus (Media Cybernetics). From these measurements, mean and maximal wall

thicknesses were calculated for all sections. In addition, for the aortic specimens,

atherosclerotic plaque area was calculated by tracing the inner surface of the media

(readily identifiable on both MR and histopathology), and subtracting the luminal

area. Separate investigators, blinded to the results of others, performed each analysis.

The data were then analyzed by simple linear regression with 95o/o CIs (Statview,

Abacus Corp).

To facilitate the analysis by MR imaging of atherosclerotic plaque components, we

formulated criteria based on a visual assessment of the signal intensity of the

different areas of the atherosclerotic lesion for each of the imaging sequences used

(ie. TlW, T2W and PDW - see Table 3' l).
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Table 3. 1

ATH EROSCLEROTIC PLAQUE COMPONENT
CHARACTERISTICS WITH MR IMAGING

LI

lmaging
sequence

Dense fibro- Lipid-rich Haematoma
cellular

Calcification

High

High

High

intermediate lntermediate N¡IPDW

Ttw intermediate High Nit

T2W LowLow N¡I

This table extends the information gained from previous work in this field. One

investigator, blinded to the results of the histopathology and the number of

atherosclerotic plaque components present, aîalyzed all MR images of complex

plaques with 3 or greater components using this table in order to validate its

diagnostic accuracy.
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3. 3. RESULTS

The MR images of the coronary attery specimens that twere matched with

histopathology (n:54) included segments from all 3 coronary arteries' Both

atherosclerotic and non-atherosclerotic segments were included in the analysis. The

MR images from the aortic specimens that were histopathology matched (n:43)

included sections from the renal arteries to the iliac trifurcation. Some of these had

no significant plaque while others had extensive complex atherosclerotic disease'

On the cholesterol-enriched diet, there was an elevation of the total serum cholesterol

(serum total cholesterol 466.5t17.5 mgldl-)'

3,3. 1. Coronary Atherosclerosis

Of the 54 matched coronary segments, there were 22 sections from the left anterior

descending (LAD), l0 from the left circumflex (LCx) and22 from the right coronary

artery (RCA). In order to maximise the number of segments from the proximal LAD,

some segfpents from the origin of the LCx were sacrificed. The correlation between

the measurements of mean artery wall thickness by MR and histopathology (r=0.94,

slope:0.81) was highly signifrcant (p<0.0001) (Figure 3. 1). This correlation

(p<0.0001) was independent of vessel site including the LAD (interventricular course

: 10.94, slope:0.87) and the RCA / LCx collectively (atrio-ventricular course :

r:0.94, slope:O.77).



8l

Figure 3. 1
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distinguished. The dense adventitia appeared dark and the media appeared bright

(Figure 3. 3) as previously described (Toussaint et al' 1995)'

Figure 3.2

MR image (pDW) of the LAD showing an inferior crescentic atherosclerotic plaque with

arrow) iñ¿iòative-of fibrocellular composition. The accompanying histopathology section

the fibrous structures staining green on the Masson's trichrome and elastin stain)'

Figure 3. 3
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3.3. 2. Aorúic Atherosclerosr.s

There was a highly significant correlation (P<0.0001) between mean wall thickness

of the MR images and matched histopathological sections (10.94, slope:0.81) for

the aortic specimens (Figure 3. 1). Total atherosclerotic plaque areaper section was

measured and was also signif,rcantly correlated (P<0.0001) between MR imaging and

matched histopathology (r:0. 97, slope:O. 90).

The experimental model of atherosclerosis used induced complex atherosclerotic

lesions characterised by lipid rich, dense fibrocellular, calcified and haemorrhagic

regions. These regions were accurately identified with the imaging sequences

performed (Figures 3.4 and 3. 5). V/ith TIW imaging, the calcifications were well

defined by signal loss, due to the low mobile proton density within the calcified area,

but there was less contrast between the other regions within the atherosclerotic

plaque. The calcifications were also well visualised with T2W and PDW imaging.

The dense fibrocellular cap was well distinguished from the less dense body of the

plaque containing regions of extracellular lipid deposition on T2w imaging (as

previously reported(Toussaint et al. 1995; Toussaint et al. 1996) but also on PDW

imaging. Plaque haematoma was also well visualised with both T2W and PDW

imaging. However, there was less tissue contrast between the lipid rich areas and the

haematoma with the PDw and T2W images, than for either of these two

atherosclerotic plaque components and the dense fibrocellular regions'

Of the complex atherosclerotic lesions with 3 or more plaque components (n:13),

using the criteria in table 1 we were able to accurately identify dense fibrocellular

(13 of l3), lipid rich (13 of 13) and calcification (13 of 13). However, haematoma
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same abdominal aortic section and the corresponding
al intensities for each atherosclerotic plaque component

was accurately identifred in only 2 of 3 cases (66% sensitivity), and one specimen

was falsely characterised as having haematoma(92% specificiÐ.
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Figure 3.5

T2W GME H&E

A higher magnifïcation of the T2w image and the histopathology section from Figure 3. 4 with confirmation

of the accurate identifïcation of calcified (white a..or"s¡, dense librocellular (black arrowheads)' lipid rich

(black arrows) and haemorrhagic (white arrowheads) regions'
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3. 4. DISCUSSION

High resolution MR imaging is able to identiff, quantify and characterise

atherosclerotic plaques within the coronary arteries in the intact heart and the aorta in

this model of experimental atherosclerosis. The combination of cholesterol feeding

and balloon injury induces the formation of complex atherosclerotic lesions within

the coronary and aortic arte:/ral systems that may be able to be used for future in vivo

experimentation. Although ex vivo study of atherosclerotic plaque has been recently

reported (Toussaint et al. 1997 Raynaud et al. 1998; Toussaint et al. 1998), our work

adds new important information to the field of atherosclerosis and its imaging.

previous reports of MR imaging studies of the vessel wall and atherosclerotic plaque

(ex vivo and in vivo) were only focused on straight vascular segments (Carpenter et

al. l99I; Skinner et al. 1995; Toussaint et al.1995; Toussaint et al.1996; Lin et al.

1997; Toussaint etal. 1997; Chandra et al' 1998;Fayad et al' 1998; Raynaud et al'

199g; Toussaint et al. 1998). Although it is reported that with cardiac gating and

respiratory motion compensation techniques it should be possible to perform MR

imaging of the coronary arteries in vivo (van der Wall et aI. 1995; Steffans et al.

1996), no-one has addressed the ability of MR to accurately quantify the vessel wall

of the coronary arteries given their tortuous course in the heart. By imaging the

coronary arteries within the intact heart, we have been able to determine the accuracy

of MR imaging when carefully applied to ensure perpendicularity of the image slices

to the vessel wall. Even though the course of the proximal LAD is often straighter

than the other major epicardial coronary arteries, we have shown that the atrio-

ventricular vessels (RCA and LCx) had the same colrelation between MR imaging

and matched histopathology as the LAD for mean wall thickness measurements

(r:0.94 for both). Given recent data highlighting the unique response to injury of the
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coronary artenal system in comparison to other arterial beds (Badimon et al. 1998), it

has become more important to be able to characterise serially and noninvasively

atherosclerosis within the coronary arteries. Also reports outlining the role of shear

stress on atherosclerotic pathogenesis confirm that the sites of predilection for

atherosclerosis within the coronary arteries are coÍtmonly in the most curved aspects

of the arteries (Traub et al. 1998). Thus the ability to perform MR imaging within the

curved coronary arteries remains crucial to future studies of atherosclerosis

pertaining to this arterial system.

With a combination of MR imaging sequences, we were able to accurately identify

dense fibrocellular, lipid rich and calcified regions of the atherosclerotic plaque.

plaque haematoma was less accurately identified and other investigators (Toussaint

et al. 1997) have noted this. The signal from intra-plaque haematoma is dependent

upon its age and, given the problems of its identification, further techniques such as

diffusion imaging (Toussaint et al. 1997) may be required to readily differentiate

haematoma from other plaque components, in particular the lipid rich areas'

Many of the ex vivo and in vivo atherosclerotic imaging studies have used high fteld

research MR imaging systems (carpenter et al. l99l; Toussaint et al. 1995;

Toussaint et al. 1996; Toussaint et al.1997; Chandra et al. 1998; Fayad et al. 1998;

Raynaud et al. 1998; Toussaint et al. 1998). By performing our study in a clinical 1.5

T system using a conventional surface coil, we are closer to simulating the

parameters that will be used in the in vivo application of MR imaging.

By MR imaging, the measurements of mean vessel wall thickness were

approximat ely l0-20o/o larger than by histopathology. This was a consistent finding

and is to be expected. Firstly, even though the arteries were perfusion-fixed,
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specimen shrinkage occurs with paraffin embedding during the histopathological

preparation. Secondly, there may be some volume averaging given that the MR

images are significantly thicker than the S-micron histopathology sections. However,

given that there was not a significant difference in the level of over-estimation for the

coronary arteries or the aortas by MR imaging, a major component of volume

averaging in the coronary arteries contributing to this phenomenon is less likely'

The ex vivo nature of our study obviously limits its direct applicability to human

atherosclerotic imaging. The imaging was performed at room temperature (ZSOC).

However, despite the fact that temperature is an important variable in the lipid signal

on MR imaging (Booth et al. 1990; Yuan et aI. 1997), it has been shown that at

varying temperatures the contrast between the lipid signal and the vessel wall

remains significant (Altbach et al. 1991; Yuan et al. t997). Despite these limitations

we were able to discern the various atherosclerotic plaque components in our study.

There is no perfect animal model of complex atherosclerosis, as evidenced by the

many animal models currently in use for atherosclerosis research (Fuster et al. 1991;

Schwartz ¡gg4). The anatomy and response to injury of the pig coronary arteries is

most like that of the human coronary arteries (Fuster et al. 1991) and thus they have

been favored for atherosclerosis research (Steele et al. 1985; Badimon et al. 1998;

Gallo et al. 1998). Miniature (Post et al. 1994) or young swine (Gallo et al. 1998) are

often used because of the large size of the mature pig. The most commonly used

technique for inducing atherosclerosis in the coronary arteries of these pigs is by

balloon (Steele et al. 1985; Badimon et al. 1998; Gallo et al. 1998). However, this

induces an intimal hyperplastic response with occasional vessel wall haemorrhage

but no lipid rich regions or calcification characteristic of complex human

atherosclerosis (Steele et al. 1985; Fuster et al. 1991). Feeding an atherogenic diet
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can lead to excessive rapid weight gain, making the animal more difficult to handle.

By timiting the duration of cholesterol feeding, it may be possible to limit this

problem. There have been previous descriptions of balloon pullback injury in the

coronary arteries of pigs fed an atherogenic diet, but not using standard balloon

angioplasty catheters and techniques (Lee et al. 1975). Indeed there was a high

mortality (Lee et aI. 1975). We believe that this is the first report describing this

combination of balloon injury types involving the aorta and coronary arteries in

cholesterol fed mini-swine.

The histological verification of the accuracy of MR imaging of non-linear (coronary)

arteries for the identification, quantification and characterisation of the vessel wall

and atherosclerotic plaque is an important step toward the ultimate goal of in vivo

MR imaging of human coronary atherosclerosis. The ability of MR imaging of

atherosclerosis to stratify risk and to direct therapeutic approaches in patients with

coronary atherosclerosis requires further study. This model of complex

atherosclerosis in pigs, with all the components of complex human atherosclerotic

plaques, may be useful for future studies. Ongoing improvements in MR image

resolution and decreases in acquisition time, together with new MR imaging

techniques including navigator echo, contrast enhancing agents and diffusion

weighting should lead to further improvements in atherosclerotic plaque

characterisation. The difficulties in performing MR imaging of the coronary arteries

when compared with other arlenal areas (such as the carotid system) are well

recognised. Recent data confirming different responses to injury of these systems in

comparison with the coronary arteries (Badimon et al. 1998) and the predilection of

coronary atherosclerotic lesions for curved sites (Krams et al. 1997; Traub et al.

1993) reinforce the need to directly image the curved coronary artery wall. The

results of our study clearly defrne the feasibility of future in vivo coronary artery
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atherosclerosis identification and characterisation in this unique model of coronary

and aortic atherosclerosis and thus the possibility for serially monitoring

atherosclerotic plaque in studies of progression and/or regression.
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Chapter 4

CARDIAC GATED BREATH.HOLD BLOOD BLACK MRI OF

THE CORONARY ARTERY WALL:

AN IN VIVO AND EX VIVO COMPARISON
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4. l.INTRODUCTION

Magnetic resonance (MR) imaging has been shown to accurately characterise and

quanti$r atherosclerotic lesions in various arterial systems (Skinner et al. 1995l'

Toussaint et al. 1996; Fayad et al. 1998; Yuan et al. 1998; McConnell et al. 1999;

Worthley et al. 2000). Before MR imaging of coronary atherosclerosis can be

routinely performed, a number of obstacles need to be overcome. This includes

accounting for the combination of cardiac and respiratory motion artifacts, and the

problems with obtaining adequate signal-to-noise from the relatively small coronary

arteries that are situated deep within the thoracic cavity. Cardiac gating and limiting

image acquisition to a small diastolic window has helped to minimise artifacts

related to cardiac motion. Navigator echo and limited breath-holding have been the

two techniques used to date to account for respiratory motion (Manning et aI. 1993;

McConnell et al. 1997; Botnar et aI. 1999). Both allow MR imaging of cardiac

structures with adequate suppression of respiratory motion. However, in order to

image the coronary artery wall in vivo, higher resolution is required and it is unclear

whether currently used motion suppression techniques will be adequate for this

pu{pose

Double inversion recovery fast spin echo MR imaging is able to obtain high

resolution imaging of anatomical structures whilst allowing flexible image contrast

(Edelman et aI. l99l). Recent reports of its ability to suppress blood flow artifacts

for the imaging of cardiac structures in conjunction with breath-holding and cardiac

gatng (Campos ef aI. 1999), suggest this sequence may be ideal for coronary artery

wall imaging in vivo.
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The porcine model has been extensively used for the purposes of atherosclerosis

research (Fuster et al. 1991). The pig eoronary anatomy closely resembles that of

humans and the diameter of the coronary arteries is comparable (Fuster et al. 1991).

Thus, it is a useful model for testing MR imaging sequences, as the results could be

translated to humans.

We undertook a comparative study of in vivo and ex vivo black blood MR imaging

of coronary artery lesions in a porcine model, in order to evaluate the ability of

cardiac gatingand limited breath-holding to adequately limit motion artifacts.
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4.2. METHODS

4. 2. 1. Animal Model
Coronary lesions were induced in Yorkshire albino swine (n:6, weight 30-35 kg) in

all three major epicardial coronary arteries (LAD, LCx and RCA) by balloon

angioplasty. The coronary angioplasty was performed as has been previously

described (Gallo et al. 1998; Worthley et al. 2000). The proximal segments of the

three major epicardial coronary arteries were injured with a 4.5 X 20 mm angioplasty

balloon (Titan, Cordis Cotp), using inflations of up to 14 atmospheres' Each inflation

lasted 15 seconds, separated by a 60 second interval. Post-procedure management

was as previously reported (Gallo et al. 1998; V/orthley et al. 2000). The Mount

Sinai School of Medicine animal management program, under accreditation from the

American Association for the Accreditation of Laboratory Animal Care (AALAC),

approved all procedures'

4. 2. 2. ln vivo MR lmaging

Four weeks after the coronary interventions, the pigs were again pre-medicated with

ketamine (l5mg/kg IM) and anaesthesia induced with intravenous propofol

(Diprivan@ , Zeneca Pharmaceuticals, Wilmington, DE) (l0mg/kg). Intubation of the

pigs was performed and mechanical ventilation undertaken with a MR compatible

ventilator (pneuPAC, Broomall, PA.). Anaesthesia was maintained with a continuous

intravenous infusion of propofol (10-15mglkgftv.) and intermittent intravenous

boluses of doxacurium (Catalytica Pharmaceuticals, Grenville, NC') (15O¡rg/kg)' MR

imaging was performed with the animals supine in a 1.5 T clinical MR system

(Signa, GE Medical Systems). MR compatible ECG leads were positioned and a

cardiac phased-array surface coil applied to the anterior chest wall.



96

Gradient echo series were used to localise the heart. Thereafter, all subsequent

imaging was with the double inversion recovery fast spin echo sequence (2IRFSE).

Non-selective and selective preparatory inversion pulses, long echo train imaging

and short radio frequency pulses, maximising blood flow suppression and

minimising vessel motion artifacts, characterise this sequence. Flexible image

contrast could be obtained, allowing proton density and T2 weighted imaging

through direct manipulation of the echo time (TE), using a constant repetition time

(TR) of twice the R-R' interval (2RR'). The 2IRFSE allows the acquisition of single

images within a time period (less than 25 seconds) that makes breath hold imaging

possible. Image slices were obtained perpendicular to the long axis of the proximal

segments of the coronary arteries.

The inversion time (TI) was determined close to the null point of the blood signal

and is based on the longitudinal relaxation (Tl) value of the blood and the TR

interval. The following imaging parameters were used; T2W: TR / TE : 2RR' / 42

msec; PDV/: TR / TE : 2 X RR' / 17 msec; receiver bandwidth + 62.5 Hz; echo train

length (ETL) 32; echo spacing (ESP) 4.4 msec; fîeld of view (Fov) 10 x 10cm (or

12 X l2cm for fat suppressed images); matrix 256 X 256 slice thickness 5 mm; 2

signal averages. A saturation pulse was used to eliminate the epicardíal fú signal and

thus enhance the definition of the outer boundary of the vessel in some images. The

in-plane resolution obtained was therefore 390-47 0 X 390-4'7 0 microns'

4.2.3. Euthanasia and Specimen Fixation

The animals were recovered after MR imaging. The following day euthanasia and

subsequent coronary artery fixation were performed as previously reported (Gallo et
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al. 1998; Worthley et al. 2000). One animal was euthanased in the magnet, and

immediate post-mortem MR imaging performed in order to compare these images

with in vivo images for motion suppression.

4, 2. 4. Ex vivo MR lmaging

On the evening before imaging, the hearts were removed from the fixative bath and

washed overnight with water. The following morning, the samples were placed in

resealable plastic bags, allowing direct application of a conventional7 .6-cm diameter

surface coil to the specimen. Magnetic resonance images were obtained using the

same parameters as for in vivo imaging. The TR was fixed at 2000ms (equivalent to

an in vivo heart rate of 60 beats per minute) for both the PDW and T2W images'

4.2.5. lmage and Data AnalYsis

The MR images were transferred to a Macintosh computer for analysis. The in vivo

and coresponding ex vivo MR images were then matched (n:26)'

Cross-sectional areas of the lumen and outer boundary of the vessels were

determined for both the in vivo and ex vivo MR images by manual tracing with

Image-pro Plus (Media Cybernetics). From these measurements, vessel wall area and

maximal wall thickness was calculated for all sections. Separate investigators,

blinded to the results of others, performed each analysis.
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4. 2. 6. Sfafisfical AnalYsis

Comparison between in vivo and ex vivo measurements of vessel wall area and

maximal wall thickness with MR is made by simple linear regression analysis and

Bland-Altman analysis (Bland et al. 1986), presented as mean difference + SD. A p

value of <0.05 was used to indicate statistical significance.
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4.3. RESULTS

Using the double inversion recovery fast spin echo MR imaging sequence rn

conjunction with the motion suppression techniques described, high quality in vivo

MR imaging of the coronary artery wall from all three major epicardial coronary

arteries was able to obtained in all 6 pigs. The adequate suppression of respiratory

and cardiac motion artifacts could be appreciated by comparing in vivo and

immediate ex vivo imaging with the animal still inside the MR system (frgure 4. 1).

Figure 4. 1

Montage of MR images (PDW) from the same site taken in vivo and immediately after euthanasia. The heart

appears in a short axis view with good motion suppression in vivo as evidenced by the crisp contours of the

cardiac chambers in both the 16 X 16cm (A) and 12 X l2cm (B) field of views. The corresponding post-

mortem images (C for A, D for B) showing the good agreement between the images. Post-mortem there is no

flowing blood and thus the blood within the cardiac chambers appears bright. The left anterior descending

artery can be identified @tack arrow). Further evidence of motion

broncho-vascular structure in all images (white arrow).
suppression is in the visualisation of a
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Furthermore, the comparability of the in vivo and ex vivo MR imaging of the

coronary artery wall allowed a visual confirmation between the images obtained

(figures 4.2 and 4.3).

Figure 4. 2

Comparison between in vivo (A) and ex vivo (B) MR images taken from a non-injured (normal) segment of
walt (white arrow) can be appreciated.the teft anterior descending artery. The normal artery

Figure 4. 3

Comparison
left anterior
both images.

between in vivo (A) and ex vivo @) MR images from an abnormal segment of the

descending artery. The clearlY thickened vessel wall (white arrow) can be seen in
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The analysis of coronary artery vessel wall area allowed a more objective

of the agreement between the in vivo and ex vivo imaging protocols, and thus the

quality of the motion suppression achieved. There was a statistically significant

þ<0.0001) correlation between measurements of vessel wall afea (r:0.87,

slope:0.87) and maximal wall thickness (r:0.84, slope:0.88) obtained with in vivo

and ex vivo MR imaging (frgure 4. 4)'

Figure 4. 4
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Altman analysis, with mean differences between in vivo and ex vivo MR

measurements of 0.56+1.98 mm2 and 0.02+0.36 mm for vessel wall area and maximal

wall thickness respectively (figure 4. 5).
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4.4. DISCUSSION

The results of this study, confirm that using short breath holding and cardiac gating,

with a double inversion recovery fast spin echo MR imaging sequence, adequate

suppression of motion and flow artifacts can be achieved to allow visualisation of the

coronary artery wall. Clearly further studies aÍe required to validate these

observations with other imaging modalities (such as intravascular ultrasound) and

pathological findings in both animal models of coronary artery lesions and humans.

However, the feasibilrty and potential of this technique is demonstrated by the results

of this study.

Magnetic resonance imaging has been shown to characterise the components of

complex atherosclerotic lesions in animal models and humans in both the in vivo and

ex vivo setting (Skinner et al. 1995; Toussaint et aL. 1996;Fayad et al. 1998; Yuan et

al. 1998; McConnell et al. 1999; V/orthley et al. 2000). However, further studies will

be required to determine if MR can perform this in the coronary arteries of humans in

vivo. The MR imaging sequence we used provided adequate resolution for the

evaluation of in vivo vessel wall thickness when compared to ex vivo imaging, as

shown by the linear reglession analysis. However, further improvements in

resolution may be required to adequately characterise these lesions. Allowing for the

comparable anatomical characteristics of the porcine and human coronary artery

system (Fuster et al. 1991), this imaging technique could be translated to human

coronary arteries.
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We have shown the feasibility of MR for the noninvasive imaging of coronary artery

lesions. Thus, studies to compare other methods of motion suppression (such as

navigator echo) are warranted. Further improvements in MR imaging techniques may

be required before MR imaging can noninvasively characterise coronary artery

atherosclerosis in vivo.
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Chapter 5

NONINVASIVE IN VIVO MAGNETIC RESONANCE

IMAGING OF EXPERIMENTAL CORONARY ARTERY

LESIONS IN A PORCINE MODEL



106

TABLE OF CONTENTS

5. l.INTRODUCTION

5.2. METI{ODS 110

5.2. l.ANluerSprcmsANDINrERvENrIoNs.....'....... """"""""".'"" 110

5.2.2.INVIVoMRIMAGTNG """"""""""' 110

5.2.3.EUrHANASIA ¡tto Speclvren FxeuoN....' """"" ll2

5.2.4.ExvrvoMRIMAGTNG ""'"'"''"'""' I12

5.2. s.HISroPArHoLocY ........... """""""' lI2

5.2. 6.IMAGE AND DArA 4N4LYSIS..............'. """"".'"" 113

5.3. RESULTS 115

5. 4. DISCUSSION

to7

r2t



107

5. 1. INTRODUCTION

Despite advances in our understanding of the cellular and molecular mechanisms in

the pathogenesis of atherosclerosis, coronary artery disease remains the single largest

cause of mortality in 'Western society (Libby et al. 7997; Ross 1999)- The

composition of the atherosclerotic plaque , ralhu than the degree of vessel stenosis, is

known to modulate both risk of rupture and subsequent thrombogenicity (Fuster et al.

1997; Toschi et al. 1997; Gronholdt et al. 1998). Magnetic resonance (MR) imaging

has been shown to accurately charucferise and quantify atherosclerotic lesions in

various arterial systems (Skinner et al. 1995; Toussaint et aI. t996; Fayad et al. 1998;

yuan et al. 1998; Worthley et al. 2000). The critical limitation of MR imaging has

been the inability to translate these techniques to the coronary artery system in vivo,

due to the combination of cardiac and respiratory motion artifacts, non-linear course

and relatively small size of the coronary arteries. Using a double inversion recovery

fast spin echo MR imaging sequence in a clinical whole-body 1.5 Tesla MR system'

we are able to visualise coronary lesions in vivo in an experimental porcine model.

The ability to noninvasively characterise and quantify coronary artery atherosclerotic

lesions may allow stratification of risk for future acute coronary syndromes'

Moreover, it could permit tailoring of therapeutic approaches based on

atherosclerotic plaque characteristics and sequential assessment of their efficacy.

The process of atherogenesis is often unpredictable, as it is well documented that

mild coronary lesions may be associated with significant progression to severe

stenosis or total occlusion (Davies 1996 Burke et aI. 1997; Fuster et aI. 1997;

Gronholdt et al. 1998). Plaque disruption with subsequent thrombosis appears to be

the main cause of this non-linear and episodic progression' accounting for the

processes of both intermittent plaque growth and acute occlusive coronary
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syndromes (Fuster et al. 1997; Gronholdt et al. 1998). Post-mortem studies have

greatly improved our understanding of which coronary atherosclerotic lesions are

associated with these complications of plaque disruption (Davies et al. 1985; Burke

et al. 1997). In many patients who die from coronary artery disease, the culprit lesion

is a plaque occupying less than 50o/o of the vessel lumen associated with thrombosis

(Davies et al. 1985; Burke et al. 1997). A large necrotic lipid core and a thin frbrous

cap characterise these culprit or vulnerable plaques (Fuster et al. 1997; Gronholdt et

al. 1998). Disruption of the fibrous cap exposes the highly thrombogenic lipid core to

flowing blood, thus promoting thrombus formation (Toschi et al. 1997). Therefore,

the ability to identify patients with vulnerable plaques within the coronary arteries

could provide a useful tool for stratification of risk for cardiovascular events.

The imaging of vulnerable plaques needs to provide information about composition

as well as degtee of encroachment on the vessel lumen by the atherosclerotic plaque.

The ideal imaging modality would need to be safe, noninvasive, accurate and

reproducible, thus allowing longitudinal studies in the same patient (Celermajer

l99S). Many currently available imaging techniques for the assessment of coronary

artery disease are invasive (i.e. coronary angiography and intravascular ultrasound)'

Coronary angiography provides information about the residual lumen and no

information about plaque composition. Apart from invasive intravascular probes, B-

mode ultrasound is limited to superficial arteries. Furthermore, it has yet to be proven

that ultrasound can accurately and reproducibly distinguish between lipid-rich and

fibrous regions (Arnold et aL 1999). Ultrafast electron beam computerised

tomography, whilst potentially able to provide angiographic data (Achenbach et al.

1998), has mainly been used to supply information about the calcium composition of

atherosclerotic lesions (Fiorino 1998). Magnetic resonance imaging is unique in that

it is the only potentially noninvasive imaging modality currently available that is able
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to identiff all components of complex atherosclerotic lesions, including lipid-rich'

fibrous, calcified and haemorrhagic components (Toussaint et al. 1996; Worthley et

al. 2000).

The porcine model has been extensively used for the purposes of atherosclerosis

research. The pig coronary anatomy closely resernbles that of humans and the size of

the coronary arteries is similar (Gallo et al. 1998). Consequently, the MR imaging

sequences and resolution required to accurately image coronary artery lesions would

be comparable for pigs and humans. Using a double inversion recovery fast spin

echo MR imaging sequence in a clinical MR system, we are able to perform high

resolution in vivo MR imaging of coronary artery lesions.
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5.2. METHODS

5.2. 1, Animal Species and lnterventions

yorkshire albino swine (n:6, weight 30-35 kg) were selected for this study.

Coronary lesions were induced in all three major epicardial coronary arteries (LAD,

LCx and RCA) by balloon angioplasty. The Mount Sinai School of Medicine animal

management program, under accreditation from the American Association approved

all interventional procedures for the Accreditation of Laboratory Animal Care

(AALAC).

Anaesthetic and surgical preparation for the coronary angioplasty was performed as

previously described (Gallo et al. 1998). Coronary angioplasty was performed in the

proximal segments of the three major epicardial coronary arteries by 5 inflations of a

4.5 X 20 mm angioplasty balloon (Titan, Cordis Corp) Io 14 atmospheres' Each

inflation lasted 15 seconds, separated by a 60 second interval. Post-procedure

management was as previously reported (Gallo et al. 1998).

5. 2. 2. ln vivo MR lmaging

Four weeks after the coronary interventions, the pigs were again pre-medicated with

ketamine (l5mg/kg IM) and anaesthesia induced with intravenous propofol (Zeneca

pharmaceuticals, Wilmington, Delaware) (lOmg/kg). The pigs were then intubated

and mechanically ventilated with a MR compatible ventilator (pneuPAC, Broomall,

pA.). Anaesthesia was maintained with a continuous intravenous infusion of

propofol (10-15 mg/kgnu.) and intermittent intravenous boluses of doxacurium

(Catalytica Pharmaceuticals, Grenville, NC.) (150¡rg/kg). The animals were placed
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supine in the magnet, MR compatible ECG leads were positioned atd a cardiac

phased-array surface coil applied to the anterior chest wall.

Magnetic resonance imaging was performed in a Signa clinical 1.5 Tesla magnet (GE

Medical Systems). After initial gradient echo series to localise the heart all

subsequent imaging used the double inversion recovery fast spin echo sequence

(2IRFSE). Non-selective and selective preparatory inversion pulses (Edelman et al.

l99l), long echo train imaging and short radio frequency pulses, maximising blood

flow suppression and minimising vessel motion artifacts, characterise this sequence.

This allows for proton density andT2 weighted imaging through direct manipulation

of the echo time (TE), using a constant repetition time (TR) of twice the R-R interval

(2RR') whilst maintaining cardiac gating of the sequence to end-diastole. The

2IRFSE permits the acquisition of single images within a time period (less than 30

seconds) that makes breath hold imaging possible and thus feasible in humans. Image

slices were obtained perpendicular to the long axis of the coronary artery.

The inversion time (TI) was determined close to the null point of the blood signal

and is based on the longitudinal relaxation (Tl) value of the blood and the TR

interval. A TE of 42 msec was chosen for T2W images on the basis of prior work

estimating theT2 values for various atherosclerotic lesion components (Toussaint et

al. 1996). Even though this was not essential for our model, which does not have

lipid rich lesions, it showed that this technique could be transferred to humans. Thus,

the parameters determining the contrast-to-noise ratio (CNR) were pre-determined on

the basis of previously published work. MR imaging of 3 normal pigs was performed

prior to commencing the study in order to assist the selection of MR parameters.

However, a formal study for sequence optimisation was not performed. The

following imaging parameters were used; T2W: TR / TE : 2RR' I 42 msec; PDW: TR
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I TE :2 X RR' I 17 msec; receiver bandwidth + 62.5 Hz; echo train length (ETL) 32;

echo spacing (ESP) 4.4 msec; field of view (Fov) 10 X 10cm (ot 12 X l2cm for fat

suppressed images); matrix 256 X 256; slice thickness 5 mm; 2 signal averages. A

saturation pulse was used to eliminate the epicardial fat signal and thus enhance the

definition of the outer boundary of the vessel in some images. The in-plane

resolution obtained was therefore 390-470 X 390-470 microns.

5. 2. 3. Euthanasia and Specimen Fixation

The animals were recovered after MR imaging. The following day euthanasia and

subsequent coronary artery fixation were performed as previously reported (Gallo et

al.1998).

5. 2. 4. Ex vivo MR lmaging

On the evening before imaging, the specimens were removed from the f,rxative bath

and washed overnight with water. The following morning, the samples were placed

in resealable plastic bags, .allowing direct application of a conventional 7 -6-cm

diameter surface coil to the specimen. Magnetic resonance images were obtained

using the same parameters as for in vivo imaging. The TR was fixed at 2000ms

(equivalent to an in vivo heart rate of 60 beats per minute) for both the PDW and

T2W images.

5.2.5. HistopathologY

Serial sections of the coronary arteries were cut at 5-mm intervals matching

corresponding MR images. Co-registration was carefully performed by utilising one
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or more landmark structures external to the coronary arteries, including arterial

branches. Surrounding epicardial fat and myocardium were included in the section

for arterial support during fixation and to enhance co-registration through the use of

fiducial markers. Coronary specimens were first embedded in paraffin and thereafter

sections S-micron thick were cut and stained with a combined Masson's trichrome

elastin stain.

5.2.6. lmage and Data anatysis

The MR images were transferred to a Macintosh computer for analysis. The

histopathological sections were digitised to the same computer from a camera (Sony,

3CCD Video Camera) attached to a Zeiss Axioskop light microscope. The MR

images were then matched with corresponding histopathological sections for the

coronary (n:a3) specimens.

cross-sectional areas of the lumen and outer boundary of the vessels were

determined for both MR images and histopathology by manual tracing with Image-

pro plus (Media Cybernetics). For the in vivo MR images, the outer vessel boundary

was defined as the vessel wall-epicardial fat interface; for histopathology, the outer

boundary was defined as the dense adventitia-epicardial fat interface. From these

measurements, mean wall thickness and vessel wall area was calculated for all

sections. Separate investigators, blinded to the results of others, performed each

analysis. This data was then analyzedas described by Bland and Altman (Bland et al.

1986). To define intra-observer and inter-observer variability, a random subset of

coronary segment MR images (n:12) and corresponding histopathology sections

were re-an aly zed and the intraclass correlation coefficients determined.
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Al1 MR images obtained were analyzed for the presence or absence of vessel wall

haematoma. On the basis of prior work on atherosclerotic plaque characterisation, we

def,rned the presence of low signal (dark) regions within the otherwise high signal

(bright) vessel wall on T2W images as indicating vessel wall haematoma (Toussaint

et al. 1996; Worthley et al. 2000). Using the presence of vessel wall haematoma as

identified by histopathology as the gold standard, the sensitivity and specificity of

MR imaging to detect vessel wall haematoma in this study was determined'
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5. 3. RESULTS

High resolution in vivo MR images of all three coronary arteries were obtained, with

an in-plane resolution of 390-470 X 390-470 microns, including non-injured and

injured segments, with consistent suppression of potential motion artifacts. Cardiac

motion was minimised by gating the imaging acquisition to short periods during

diastole, when myocardial motion is least. The use of propofol to maintain

anaesthesia with mechanical ventilation provided stable anaesthesia of the pigs,

maintaining the heart rate between 60 and 90 beats per minute, and we believe this

assisted in obtaining good cardiac gating.

Ex vivo MR images of the same coronary segments were obtained from the intact

heart and there was good correlation with the corresponding in vivo MR images

(figure 5. 1), confirming the effectiveness of the motion suppression techniques used

for the in vivo imaging.

Figure 5. 1

Magnetic resonance imaging of a non-injured corona
pnW tat suppressed images from the same posit

ventricular contours and the presence of the origin
thin vessel wall of the non-injured LAD (white arro
fat in these images. The compârable appearance of the two MR images demonstrates the ability of the motion

suppression u. îh" in vivo image (a) ñãs the same appearance as the ex vivo image (b)' The corresponding

histàpathology section (c) confirms the vessel wall is thin. The pres€nce of the first septal perforator from the

histopathology section aids in the co-registration with the MR images.
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Image slices were obtained perpendicular to the long axis of the coronary artery to be

imaged providing cross-sectional images of the coronary arteries despite their non-

linear course (figures 5.2, 5. 3 and 5. 4).

Figure 5.2

I)etection of coronary artery lesions with magnetic resonance imaging. Unmagnified axial MR images

showing short axis views ttriough the heart from animals without (a) and with (b) balloon angioplasty'

Magniircations of a and b (c and d respectivety) showing the thin wall of the uninjured left anterior

desõending artery (white arroìü, panel õ¡ in comparison the eccentric thickening of the left anterior

descending wall after balloon angioptasty (white arrow' panel d)'
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Figure 5. 3

MRI and gross pathology from an injured LAD artery. The magnified MR images that are transverse to the

left anterior descending"ärtery after 
-balloon 

injury are taken without (a) and with (b) fat suppression. Thus

we can appreciate ttrat-supprõssion of the perivascular fat allows a clearer defÏnition of the outer vessel wall'

A good agieement between MR images and the corresponding gross pathological specimen (c) can be seen, as

inAicatea ny the eccentri. 
"o.onury 

plaque which is mainly fibrocellular (white arrows in a and b' black

arrow in c).

Figure 5. 4

Identification of haematoma/thrombus. a, Unmagnified MR image (T2w) transverse to the long-axis of the

LCx artery. b, Magnification of a showing a region of decreased signal intensity (black arrow) that appears to

correlate with an area of haematoma/thrombus on the corresponding histopathology (white arrow, c)'

However, it is perhaps difficult to discern the region of lower intensity in the wall of the left circumflex from

the artery lumàn unà th" arterial adventitia that also appears dark. Clearly improvements in resolution and

more than a single image weighting (i.e. T2W, TlW, and/or PDW) may be needed in order to accurately

characterise coronary artery lesions in vivo.
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Histological validation of the in vivo MR images from the coronary arteries was

performed by careful matching of the MR images with the corresponding

histopathology sections (n:43). This included sections from the LAD (n:18), LCx

(n:13) and RCA (n:12). There was a good agreement between MR imaging and

histopathological analysis for estimation of mean wall thickness and vessel wall area

using Bland-Altman analyses, and this is summarised in figure 5. 5' The mean

difference (MR imaging minus histopathology t SD) for mean wall thickness was

0.26 + 0.lBmm (figure 5. 5a) and for vessel wall area was 5.65 + 3.51mm2 (frgure 5.

5b). Thus, there was a tendency for measurements by MR imaging to be slightly

larger than by histopathology. However, the reasonable standard 
. 

deviations for

paired measurements of both mean wall thickness and vessel wall area confirms

agreement between MR imaging and histopathology.

Figure 5. 5a
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Figure 5. 5b
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Bland-Altman analyses comparing the a. mean wall thickness and b. vessel wall area by MR imaging and

histopathology.

T2W MR imaging was often able to identiff intralesion haematoma./thrombus. A

total of l1 of the 43 coronary segments analyzed had vessel wall

haematoma/thrombus on histopathology. Using the criteria previously defined for

MR detection of haematoma in the vessel wall, MR correctly identified 9 of the 11

coronary segments with vessel wall haematoma (specificity 82o/o) and correctly

identifred its absenc e in 27 of the 32 coronary segments without vessel wall

haematoma (specificity 84o/o), (figure 4). Fibrocellular components of the coronary

lesions were noted to appear as bright (high signal) structures in images where the

epicardial fat signal was suppressed, but less bright than the surrounding epicardial

fat in non-fat suppressed images (frgure 3). However, in this study we were not able

to test the ability of MR imaging to characterise atherosclerotic components in vivo.
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Intra- and inter-observer variability assessment by intraclass correlation for both MR

imaging and histopathology showed good reproducibility, with the intraclass

correlation co-efficient ranging from 0.96 to 0.99 (table 5. l)'

Table 5. L

lntraclass Correlation Goefficient for lntraobserver and Interobserver
Variability for MR lmaging and Histopathology.

Intraclass Gorrelation
Goefficient

Mean Wall
Thickness

Vessel Wall
Area

lntraobseryer
MR lmaging
HistopathologY

0.98
0.99

0.99
0.99

0.96
0.98

0.99
0.97

Interobserver
MR lmaging
HistoPathologY
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5.4. DISCUSSION

In vivo noninvasive MR is able to provide high resolution images of coronary artery

lesions in this porcine model. This study documents the feasibility of MR for

coronary lesion imaging in vivo, but further studies are required to confrrm the

ability of MR to quantify accurately and characterise atherosclerotic lesions. Given

that the size and anatomy of coronary arteries in the pig are comparable to the

human, it may be possible to extrapolate this technique to humans.

We, as well as others, have recently demonstrated in vivo MR imaging of non-

coronary atherosclerotic lesions in animals (Skinner et aL 1995; Fayad et al' 1998)

and humans (Toussaint et al. 1996; Yuan et al. 1998). However, it is acknowledged

that substantial improvements in the signal-to-noise ratio and reductions in the

significant motion artifacts would be required before coronary atherosclerosis

imaging could be performed. We have achieved this using cardiac gating, limited

breath holding and adouble inversion recovery fast spin echo imaging sequence, that

is nevertheless compatible with currently available clinical 1.5 Tesla MR systems.

The small but consistent overestimation of mean wall thickness and vessel wall area

by MR imaging in comparison to histopathology may relate to partial volume effects

by MR imaging as well as shrinkage of the histopathology specimens as a

consequence of their preparation. The Bland-Altman analyses show that in general

there is a good agreement between MR and histopathological measurements,

although further work is needed in order to improve the accuracy of MR imaging for

the quantification of coronary lesions.
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This experimental porcine model produces coronary artery lesions that contain

f,rbrocellular and haemorrhagic regions without lipid deposition. Thus we are unable

to test the ability of in vivo MR imaging to characterise coronary atherosclerotic

lesions. MR imaging was able to correctly identify intralesion haematoma/thrombus

in approximately 4 out of every 5 cases. This was confounded by the difficulty in

distinguishing the low signal (darÐ regions due to thrombus from the lumen and low

signal adventitial structures. Indeed the resolution used both in-plane (390-470

microns) and through-plane (5mm) limit the ability to discern lesion composition.

Thus, further improvements will be required in order to accurately characterise and

quantify atherosclerotic lesions in human coronary arteries. Although caution should

be used before extrapolating experimental studies to humans, given the previously

mentioned anatomical characteristics of this model, this imaging technique could be

translated to human coronary arteries.

The ability to perform noninvasive coronary artery imaging in humans could lead to

the monitoring of potential future management options for patients both at risk of and

with coronary artery disease. The noninvasive nature of this imaging could permit

the longitudinal analysis of a given coronary atherosclerotic lesion in patients, and

thus the potential exists for monitoring lesions over time before and during therapies

such as lipid lowering.

Lipid lowering therapies have been shown to reduce cardiovascular mortality by 30-

35% (Gould et al. 1998). Modification or stabilisation of vulnerable plaques in the

coronary arteries by strengthening the fibrous cap and decreasing the lipid core has

been proposed as the mechanism responsible for the observed beneficial clinical

effect of these lipid lowering therapies (Archbold et al. 1998). Thus in the future one
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might be able sequentially image and monitor such compositional atherosclerotic

plaque changes with MR imaging.

'We are reporting the feasibility of MR for the noninvasive imaging of coronary

artery lesions. Continued improvements in MR imaging techniques and further

studies are required however in order to confirm the ability of MR to noninvasively

quantisr and characterise coronary artery atherosclerosis in vivo.



724

Chapter 6

ATHEROSCLEROTIC AORTIC COMPONENT

QUANTIFICATION BY NONINVASIVE MAGNETIC

RESONANCE IMAGING:

AN IN VIVO STUDY IN RABBITS.
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6. 1. INTRODUCTION

Atherosclerotic disease is one of the leading causes of morbidity and mortality in

Western societies (Fuster et al. 1992; Fuster et al' 1992; Ross 1999)' The

composition of the atherosclerotic plaque, rather than the degree of stenosis, has

emerged as the most important determinant for the thrombus-mediated acute

coronary syndromes. Atherosclerotic plaques with a large lipid core suffounded by a

thin fibrous cap are considered vulnerable because they are more pfone to rupture

and their contents more thrombogenic (Falk et al. 1995; Davies 1996)' Therapeutic

approaches for the prevention of acute coronary syndromes appear to act by

stabilising the atheromatous plaque through modification of lesion composition

(Libby 1995; Vaughan et al. 1996).

The possibility of an imaging modality able to quantify plaque composition could

allow the stratification of patients at high risk for plaque rupture. Different imaging

modalities for the assessment of plaque composition include magnetic resonance

(MR) imaging, angioscopy, vascular ultrasonography and infrared imaging analysis.

These techniques can discriminate wall components in normal and atheromatous

arteries (Toussaint et al. 1995; Casscells et al. 1996; Toussaint et aI. 1996; Brezinski

et al. 1997; Kleber et al. 1998). Magnetic resonance techniques appear to be able to

noninvasively identify and discriminate the components of complex atherosclerotic

lesions both in ex vivo and in vivo settings (Skinner et al. 1995; Toussaint et al.

1995; Toussaint et al. 1996; Fayad et al. 1998) but have not been shown to allow

quantification of the plaque components. The characterisation of atherosclerotic

plaque composition, in particular the lipidic and f,rbrotic components, is important in

understanding and predicting which lesions arc at risk for disruption; therefore the

quantification of different components of atherosclerotic lesions is important.
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We report the feasibility of in vivo noninvasive high resolution MR imaging to

quantiSr lipidic and fibrotic components in the aorta. 
'We also demonstrate the utility

of T2W images in the differentiation of these components within the plaque. This

method provides the basis for the continued development and investigation of the use

of MR imaging to noninvasively assess changes in the composition of atherosclerotic

lesions.



t28

6.2. METHODS

6.2. 1. Animat Modet of Experimental Atherosclerosr's

The animal model selected for this study was the New Zealand white rabbit (n:5,

weight 3.0 to 3.5 kg). Atherosclerotic aortic lesions with fibrotic and lipidic

components were induced by a combination of atherogenic diet (0.2% cholesterol)

for 9 months and repeat balloon denudation, one week and thirteen weeks after

initiation of the atherogenic diet. Aortic denudation of the aorta from the aortic arch

to the iliac bifurcation was performed by withdrawal, with moderate resistance, of a

4 French Fogarty embolectomy catheter introduced through the iliac artery and

passed into the aortic arch. Catheter insertion and inflation were repeated for four

passes, after which the catheter was removed, the femoral artery tied, and the

incision closed. All procedures were performed under general anaesthesia by

intramuscular injection of ketamine (2Omglkg, Fort Dodge Animal Health, Fort

Dodge, IA) and xylazine (l0mg/kg, Bayer Corporation, Shawnee Mission, KS)' All

experiments were approved by the Mount Sinai School of Medicine animal

management program, under accreditation from the American Association for the

Accreditation of Laboratory Animal Care (AALAC)'

6. 2. 2. MR lmaging

Nine months after the initiation of the diet, rabbits were anaesthetised fully with

ketamine andxylazine as described above and placed supine in a 1.5 Tesla clinical

MRI system (Signa, General Electric), using a conventional phased-atray volume

coil. Gradient-echo coronal images were used to localise the thoracic and abdominal

aorta. Thereafter, sequential axial images (3-mm thickness) of the aorta from the arch
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to the iliac bifurcation were obtained using a fast spin-echo sequence (total imaging

time - 70 minutes) with an in plane resolution of 350 x 350 microns (PDW:TR/TE:

2301ll7 msec; T2V/: TR/TE:2300/60 msec, field of view [FOV]:9 x 9 cm' matrix

256 x 256, echo train length:8, signal averages:4). MR images were not cardiac-

gated as described by others (Skinner et al. 1995; McConnell et al. 1999) and us

(Worthley et al. 2000). Inferior and superior radio frequency saturation pulses were

used to null signal from flowing blood in the inferior vena cava and aorta. Fat

suppression was used to null the signal from the peri-adventitial fat.

6.2.3. Histopathology

Rabbits were euthanased within 48 hours of MR imaging by intravenous injection of

"sleepaway" 5 mL IV (Fort Dodge Animal Health, Fort Dodge, IA) after receiving

heparin (100 IU/kg) to prevent post-mortem blood clotting. The aortas were

immediately flushed with 250m1 of physiological buffer (0.lmoVl, PBS, pH 7'4)

followed by perfusion fixation with 250m1 cold (4oC) 4o/o parafotmaldehyde inO.lo/o

pBS. perfusions were performed at 100mmHg. The entire aorta from the aortic root

to the iliac arteries was excised. After perfusion fixation, all specimens were

immersed in fresh fixative and stored at 40C. Serial sections of the aorta were cut at

3-mm intervals matching corresponding MR images. The total number of sections

analyzed was 108, n:53 for the thoracic and supra renal aoftic sections, 20 to 25

sections per rabbit. Co-registration was performed carefully by utilising the position

of the aortic arch, renal arteries and iliac bifurcation. Aortic specimens were

embedded in paraffin and sections 5-micron thick were cut and stained with

combined Masson's trichrome elastin stain. A subset of abdominal aortic specimens

were kept at -800C for specific lipid staining with Oil Red O (n:7).
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6.2.4, lmage and Data AnalYsis

The MR images were transferred to a Macintosh computer for further analysis. The

histopathological sections were digitised to the same computer from a camera (Sony,

3CCD Video Camera) attached to a Zeiss Axioskop light microscope. The MR

images were matched with corresponding histopathological sections for the aortic

specimens (n:108).

Cross-sectional areas of the lumen and outer boundary of each aortic section were

determined for both MR images and histopathology by manual tracing with Image-

pro plus (Media Cybernetics) as previously reported (V/orthley et al. 2000). From

these measurements, mean wall thickness (MWT), vessel wall area (wvA) and

lumen area were calculated. In those MR images coresponding to the subset of

atherosclerotic plaques (n:7) prepared by frozen sectioning and staining with Oil

Red O, lipidic and fibrotic areas were measured by manual tracing as described

above. Mean wall thickness and vessel wall area were analyzed with CME staining'

lipidic and frbrotic areas were analyzed with Oil Red O staining. Two independent

investigators, each blinded to the results of the other, performed the analyses.

Aortic sections in which fibrotic and lipidic components could be separately

identified on the MR image (r23) were further analyzed in order to assess the

contrast ratios between fibrotic and lipidic components for PDW and T2W images'

For each MR image of the complex plaques, signal intensity was measured for PDW

and T2W images at two separate points within both the fibrotic (defined as high

signal regions) and lipidic (defined as low signal regions) areas as previously

reported (Skinner et al. 1995; McConnell et al. 1999). This distinction by MR was

confirmed by histopathology using combined Masson elastin staining.
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6.2. 5. Statistical AnalYsis

The correlations between measurements of mean wall thickness (MWT), vessel wall

area (WVA), lumen area, lipidic and fibrotic area by MR and histopathology were

anaþsed by simple linear regression with 95% confidence intervals (Statview, SAS

Institute Inc.). The ratios between the signal intensity for fibrotic and lipidic regions

were obtained for each image and displayed as the mean t standard deviation for

pDV/ and T2W images. Comparison between the ratios for PDW and T2W images

were made using a Student's paired t test. A p value < 0.05 was considered

statistically significant.

To define intra-observer and inter-observer variability for the quantification of lipidic

and frbrotic components, the MR images of aortic atherosclerotic plaques used for

comparison with Oil Red O staining (n:7) were re-analysed and the intraclass

correlation coefficients determined.
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6. 3. RESULTS

6. 3. 1. Atherosclerotic Characterisation by Histopathology

The combination of the atherogenic diet for 9 months and repeat balloon denudation

of the whole aorta induced a significant thickening of the arterial wall due to the

increase in lipid and fibrotic components in both thoracic and abdominal parts of the

aorta. However, unlike humans, no calcium or intra-plaque thrombus is associated

with this model. The staining clearly allowed the discrimination of lipidic and

fibrotic areas. The lipidic areas were mainly located in the deeper part of the wall

while the fibrotic areas showed a more luminal distribution (figure 6. 1).

Figure 6. 1

lmm
A - In vivo magnetic r€sonance (MR) image (PD\il) of a rabbit abdominal aorta. B - The same section

magnified (seeicale) showing a concentric atherosclerotic lesion and bright peri-adventitial lymphatics (white

arrãw). Inside the lesion, onõ can differentiate a dark area (black arrow) and a white area (yellow arrow). C -

The córresponding histopathology section stained with oil Red o showing the lipidic area (black arrow) and

the non tipiaic (fibious) ãrea (yellow arrow). D - Magnification (see scale) of C showing the lipid-laden foam

cells staining red.
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Histopathology sections were compared with MR imaging for mean wall thickness

and vessel wall area (n:108) and atherosclerotic component quantification (n:7),

and MR images with both fibrotic and lipidic components of the plaque identifiable

(n:23) underwent signal intensity analysis.

6. 3. 2. MR lmaging

The pDW and T2W axial images showed marked wall thickening in the aorta, from

the aortic arch to the iliac bifurcation. In these in vivo images, the collagen-rich areas

appeared brighter than the foam-cell rich areas, which appeared darker' There was a

good correlation between the images obtained in vivo and the histopathological

sections of the aorta (figure 6. l). Co-registration was obtained by utilising the

position of the aortic arch, renal arteries and iliac bifurcation (figure 6. 2).

Figure 6. 2

B

In vivo MR axial image (T2) of abdominal aorta at the level of the left renal artery (red arrow). B -

Ãorresponding histopathãtogical section illustrating the use of left renal artery (red arrow) as anatomical

landmark for matching MR imaging and histopathology'

5mm
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6. 3. 3. Quantification of Plaque Composition

The fast spin-echo images showed different signal intensity areas identiffing fibrous

and lipidic plaque components. A relatively dark area (low signal intensity both on

T2W and pDW images) andabright area adjacent to the lumen (high signal intensity

both on T2V/ and PDW images) were easily distinguished (figure 6. 3). There was a

significant correlation (p<0.05) between MRI (T2W images) and histopathology for

analysis of lipidic areas (r:0.81, y[MR]:1.25+L O2x[histo]). A significant correlation

0<0.05) between MRI (T2W images) and histopathology for analysis of fibrous

areas (r:0.86, y[MR]:O.53+1'35x[histo]) was also observed'

Figure 6.3

D

2mm

Differentiation of lipidic area (dark arrow) from fibrotic area (yellow area) of abdominal aortic lesions with

in vivo (A) T2W imãge and (Bi PDW image. The greater contrast between fibrotic and lipidic components of

the atherósclerotic ptuque rnìtú rzw imaging is evident. c - corresponding histopathological section stained

with a combined Massón's elastin stain. D - Magnification of C showing the lipid-laden foam cells and the

fibrotic cap.
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6.3.4. Signal IntensitY AnalYsis

signal intensity was measured, in PDw and T2W images, at two separate points

within both the fibrotic and lipidic areas. T2W images demonstrated a significantly

þ<0.001) higher contrast between fibrotic areas and lipidic areas than PDW images

as assessed by the ratios of their signal intensities (1.33+0.26 versus 1.36+0.16).

6. 3. 5. Atherosclerotic Wall Measurements

A significant correlation (p<0.001) was observed for mean wall thickness (MWT)

and vessel wall area (VWA), correlates of atherosclerotic burden, between MR

imaging and histopathology (r:0.87, y[MR]:0.17+0.83x[histo] and r:0.85,

y[MR]:0.22+1.5gx[histo] respectively) throughout the whole aorta (figure 6. 4). The

correlation was still observed considering only the thoracic and upper part of the

abdominal aorta susceptible to respiratory motion artifacts (r:0.83,

y[MR]:0.28+0.65x[histo] for MV/T and 10.77, y[MR]:2.03+1.37xlhistol for

WVA) (figures 6.4 and 6. 5).

Figure 6. 4
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Linear regression analyses showing excellent correlation of the mean wall thickness (MWT) as measured by

MR and histopatholod A - in the tlhoracic and upper part of the abdominal aorta (r=0.83, p<0.001)" and B in

the whole aorta (r=0.87' p<0.001).
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Figure 6. 5

A - In vivo MR image (T2W) of thoracic aorta (red arrow). Despite potential cardiac and respiratory motion,

the thoracic aorta, which is adherent to the paraspinal structures, is relatively preserved from such artifacts

and is well delineated. B - the same section magnilied showing the differentiation between lumen (white

arrow) and vessel wall (yellow arrow). c - In vivo MR image (T2W) of the upper part of the abdominal aorta

(red arrow), adjacent to tne Aiaptrragm, potentially susceptibte to respiratory motion, is well delineated' D -

the same section magnified strowing ttre differentiation between lumen (white arrow) and vessel wall (yellow

arrow).

Intra- and inter-observer variability assessment by intraclass coffelation for MR

imaging of fibrotic and lipidic components showed good reproducibility, with the

intraclass correlation co-efficients ranging from 0'91 to 0.98 (table 6' 1)'
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Table 6. L

INTRACLASS CORRELATION COEFFICIENT FOR INTRAOBSERVER
AND INTEROBSERVER VARIABLIW FOR MR IMAGING

lntraclass Correlation Goefficient

Fibrotic Area Lipídic Area

Intraobseruer
MR lmaging

Interobse¡ver
MR lmaqinq 0.94 0.91

0.98 0.97
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6.4. DISCUSSION

Our study has demonstrated for the first time that in vivo MR imaging can reliably

and noninvasively detect and quantify fibrous and lipid components of aortic

atherosclerosis in a rabbit model. We have shown the superiority of T2W over PDW

imaging in the discrimination of the different components within the plaques.

Despite respiratory and cardiac motions, the thoracic and abdominal aorta was well

characterised in this rabbit model.

Given the importance of plaque composition in plaque vulnerability and subsequent

thrombogenicity, the possibility of assessing plaque composition could have

significant prognostic value (Falk et aI. 1995; Davies 1996). The quantification of

different components within the plaque is important because the individual makeup

of the atherosclerotic plaque has been identified as a dominant prognostic factor.

This could allow both the stratification of patients at risk of plaque disruption and the

selection of the most appropriate therapeutic strategy based on lesion composition.

Studies of coronary disease have shown that its progtession is episodic and

unpredictable by angiography (Ambrose et al. 1988; Lichtlen et al. 1992). The sites

at which the thrombotic lesions occurred are usually of mild to moderate stenotic

severity (Haft et al. 1988). The combination of a large core and a thin cap is the

major determinant of plaque I'ulnerability (Falk et al. 1995). These two major

determinants of plaque vulnerability, core size and cap thickness, are not statistically

related (Mann et aI. 1996). A technique that could assess not only the measurements

of the wall thickness and vessel wall area but also measurements of different

components of the lesions in atherosclerotic arteries is crucial for assessing plaque

vulnerability. Therefore, we have focused on the ability of a clinical magnet and a

conventional coil to accurately quantify lipidic and fibrotic areas within the plaques.
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Currently, as histopathological methods provide the most accurate method of

determining atherosclerotic plaque composition, we have compared MR images to

histopathological sections. Angiographic techniques can only assess the severity of

luminal narrowing. Electron-beam computed tomography (EBCT) is noninvasive,

however it only permits the assessment of a calcium score in the arterial wall

(Celermajer 1998). Other imaging techniques that have recently improved the

observation of the artenalwall, such as intravascular ultrasound and angioscopy, are

invasive (Brezinski etaI. t997; Kleber et al. 1998). To date, none of these imaging

techniques have demonstrated their ability to measure and quantify the different

cornponents of atherosclerotic plaques. Quantitative assessments of atherosclerotic

plaque size in vivo using high resolution MR imaging in human carotid arteries have

been obtained (Yuan et al. 1998). These authors showed the possibility of in vivo

MR imaging for measuring atherosclerotic burden of atherosclerotic carotid arteries

but were not able to quantify the plaque composition. Good results for the

determination of wall thickness and plaque area were obtained with high resolution

intravascular MR imaging in hyperlipidaemic rabbits (Zimmerrnann-Paul et al.

lggg). Using this invasive MR imaging technique, the possibility to assess plaque

size and distinguish the components of plaque was shown in isolated thoracic human

aortas obtained at autopsy (Correia et al. 1997).

In our study, we were able to assess plaque size, discriminate the fibrotic and lipidic

components of plaques, and quantify these components. As in previous reports

(Skinner et a1. 1995; Yuan et al. 1996), the lipidic areas have a low signal on T2W

and pDW images and are very distinctive from the hbrous areas which have a high

signal on T2'W and PDW images. Proton density weighted imaging (PDW) with an

echo time of 17 ms has some T2 character. This could explain the low signal of the

lipidic areas with PDw imaging. Analyzing the components of the plaques, we
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showed a significant correlation between MR imaging and histopathology with oil

Red O staining for analysis of lipid (r:0.S1) and fibrous (r:0'36) areas' The fibrous

cap as identifred by MRI appears thicker than that by histopathology. However, there

is a good correlation between MR and histopathological quantification of the fibrous

areas as evidenced by the statistically significant correlation co-efficient (r:0.86'

p<0.05). The f,rbrous cap is thin (around 0.25 to 0'5 mm) and with an in-plane

resolution of 0.35mm, clearly there will be a tendency to over-estimation with this

MR technique; a concept related to "partial volume averaging". The lipidic areas are

larger, as indicated by histopathology, and thus less subject to over-estimation by

MR with the resolution described. Once again, although there is a tendency to over-

estimation with MR, it is less than for the fibrotic areas. Despite these potential

limitations, there was a good comelation between the two techniques for both

components of the atherosclerotic lesion in this model, and thus the potential for

serially documenting changes over-time exists. The quantification of atherosclerotic

components is important given therapeutic approaches like lipid lowering appear to

exert a beneficial effect by increasing the f,rbrotic and decreasing the lipidic

components of the plaque (Shiomi et al. 1995; Aikawa et al. 1998).

'We have shown that in this model the T2W images had greater contrast between the

lipidic and fibrotic areas within the plaque than the PDW images. Previous reports

have concluded that PDW images are the most useful for demonstrating

atherosclerotic plaque components in a rabbit model (Yuan et al' 1996)' Our data

show that T2W images have the highest contrast between these components of the

plaques. We used the same echo time (17 ms) for our PDW imaging as other studies,

for comparability (Yuan et al. 1996).
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The analysis of the mean wall thickness and the vessel wall areas both demonstrated

a significant correlation between MR imaging and histopathology. Due to motion

artifacts affecting the thoracic aorta, previous authors have only focused on

identification of atherosclerotic plaques in the abdominal aorta of New Zealand white

rabbits (Skinner et al. 1995; Manninen et al. 1998). One of the difficulties for in vivo

MR imaging is related to motion artifacts. Despite the cardiac and respiratory

motion, we found that the thoracic aorta, which is adherent to the paraspinal

structures, was relatively spared from these artifacts. Mean wall thickness and vessel

wall areas showed a significant correlation between MR imaging and histopathology

for the thoracic and supra renal aortic sections, a region of the aorta susceptible to

respiratory artifacts from the diaphragm.

In this study we observed a small, consistent over-estimation of plaque components

and vessel wall parameters by MR imaging as compared with histopathology. This

involves both partial volume effects of MR imaging (as discussed above) plus the

fact that histopathological specimen preparation leads to dessication and thus

shrinkage. However, the correlation between the parameters was significant and

consistent with previous studies (skinner et aI. 1995; McConnell et al. 1999).

Of interest is the fact that our study was conducted with a conventional coil and on a

whole-body 1.5 Tesla clinical scanner. This indicates that our methods could be

applied to the study of human atherosclerosis, and even coronary arteries, given the

comparable size of the rabbit abdominal aorta. However, cardiac and respiratory

motion, as well as spatial resolution, remain significant limitations for human

coronary imaging. The use of 2-D imaging techniques, such as that used in this

study, limits the "through-plane" or "z-aris" resolution. Thus, despite high "in-

plane" resolution, the potential for "volume averaging" exists, leading to potential
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effors in measurements. By assuring perpendicularity to the aorta of the MR image'

and limiting the slice thickness, this can be attenuated' However, future efforts to

improve resolution in all three axes using overlapping 2-D MR slices or especially

using a 3-D imaging seçluence warrant further study. Furthermore, the increased

body mass of humans limits the signal-to-noise ratio for coronary artery MR

imaging. In the future, the measurements of the different components of the plaque

could provide a new prognostic tool useful in the management of atherosclerosis'

This method may permit selection of the most appropriate treatment on the basis of

the qualitative and quantitative characteristics of atherosclerotic lesions.

In conclusion, our data inclicate that in vivo MR imaging has the potential to quantify

noninvasively lipidic and fibrotic areas in atherosclerotic plaques using current

clinical MR techniques. This method provides the basis for the continued

development and investigation of the use of MR imaging to noninvasively assess

changes in the composition of atherosclerotic lesions'
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Chapter 7

SERIAL NONINVASIVE MAGNETIC RESONANCE IMAGING

DOCUMENTS PROGRESSION AND REGRESSION OF

INDIVIDUAL PLAQUES
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7. 1. INTRODUCTION

Atherosclerotic diseases remain the leading causes of morbidity and mortality in

Western society (Theroux et al. 1998). The pathogenesis of the acute coronary

syndromes is commonly atherosclerotic plaque disruption and subsequent thrombosis

(Falk et al. 1995; Theroux et al. 1998). Atherosclerofic plaque composition, rather

than the degree of arterial stenosis, appears to be a critical determinant of both risk of

rupture and subsequent thrombogenicity (Fernandez-Ofüz et al. 1994; Toschi et al.

1997). In particular a Iarge lipid core and a thin fibrous cap render a lesion

susceptible or vulnerable to disruption and thrombosis (Falk et al. 1995; Davies

1996: Lee et al. 1997). Therapeutic interventions such as lipid lowering with statins

have been shown to reduce cardiovascular mortality by 30-35% (Gould et al. 1998).

Modification or stabilisation of the r,'ulnerable plaques in the coronary arteries, by

strengthening the fibrous cap and decreasing the lipid core, has been proposed as the

mechanism responsible for the observed benef,rcial clinical effect of these lipid

lowering therapies (Fuster et al. 1995; Archbold et al. 1998; Libby et al. 1998).

An imaging modality able to quantify atherosclerotic plaque composition could

potentially allow not only the identification of these vutnerable atherosclerotic

lesions, but also monitor effects of therapeutic interventions for stabilisation on the

plaque composition (Fuster et aL 1999).

Magnetic resonance (MR) imaging is able to quantify and characterise noninvasively

lesions in humans and animal models of atherosclerosis (Skinner et al. 1995;

Toussaint et al. 1996; Fayad et al. 1998; Yuan et al. 1998; McConnell et aI. 1999;

Shinnar et al. 1999; Worthley et al. 2000). MR has been used to observe the

difference in atherosclerotic plaque size between groups of animals under different
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conditions (McConnell et al. 1999). However, the ability of MR to monitor serially

changes in size and composition of a given atherosclerotic plaque over time has not

been reported. This advance could allow the serial monitoring a given plaque over

time, thus permitting studies of therapies for atherosclerotic plaque stabilisation.

We report the ability of serial noninvasive MR imaging to monitor changes in lipidic

and fibrotic components of the same atherosclerotic plaques as well as plaque size

and in a rabbit model, under conditions of dietary cholesterol lowering.
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7.2. METHODS

7. 2. 1. Animal Model of Experimental Atherosclerosr.s

Complex atherosclerotic aortic lesions were induced in New Zealand white rabbits

(3.0 to 3.5 kg, n:15) by a combination of atherogenic diet (0.2% cholesterol) and

sequential balloon denudation, one week and thirteen weeks after initiation of the

atherogenic diet. Aortic denudation of the aorta from the aortic arch to the iliac

bifurcation was performed by four withdrawals, with moderate resistance, of a 4Ft

Fogarty embolectomy catheter introduced through the iliac artery. All procedures

were performed under general anaesthesia by intramuscular injection of ketamine

(Fort Dodge Animal Health, Fort Dodge, IA) (2Omglkg) and xylazine (Bayer

Corporation, Shawnee Mission, KA) (l0mg/kg) and were approved by the Mount

Sinai School of Medicine animal management program, under accreditation from the

American Association for the Accreditation of Laboratory Animal Care (AALAC).

7. 2. 2, Atherosclerosis Progression and Regression

A sub-group of animals (n:5) were sacrificed after atherosclerosis induction for

validation of MR imaging with histopathology at this time-point. After 36 weeks of

the atherogenic diet (atherosclerosis induction), the remaining animals were

randomised to either continue the atherogenic diet (atherosclerosis progtession, n:5)

or resume normal chow (atherosclerosis regression, n:5) for a further 24 weeks.

Thereafter, these animals were also sacrificed for comparison between the MR

images and histopathology.
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7. 2. 3. MR lmaging

MR imaging was performed at three time-points; baseline (prior to commencing the

atherogenic diet), atherosclerosis induction and atherosclerosis progression or

regtession. Thus each animal acted as its own control, allowing serial imaging of

individual atherosclerotic plaques. The animals rwere fully anaesthetised with

ketamine and xylazine as described above and placed supine in a 1.5 Tesla MRI

system (Signa, General Electric), using a conventional phased-anay volume coil.

Fast gradient-echo coronal images were used to localise the abdominal aorta.

Sequential axial images (3-mm thickness) of the abdominal aorta from the renal

arteries to the iliac bifurcation were obtained using a f-ast spin-echo sequence with an

in plane resolution of 350 x 350 pm (PDW :TR/TE: 2300117 msec; T2W:

TR/TE:2300/60 msec, field of view (Fov):9 x 9 cm, matrix 256 x 256, echo train

length:8, signal averages:4). Inferior and superior radio frequency saturation pulses

were used to null signal from flowing blood in the inferior vena cava and aorta. Fat

suppression was used to null the signal from the peri-adventitial fat, in order to

minimise chemical shift artifacts.

7. 2.4. HistopathologY

Rabbits were euthanased within 24 hours of MR imaging by intravenous injection of

"Sleepaway" 5 mL IV (Fort Dodge Animal Health, Fort Dodge, IA) after receiving

heparin (100 U/kg) to prevent post-mortem blood clotting. The aortas were

immediately flushed with 250m1 of physiological buffer (0.lmoVl PBS, pH 7'4)

followed by perfusion fixation with 250m1 cold (4oC) 4o/o paraformaldehyde in 0'Io/o

pBS at 100mmHg. After perfusion fixation, all specimens were immersed in fresh

fixative and stored at 40C. Serial sections of the aorta were cut at intervals matching
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corresponding MR images. Co-registration was carefully performed utilising the

position of the renal arteries and iliac bifurcation. Aortic specimens were embedded

in paraffin and sections 5-micron thick were cut and stained with combined

Masson's trichrome elastin stain. A subset of abdominal aortic specimens was kept at

-800C for specific lipid staining with Oil Red O.

7.2.5. lmage and Data AnalYsis

Histopathological sections were digitised to a Macintosh computer from a Sony

3CCD video cameraattached to a Zeiss Axioskop light microscope. The MR images

were transferred to the same Macintosh computer and matched with the

corresponding histopathological sections (atherosclerosis induction - n:50,

atherosclerosis progression/regression - n:70). Cross-sectional areas of the lumen

and outer boundary of each aortic section were determined for both MR images and

histopathology by manual tracing with Image-Pro Plus (Media Cybernetics)' From

these measurements, mean wall thickness (MWT - a computer generated value),

vessel wall area (VWA) and lumen area were calculated. Areas containing lipidic

and fibrotic material were also measured, using T2V/ images as previously described.

ln briet lipidic regions are low signal and fibrotic regions are high signal, thus

potentially allowing differentiation. The ability of MR imaging to quantify these

regions with computer assisted morphometry was reported in the previous chapter.

The study design allowed for the serial comparison between MR images from the

same animals at the same aortic site (as confirmed by distance from the renal arteries

and the iliac bifurcation) over the three time-points. Thus serial data about changes in

the size and composition of the vessel wall with MR imaging could be analyzed.

Histopathological measurements of mean wall thickness and vessel wall area were
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analyzedwith sections stained by combined Masson elastin stain (CME); lipidic and

fibrotic areas rü¿ere analyzedwith Oil Red O staining. Two independent investigators

blinded to the results of others performed the anaþses.

7. 2, 6. Sfaû.sfical AnalYsis

The correlations between measurements of mean wall thickness (MWT), vessel wall

area (VWA), lipidic and fibrotic area by MR and histopathology were analyzedby

simple linear regression with 95o/o confidence intervals (Statview, SAS Institute Inc).

Comparisons of MR images of the same aortic sections from the same animals

between different time points were made using paired students t-tests. All values are

expressed as mean + SEM. A p value < 0.05 was used to indicate statistical

significance.
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7.3. RESULTS

7. 3. 1. Serum Lipid Profiles

The serum total cholesterol increased to 714+169 mg dL after 9 months of the

atherogenic diet. In the rabbits then randomised to dietary regression, the serum total

cholesterol returned to the normal raîge, decreasing to 28+6 mgldL, whereas in the

dietary progression group the serum total cholesterol remained significantly elevated

936+340 mgldL.

7. 3. 2. Serial MR lmaging of yessel Wall Parameters

There was a significant (p<0.0001) increase in the atherosclerotic burden after the 9

month induction period. The vessel wall area (VWA) and mean wall thickness

(MWT) increased from 4.6210.09 mm2 to 7.59+0.26 1111r-2 and 0'38+0.01 mm to

0.65+0.02 mm respectively, as determined by serial MR imaging.

Comparison of vessel wall parameters determined by serial MR imaging in animals

that rwere retumed to normal chow diet after atherosclerosis induction (i.e'

atherosclerosis regression group) confirms that there is a signifrcant (p<0.0001)

reduction in atherosclerotic burden in this group. Serial MR imaging at the three time

points in these animals confirms the progression and regtession of atherosclerosis in

the same animals (Baseline: VWA 4.81+0.12 mmt, MWT 0.38+0.01 Írm;

Atherosclerosis Induction: VIVA 7.71]È0.37 *m', MWT 0.62+0.03; Atherosclerosis

Regression: WVA 6.21+0.24, MWT 052+0.02 mm - figureT.l).
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Similarly in animals randomised to continued atherosclerosis progression with the

continuation of the atherogenic diet, there was a further significant increase

0<0.0001) in atherosclerotic burden as determined by measurements of vessel wall

parameters (Baseline: VWA 4.35+0.13 mmt, MWT 0.38+0.01 mm; Atherosclerosis

Induction: VWA 1.4I+0.35 mm2, MWT 0.70+0.02; Atherosclerosis Progression:

\A/VA 9.75+0A0,MV/T 0.96+0.03 mm - figure 7. 1).

Figure 7. I

Graphic presentation allowing appreciation of the changes in the vessel wall area' as assessed by serial MR

imaging in the Atherosclerotic Progression and Regression groups.
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7.3. 3. Seriat MR tmaging of Fibrotic and Lipidic Plaque Components

Magnetic resonance imaging of animals after atherosclerosis induction, confirmed

the presence of significant aortic atherosclerosis with both fibrotic (5.38+0.34nrrü)

and lipidic (0.93+0.19 mmt¡ components identifiable. Serial imaging after

atherosclerosis progression or regtession thus allowed the study of plaque component

changes over time.

There was no significant change in the fibrotic component of the atherosclerotic

lesions (5.28+0.49 mm' to 5.58+0.30 ,om'¡, although in"." *u, a trend to an

increase. However, there was a signifrcant (p:0.0007) decrease in the lipidic

component of these lesions (1.05+0.28 mm' to 0.13+0.16 mm'¡ (figures 7. 2 and 7 '

3).
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Figure 7. 2

ATHEROSCLEROTIC REGRESSION

Sequential axial MR images of the abdominal aorta taken at the level of the first spinal artery (A' B and C)

and the left renal artery (n, n and X') at baseline (A and D), 9 months (B and E) and 15 months (C and F).
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Figure 7.3

ATHEROSCLEROTIC REGRESSION

Magnification of the same MR images from figure 7. 2, depicting the sequential changes in the aortic wall
over time at the level of the first spinal artery (A., B and C) and the left renal artery (D, E and F) as identified
by the respective yellow arrows. At baseline (A and D) one can appreciate the very thin normal aortic wall.
After 9 months of atherogenic diet (B and E) there has been a significant thickening of the aortic wall due to
atherosclerosis. However after recommencing a normal diet, at l5 months (C and F) the atherosclerotic aortic
wall has regressed towards the normal thin wall.
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In those animals continued on the atherogenic diet (atherosclerosis progression), there

was a small but significant (r:0.038) decrease in the fibrotic component of the

lesions (5.53+0.42 mm' to 4.15+0.64 m*';. Furthermore, there was a significant

increase (p:0.002) in the lipidic component (0.76+0.23 mm' to t.92+0.32 mmt;

(figures 7.4 and7.5).

Figure 7. 4

ATIIEROSCLEROTIC PROGRESSION

Sequential axial MR images of the abdominal aorta taken at the level of the first spinal artery (A' B and C)

uod th" left renal artery @, E and F) at baseline (A and D), 9 months (B and E) and 15 months (C and F).
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Figure 7. 5

ffiqE

ATHEROSCLEROTIC PROGRESSION

Magnification of the same MR images from fïgure 7. 4, depicting the sequential changes in the aortic wall

over time at the level of the first spinal artery (4, B and C) and the left renal artery (D, E and F) as identified

by the respective yellow arro\rys. Àt basetine (A and D) one can appreciate the very thin normal aortic wall.

After 9 mõnths of atherogenic diet (B and E) there has been a significant thickening of the aortic wall due to

atherosclerosis. In comp^riron to the regression ofthe atherosclerotic process appreciated in figure 7.3rat15
months (C and F) the aìherosclerotic aortic wall has progressed with an even greater atherosclerotic burden,

and one can readily appreciate the higher signal (white) fibrous cap from the lower signal (dark) lipid core.
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7. 9.4. Correlation Between MR lmaging and Histopathology

There was a good agreement between MR imaging and histopathology for the

measgrement of both vessel wall area (10.81, p<0.0001) and mean wall thickness

(10.86, p<0.0001) as assessed by simple linear regression analysis.

Furthermore, a significant agreement between MR and histopathological

measurements of lipidic and fibrotic areas existed (figure 4), confirming previous

studies.
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7. 4. DISCUSSION

Serial MR imaging not only documents atherosclerotic plaque composition and

burden in this model, but allows the monitoring of changes over time and with

different conditions of atherosclerotic lesions in the same animal. Although we used

dietary modification as the means of observing atherosclerotic progression or

regression, the potential exists for monitoring changes in atherosclerotic size and

composition with a variety of therapies.

Magnetic resonance imaging has been used to document atherosclerotic composition

ex vivo and in vivo in both animal models and humans (Skinner et al. 1995:'

Toussaint et al. 1996; Fayad et al. 1998; Yuan et al. 1998; McConnell et al. 1999;

Shinnar et al. 1999; V/orthley et al. 2000). The use of T2W imaging has emerged for

the discrimination of fibrous and lipidic components of atherosclerotic lesions

(Toussaint et al. 1995; Toussaint et al. 1996; McConnell et al. 1999; Worthley et al'

2000), although additional imaging sequences are required to assist with the

differentiation of all the components of complex atherosclerotic lesions (Shinnar et

aI. 1999; Worthley et al. 2000). The experimental model used contains fibrotic and

lipidic components only, and thus rwe are unable to comment on the ability of this

MR imaging protocol to document serially changes in other atherosclerotic

components. However, experimental and pathological data confirms the critical role

the fibrotic and lipidic components play in atherosclerotic plaque r,ulnerability and

thrombogenicity (Davies 1996;Lee et al.1997; Fuster et al. 1999).

A recent study has shown the potential of MR imaging to document the different

atherosclerotic burden in different rabbits subject to different dietary regimens

(McConnell et al. lggg). However, serial data in the same animals at different time
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points was not obtained. Thus, the ability to serially image \ tith MR the same

atherosclerotic lesions in the same animals over time could not be studied'

Furthermore, the abilþ to document changes in the composition of aortic wall was

unable to be studied as only one animal has evidence of fibrotic and lipidic

components with MR imaging. Our study confirms and extends these findings,

showing that not only is it possible to show changes in atherosclerotic burden in the

same animals, but that changes in lesion composition can also be observed.

The signifrcant changes in lipidic and fibrotic components over time in the different

groups as documented by MR imaging do not necessarily apply to therapeutic

modifications undertaken in patients. However, our results highlight the potential of

MR imaging to provide serial data about atherosclerotic lesions in patients at

different time points and in response to therapeutic interventions. Future studies with

serial MR imaging of human atherosclerosis are warranted to clarify its potential role

in the future.

The mechanisms by which these changes in the aortic wall have occurred are not

elucidated in this study. However, as mentioned in the Chapter 1, the signifrcant

decrease in serum cholesterol associated with the return to a normal diet in the

regression group, leads to arl improvement in endothelial function, reverse

cholesterol transport and decreased cellular and humoral mediators of inflammation,

among other factors.

Magnetic resonance imaging is able to document changes in atherosclerotic plaque

size and composition in response to dietary modification in this experimental model

of atherosclerosis. The potential exists for serial studies of human atheroma with MR

in response to therapies such as lipid lowering'
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Chapter I

SERIAL IN VIVO MAGNETIC RESONANCE IMAGING

DOCUMENTS ARTERIAL REMODELLING IN

EXPERIMENTAL ATIIERO SCLERO SIS
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8. 1. INTRODUCTION

Atherosclerotic plaques may develop and even progress without compromising the

arterial lumen in the early phases due to outward growth of the vessel wall; a concept

known as "positive" or "outward" artertal remodelling (Glagov et al. 1987).

Remodelling of the artenal wall is an important mechanism in determining luminal

narrowing of native atherosclerotic lesions (Glagov et al. 1987; Shiran et al. 1999;

Taylor et al. 1999; Weissman et al. 1999) and restenosis after percutaneous coronary

interventions (Post et aL 1997; Dangas et al. 1999; Meine et al. 1999). However

because of the difficulty in longitudinally studying atherosclerotic lesions over time,

little is known about the mechanisms involved in the remodelling process (Taylor et

al. 1999). Moreover, recent data has suggested that arterial remodelling may be

"negative" or "inward" even in the early stages of plaque development (Taylor et al.

ßgg). To date, apart from post-mortem studies, intravascular ultrasound has been

used to provide information on the remodelling phenomenon (Lim et al. 1997; Post

et al. 1997;Dangas et al. 1999; Meine et al.1999; Shiran et aI. 1999; 'Weissman et al.

lggg). However, this is an invasive imaging methodology that limits its usefulness

for serial analysis of atherosclerotic lesions. Thus an imaging technique that could

noninvasively and serially monitor the vessel wall could greatly assist our

understanding of this process.

Magnetic resonance (MR) is a noninvasive imaging modality that has been used to

document atherosclerotic burden in both humans and animal models of

atherosclerosis (Skinner et al. 1995; Manninen et al. 1998; Yuan et al. 1998;

McConnell et al. 1999; Worthley et al. 2000). It has been validated in a rabbit model

of abdominal aortic atherosclerosis with cholesterol feeding and balloon injury
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(Skinner et a|. 1995; Manninen et al. 1998; McConnell et al. 1999), and permits

serial imaging of the same atherosclerotic lesions.

The WHHL rabbit has an intrinsic deficiency in LDL receptors, thus more closely

approximating humans with atherosclerosis than the cholesterol fed rabbit models

(Watanabe 1980).

In this study, we have investigated arterial remodelling with serial MR imaging in

WHHL rabbits that have undergone balloon itjuty to the abdominal aorta, in order to

accelerate and localise the atherosclerosis.
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8.2. METHODS

8. 2. 1. Animal Model

WHHL rabbits (n:11, age:3months, weight:3.0 kg) underwent aortic denudation of

the aorta from the renal arteries to the iliac bifurcation, one week after arrival to the

institution as previously described (Skinner et al. 1995; McConnell et al. 1999). Full

lipid profrles were analyzed from serum specimens obtained at the time of the MR

imaging studies. The Mount Sinai School of Medicine animal management progtam

approved all experiments.

8.2. 2. MR lmaging

All rabbits had serial MR imaging performed on 2 occasions; immediately prior to

aortic balloon denudation and 6 months later using a 1.5 Tesla MRI system (Signa

GEMS) and a conventional phased-array volume coil. The MR imaging protocol

used was based on previously validated work (Skinner et al. 1995; McConnell et al.

1999). Sequential axial images (3-mm thickness) of the aorta from the arch to the

iliac bifurcation were obtained using a fast spin-echo sequence with an in plane

resolution of 350 x 350p (PDW :TR/TE: 2300ll7msec; T2w TR/TE:2300/60msec,

field of view (FOV):9x9cm, matrix 256x256, echo train length:8, signal

averages:4). Fat suppression and flow saturation pulses were used as previously

described (Skinner et al. 1995; McConnell et al. 1999).
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8. 2. 3. MR lmaging AnalYsis

The MR images were transferred to a Macintosh computer for fuither analysis. The

MR images from the same animals at the two time points were matched using

distance from the renal arteries and the iliac bifurcation for registration' Thus, each

segment of the abdominal aorta could be compared at baseline and 6 months with

MR imaging, allowing true serial data to be obtained. The MR images from the

validation subgroup were matched with corresponding histopathological sections for

the aortic specimens as described above. Cross-sectional areas of the lumen and outer

boundary of each aortic section were determined using manual tracing with Image

pro-plus (Media Cybernetics) by an observer blinded to the identity of the rabbits.

From these measurements lumen area, outer vessel arca and vessel wall area (outer

vessel area minus lumen area) were calculated. The outer wall was defined as the

vessel wall-epicardial fat interface.

8.2.4. HistopathologY

Euthanasia was performed within 24 hours of MR imaging of the rabbits (n:a) by

intravenous injection of "sleepaway" 5mL IV (Fort Dodge Animal Health' Fort

Dodge, IA) after receiving heparin (100u/kg) to prevent post-mortem blood clotting.

The aortas were excised and perfusion fixed as described (Skinner et al. 1995;

McConnell et al. tggg). Serial sections of the aorta were cut at 3mm intervals

matching corresponding MR images. The aortic specimens were embedded in

paraffin and sections 5-micron thick were cut and stained with combined Masson's

trichrome elastin stain.
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8. 2. 5. HistopathologY AnalYsis

The histopathological sections were digitised to the same computer and the same

parameters analyzedwith the method as described above for MR image analysis- The

outer wa11 of the vessel was defined as the dense adventitial-epicardial fat interface

on histopathology.

8. 2. 6. Sfaúlsfical analYsis

paired student's t-tests were used to compare the MR image derived parameters from

the same sites in the abdominal aorta at the two time points. Comparisons between

MR and histopathology assessment of vessel parameters in the validation sub-group

were performed using simple linear regression analysis. All probabilities are two-

sided with statistical significance taken as p<0.05. All values are expressed as

mean+SEM.
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8. 3. RESULTS

8. 3. 1. Serum Lipid Profiles

The mean baseline serum cholesterol (age 3 months) was 990+9lmgldL. Six months

later (age 9 months) it was 449+57mg dL. This age related drop in serum cholesterol

is a well described characteristic of wHHL rabbits (watanabe 1980).

8.3.2. Validation SubgrouP Data

In order to confirm the ability of MR imaging to assess changes in the arterial wall

parameters, the correlation between the techniques was performed. There was a

significant (p<0.0001) correlation between MR imaging and histopathological

analysis for assessment of lumen area (r:0.80), outer vessel area (r:0.84) and vessel

wall area (r:0.83), consistent with prior studies (figure 8. 1) (Manninen et al. 1998;

McConnell et al. 1999).

8. 3.3. Serial MR lmaging Data

To monitor changes in the lumen and outer vessel wall areas over time (indicating

degree of stenosis and arterial remodelling respectively), we compared matched MR

images of the abdominal aortainthe same rabbits at the two time points (frgure 8. 2).

At baseline, the mean areas for the pre-determined parameters were lumen

area:4.36*0.16mm2, outer vessel ateæ--7.96-10.19mm2' and vessel wall

arcæ--3.61*0.07mm2. Six months after the balloon injury, the same parameters were

lumen areæ4.89*0.L2mm2, outer vessel area:lO '46+0]gm:rf, and vessel wall

areæ5.57r0.09mm2. Over this 6 month period there was a significant (p<0.0001)
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increase in the vessel wall area, a surrogate of atherosclerotic thickening. Rather than

a concomitant decrease in the lumen area there was a small, but significant

þ:0.006), increase in the lumen area. An outward or positive remodelling accounted

for this increase in atherosclerotic plaque burden, as evidenced by the significant

(p<0.0001) increase in the outer vessel area.

Figure 8. 1

lmm

MR images and corresponding histopathology of the atherosclerotic aortas at baseline (i.e. 3 months of age)

(A, B, Ctand 6 months after bãlloorinjury (i.e. 9 months of age) (D, E, F). The aortic images, although from

different animals sacrificed as part of the validation sub-group' were selected at approximately the same level

in the abdomen for comparabilìty, as evidenced by the same appearance of the left kidney (right of image)

both at baseline (A) anù6 months after balloon injury (D). Magnified MR images of the aortas in A and D

show clearly the very thin aortic wall at baseline (8, arrow) and the more thickened wall 6 months later (E,

arrow). Furthermore, it can be appreciated that there has been no luminal loss and that the increase in vessel

wall area has been outward. Corresponding histopathology sections from A, B and D' E (C and F

respectively) confirm the findings in the MR images. It can be appreciated that there is a greater

athàrosclerotic burden 6 months after the balloon injury, however the lumen is preserved. (Scale bars in D, E

and F also refer to A, B and C respectively).
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Figure 8.2

Serial MR images taken at baseline (A) and 6 months after balloon injury (B). Co-registration is confirmed

by the presencõ of t ) and the small bright signal from perivascular lymphatics

just superior to the y thicker at 6 months after balloon iniury (white arrows)'

although the aortic
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8. 4. DISCUSSION

Atherosclerosis has classically been assessed by the degree of luminal narrowing.

However, it is now known that signifrcant atherosclerosis can exist without any

compromise to the lumen (Glagov et al. 1987). This concept is clearly demonstrated

in this model of aortic atherosclerosis in WHHL rabbits. Noninvasive serial MR

imaging accurately documents the increase in atherosclerotic burden despite no

decrease in or even an increase in the artenal lumen, as indicated by the increase in

vessel wall atea over the 6 month period (positive arterial remodelling).

Angiographic analysis would have indicated not only no increase in but a decrease in

atherosclerotic burden over time, as noted by the small but significant increase in

lumen area over the 6 month period. On the other hand, MR imaging allows the

serial and noninvasive assessment of vessel wall parameters in this model, and thus

the potential for providing insights into mechanisms and the natural history of

artenaI remodelling.

Arterial remodelling has been described for over 10 years (Glagov et al. 1987).

However, the mechanisms involved remain uncertain because of the difficulty in

obtaining longitudinal studies over the lengthy time interval during which

remodelling likely occurs, and because of limited data from relevant animal models

(Taylor et al. 1999). Although we are not able to draw conclusions about the early

remodelling process in humans or even other animal models from our findings, the

feasibility of using MR imaging to document arterial remodelling in vivo permits

future studies at multiple time points. Indeed it is clear that early arterial remodelling

is not always positive (Taylor et al. 1999). This further reinforces the need for an

imaging modality that can serially and noninvasively provide information about the

arterial remodelling process in humans. Intravascular ultrasound has been the only
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imaging technique used to study the effects of remodelling and atherosclerosis (Lim

et al. 1997; Post et al. 1997; Dangas et al. 1999; Meine et al. 1999; Shiran et aL. 1999;

'Weissman et al. l9g9). However, it is an intrinsically invasive modality, thus

limiting its usefulness for longitudinal studies.

Magnetic resonance imaging has been shown to accurately quantify the vessel wall

arcainthe abdominal aortic of rabbits fed cholesterol (Skinner et al. 1995; Manninen

et al. 1998; McConnell et al. 1999). Furthermore, in rabbit models of atherosclerosis,

both intravascular ultrasound and surface MR imaging accurately estimate vessel

wall area and thus atherosclerotic burden when compared to histology (Manninen et

a1. 1998). The ability of MR to provide serial and noninvasive information about the

arterial wall in this model provides us with a useful imaging tool to assist the

investigation of arterial remodelling in future studies, both in primary atherosclerosis

and re steno sis after percutaneous intervention.
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Chapter 9

DISCUSSION AND SUMMARY
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The primary aims of this thesis were specifically directed at validating a new

noninvasive imaging modality, magnetic resonance imaging, for the purpose of

providing information about the severity and composition of atherosclerotic lesions.

This involved the use of a number of animal models and confirmation of the ability

of this technique to serially image and characterise atherosclerotic lesions at different

times and under different conditions'

As extensively reviewed in the introduction of this thesis, there is a need for an

imaging modality (or modalities) that will provide information about the composition

as well as the severity of atherosclerotic lesions, given the critical role that plaque

composition plays in the acute thrombotic complications of atherosclerotic diseases.

The aims of the thesis were to investigate the ability of high resolution MR imaging

to both characterise and quantify atherosclerotic lesions in both porcine and rabbit

models, and explore whether MR could be used to monitor serially changes in

arterial wall parameters.

In Chapter 3, we confirmed the ability of MR imaging, in an ex vivo setting to be

able to identify all of the components of complex atherosclerotic lesions in an

experimental model. This first step, provided the basis for the possibility that if the

techniques used in that Chapter could be translated to the in vivo setting, then the

potential for characterising atheroma in humans could be eventually possible.

The wor.k in Chapter 4 provided the first step towards translation of MR imaging

techniques to in vivo coronary lesions, thus confirming the ability of the motion

suppression techniques employed. The comparability of the in vivo and ex vivo MR

images from the same sites in the coronary arteries provided compelling evidence

that the imaging technique was robust for this purpose.
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Chapter 5 confirmed and extended the work in Chapter 4 by providing definitive

confirmation that MR imaging was accurate in its representation of the

atherosclerotic lesion, by providing comparative histopathological sections of the

regions imaged. Using the porcine model, where the coronary anatomy is comparable

to the human, the feasibility of now translating these techniques to patients with

coronary artery disease is Proven.

Chapters 3 to 5 of the thesis were designed to permit a stepwise progtession from

feasibility of the technique for plaque characterisation to validity of the technique for

this purpose in a live animal model of coronary disease that is comparable to

humans. This now sets the stage for future work in human coronary atherosclerotic

imaging, and opens a new realm of possibilities in the diagnosis and management of

coronary artery disease. We have now shown the potential for normal and

atherosclerotic human coronary wall imaging with high resolution black-blood

methods. This may allow the identification of atherosclerotic disease before it is

symptomatic. More importantly, perhaps, is the potential for risk stratification of

patients with non-critical coronary disease who are not candidates for surgical or

percutaneous coronary interventions, but by the composition of their coronary artery

atherosclerotic disease, mãy be at high risk for a future acute coronary event. Further

studies are necessary to assess lesions in asymptomatic patients and to monitor their

outcomes.

Chapter 6 utilised MR imaging techniques in a cholesterol fed rabbit model of

atherosclerosis to define both the composition of the lesion, as well as the extent of

atherosclerotic burden. These findings have important implications for future studies'
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The ability to noninvasively document the composition of atherosclerotic lesions in

an experimental model allows us conceptually to monitor and document changes in

lesion composition in response to various therapeutic interventions. For example,

despite the pleiotropic postulates about the mechanisms involved for the risk

reduction in mortality and recurrent coronary events in patients with coronary artery

disease treated with lipid lowering therapy, in particular statins, the effect that these

therapies have on the composition of atherosclerotic plaques is not definite. Despite

pathological data suggesting a reduction in lipid and increase in fibrotic components

of atherosclerotic lesions in response to dietary modification in animal models, the

serial evaluation of the same lesions over time in response to a therapy will provide

us with important data relevant to the concept of atherosclerotic plaque stabilisation.

Having discussed the theoretic ability of noninvasive MRI to serially image

atherosclerosis, it remained to be shown that serial imaging at different time-points

of the same atherosclerotic lesions could be performed. This crucial concept is

central in the defining of compositional changes in atherosclerotic lesions. Having

confirmed the ability of MRI to document the lipidic and fibrotic components of

abdominal aortic atherosclerosis in the cholesterol fed rabbit model described in the

previous chapter, the next step to serially image these lesions under circumstances of

atherosclerotic progression and regression. In Chapter 7 we serially image the same

atherosclerotic lesions in this model and define compositional changes as detected by

MRI and later confirmed by histopathology, This is crucial in confirming the ability

of MRI to identify the same atherosclerotic lesions in the same individuals at

different time-points and to document compositional changes in these lesions.

Chapter 8 validates the ability of serial noninvasive MR imaging to document

changes in aortic wall parameters, and thus monitor the artenal remodelling process,
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in the Watanabe Heritable Hyperlipidaemic (V/HHL) rabbit. We now know that

significant atherosclerosis can exist without any compromise to the lumen.

Furthermore, positive arterial remodelling appears to be associated with vulnerable

atherosclerosis, thus enhancing the significance of its detection. This concept of

arteialremodelling has been described for over 10 years. However' the mechanisms

involved remain uncertain because of the diffrculty in obtaining longitudinal studies

over the lengtþ time interval during which remodelling likely occurs, and because

of limited data from relevant animal models. The feasibility of using MR imaging to

document arterial remodelling in vivo permits future studies at multiple time points.

Indeed it is clear that early artenal remodelling is not always positive. This fuither

reinforces the need for an imaging modality that can serially and noninvasively

provide information about the arterial remodelling process in hurnans. Intravascular

ultrasound has been the only imaging technique used to study the effects of

remodelling and atherosclerosis. However, it is an intrinsically invasive modality,

thus limiting its usefulness for longitudinal studies. The ability of MR to provide

serial and noninvasive information about the arterial wall in this model provides us

with a useful imaging tool to assist the investigation of arterial remodelling in future

studies, both in primary atherosclerosis and restenosis after percutaneous

intervention.
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Atherosclerotic imaging with MR has the potential to enhance our understanding of

the pathobiology of this disease process and assist our understanding of the effect of

therapies on atherosclerotic lesions. However, before this technology can become

part of routine clinical practice, some issues will need to be addressed. This includes

the cost and accessibility of the technology. Clearly, image quality (both in terms of

temporal and spatial resolution) is just reaching the level required for routine clinical

use of human atherosclerosis imaging. Further advances in MR imaging techniques

such as imaging software, radiofrequency coil design and image sequence

development will lead to improvements in image quality in the future, and allow us

to move closer to this conceptual advance.
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