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Heart Disease is the single biggest cause of mortality in the developed world. Seventy percent of us will die as a result of an incorrect diet and a sedentary lifestyle. It is therefore with some justification that millions of pounds are being spent each year in the search for an imaging modality capable of assessing the viability of the coronary artery tree. The scope of this review is limited to a study of the modalities that can image the disease within the larger coronary arteries. Although atheriolosclerosis is by definition a coronary artery disease the study is not intended to cover stenosis of the arterioles. It will not cover X-ray angiography as this is used to assess the lumen without characterising the cause of stenosis. A dysfunctional myocardium can be caused by problems in the coronary arteries that feed it. Functional imaging modalities such as SPECT and PET have not been included. The extent of myocardial perfusion can be a strong indicator of coronary artery stenosis but without directly identifying the cause. Having said that research is currently being undertaken to stain atherosclerotic plaque by IV injection with a positron emitter, 18-fluorodeoxyglucose, it is hoped that the degree of uptake by the plaque will characterise it. This research is however in the very early stages as yet.u1)

The opening section is a brief review of the structure of blood vessel that feed the heart and the pathogenesis of atherosclerosis. This has been included give an insight into the problems involved in imaging the degree of atherosclerosis. What the modality will have to interact with in order to form an image of the plaque at each stage of its development.

As the disease progresses the structure and size of the lesions will change. The review has been set out in such a way that where possible those modalities capable of imaging the earlier stages of the atherosclerosis will be reviewed first. Characterisation of the plaque is very important as rupture or erosion of the soft ‘vulnerable' plaque causes 70% of myocardial infarctions.u2)

Visualization of the calcified plaque by X-ray examination is still used extensively to assess the coronary tree. Calcium scoring by CT will be used for the foreseeable future. But studies have shown that actually characterizing the plaque is of far more value to the cardiologist.

Atherosclerosis

The Coronary Arteries

In order to judge where a modality should be looking to find evidence of coronary artery disease it is necessary to study post-mortem subjects with a known history of CAD. By doing this regions of the coronary artery tree prone to developing the disease can be identified. It is then possible to track the course of the disease and decide the severity of the problem when seen in patients. Studies have shown that lesions will develop first in the left anterior descending branch and then later on in the right coronary arteries. The advanced lesions tend to develop first in the ‘intima of the left descending coronary artery that is opposite the flow divider of the main bifurcation'.u3) Clearly any of the invasive imaging techniques would need to have catheters small enough to reach these locations without causing significant ischemia to the myocardium.

The arteries themselves are concentric layers of tissue around the blood filled lumen. The innermost layer is the intima, which thickens with advancing years from a single cell layer at birth to about 250um at the age of 40. The next layer is the media, because the coronary arteries are classified as muscular they have a greater proportion of smooth muscle cells than those classed as ‘elastic arteries' such as the aorta. The media of muscular arteries contain little collagen or elastin and should have a thickness of around 200um. The outermost layer is the adventitia, this is loose collagen and elastin and is roughly 300-500um thick.

Atherosclerotic Lesions

There are a number of processes in the body that constantly use the blood supply. The heart muscle is one of these and as such the arteries feeding the myocardium are liable to become ‘furred-up'. The progression-prone regions of the four large arteries can become atherosclerotic by the process in which a number of lipid compounds become deposited on the endothelium.

The American Heart Association classification of lesions denotes the type by numerals I to VIc. Studies have shown that the progression of atherosclerosis is probably from the type I through to type VI although this is unproven as yet.u3) The early stages, types I and II, are generally only found in children and are believed to be the precursors of the type III intermediate lesions.

Type I lesions are microscopic groups of macrophage foam cells which are undetectable to the unaided eye even on mass. Type II lesions consist many of cholesterol esters and cholesterol itself. They can be visible to the unaided eye as ‘fatty steaks'. Even at this early stage the arteries may respond by adaptive thickening. Type III lesions represent the morphological bridge between the benign lesions and atheroma. They are characterised by a build-up of lipid pools that drive the smooth muscle cells apart, below the macrophage layer. Imaging types I,II or III would be useful from an holistic point of view but may not be particularly beneficial to the patient, as they represent no direct threat.

Type IV lesions and beyond are atheroma and designated as advanced lesions u4). As such they represent a direct threat to the patient and imaging of these would be clinically desirable. The lesions themselves have irregular geometries and widths of a few millimeters. u5) Type IV lesions have a lipid core and cause significant damage to the intima. The thickening of the artery wall would be visible to the unaided eye, but may not be apparent by angiography because of vascular remodeling. At this stage the lipid core is only covered by the intima and endothelium.

Type V are complicated lesions with sub-divisions that specifically express the nature of the lesion. Type V lesions are distinguished by a fibrous tissue layer that develops over the lipid core. Multiple layers of fibrous tissue over lipid cores may be formed. These lipid cores may actually ‘dry-up' in the case of the Vc lesion. Only type Vb has significant calcification, and is generally larger then uncalcified lesionsu6), which means the calcium scoring specifically identifies only this type of lesion. Type Va has an uncalcified fibrous cap over the lipid core. From an imaging point of view it is most important that type V lesions can be identified and characterised. Those lesions that have a thin fibrous crust with a high lipid core are the most vulnerable to rupture and as such pose the greatest threat to the patient.

Type IV and V lesions are clinically significant because the cellular disruption they cause may produce a thrombosis, hemorrhage or hematoma to develop. Lesions that have developed one or more of these additional complications are designated as type VI.

The modalities

Cardioscopy

Overview

This modality is heavily invasive but relatively cheap. It requires the insertion of a fine fibre-optic line into the patient usually via the groin. The line is guided to the coronary arteries were the endothelium is examined under visible light. As with echomicroscopy the modality has the ability to examine the artery surface in minute detail. The resolution can therefore be considerably better than that of the non-invasive techniques. There are a number of contributory factors that will affect the angioscopes capability to form a clinically useful image. The reflectivity of the surface under examination and the light incident at that surface. The attenuation of the light by the blood between the surface under examination and the objective lens at the head of the angioscope. Then to a lesser extent the losses within the fibre-optic cable itself. These will have the most significant bearing upon the ability of the modality to capture meaningful information. Having passed along the fibre-optic cable the images are used by the surgeon to guide the catheter. They are also usually captured by a high-resolution camera and displayed on a screen. They may also be recorded and stored for reference to assess the progress of the disease. In this way angioscopy has considerable advantages over other imaging methods. Image manipulation is minimal, contrast and colour adjustment can be done in real-time within the camera circuitry. Data storage would take the same form as that of any other modality. The modern camera would digitize the images and output them in a digital format.

Clinical Effectiveness

The plaque burden can be assessed and characterised by its colour. The harder calcified plaques appear white. The soft lipid rich lesions appear yellow in colour with rough edges.u7) Research has shown that these yellow plaques are significantly more likely to create adverse outcomes after balloon angioplasty.u8) In addition complex lesions can be highlighted. The type VI lesions that have ruptured are apparent as well as blood clots or other vascular obstructions. The modality has the capability to examine the surface contours of the arteries. The ability of this modality to directly identify complications within the arteries has given the cardiologist a great insight into the morphology of lesions. Research has shown the value of angioscopy in identifying the cause of unstable coronary syndromes.u9) Unstable angina appears to be closely associated with thrombotic lesions. Angioscopy is capable of identifying both white thrombus and particularly the red thrombus that are linked to type VI lesions.

The following pictures illustrate the clinical value of this modality.

The total area of plaque can be assessed and quantified in this way. The volume of the plaque cannot accurately be judged, as the modality cannot give information about the thickness of the lesions. Neither can it provide information about the sub-surface pathology. Vascular remodeling uThe Glagov effect) may obscure any narrowing effects the plaque may have had. In addition the angioscope is unable to pass beyond tight stenosis or a total occlusion in the artery. The process is very time consuming and it does need to be guided to the target under fluoroscopy. Additionally as is the case with any invasive technique there is the constant danger of dislodging the plaque from the artery walls. This can result in a myocardial infarction or a stroke.

Echocardiology

Overview

This modality has long been established as the gold standard in characterizing atherosclerotic plaques. It has an advantage over cardioscopy in that it can measure the thickness of lesions and examine their structure. This means that it can both characterise and measure the volume of the plaque burden. Quantitative coronary ultrasound uQCU) is seen as a very important application for planning patient treatment. Ultrasound also has the capability to measure blood flow and areas of strain within the vasculature, although these aspects will not be examined in this review.

The principle of operation of IVUS is the same as that for any other ultrasound examination technique. A pulse of ultrasound is generated and the echo reflected back from the media boundaries it encounters is analysed to form an image. Some of the differences with IVUS are the size of the transducer head, the frequencies used and the head geometry.

In order to be able to examine the smaller coronary arteries the transducer head needs to be as small as possible but still have sufficient coupling to be able to launch and receive clinically useful pulses. Commercially available IVUS catheter heads are now less than 3 French u1mm) in diameter. These are guided to the coronary arteries under fluoroscopy. As is the case with cardioscopy the patient needs to be administered drugs to prevent vascular spasm. There is also a need to monitor the patient on ECG as the catheter may be distressing the myocardium through ischemia. The transducer head can be either a 4-element array or a single element. If it is a single element then it will only create a unidirectional pulse so that there is the need to rotate the head to scan the entire circumference of the vessel. The head could be rotated to cover the arc over which information is required. Its angular position would be fed back to the image processing equipment. Even under fluoroscopy it is difficult to accurately judge the position of the transducer head at any moment in time. Consequently when an assessment is being carried out the most reproducible results are gained using a reference point such as an artery branch and then by using an automatic pullback system. In which the catheter head is pushed beyond the lesion under investigation and drawn back at a rate of 0.5-1mm/s. This would be done by a precision encoded reeling system that measures the position of the head as it is drawn back along the artery. It is usual to sample at a rate of around 30 frames/s.u10) In this way a very accurate and repeatable measurement of lesion size can be obtained.

The catheter wires are highly flexible and there is no problem with bent radiuses as there would be with the angioscope.

The transducer produces a very much higher frequency than used in the conventional obstetrics applications that are generally in the range of 3-7 MHz. For IVUS applications the transducer frequencies are generally 30-40 MHz. As with any application, because the attenuation coefficient of tissue is frequency dependent the transducer designer has to strike a balance between resolution and penetration. Because of the size of the head, power output will be minimal. The blood that surrounds the transducer head aids coupling with the tissue. There is however an imaging problem if the blood flow is too slow. Under normal conditions flowing blood will appear as speckles on the image uSee figure below). If however the blood flow is occluded it can cause sufficient backscatter to give the image a smoky appearance that can be mistaken for soft plaque. It has to be remembered that this technique is very new it is hoped that with experience the operator will learn to identify such artifacts.

The dark area in the centre of the pictures is the transducer head. The pictures also highlight another problem with IVUS, that of head being eccentric in the lumen.

Fortunately target distances are very small. This means that the higher frequencies can be used and consequently the resolution will be that much better. Obviously the penetration will depend upon the tissue type under investigation. Collagen for example is 1000 times more echoreflective than smooth muscle. The threshold thickness of the intima that can be visualised at 30MHz is approximately 150um.u11) This means that ideally the system should be able to image the 3 concentric vessel tissue layers uSee figures below). However the media can become very thin u<100mm) in diseased arteries or the echoreflectivity of the adventitia may be too great to image the peri-adventitia behind.

Clinical Effectiveness

Characterisation of the plaque can be carried out because of the nature of the lesions themselves. Calcium is very echoreflective and as such shows up as a white region on the image. Whereas the lipid pool below the fibrous cap of a soft plaque is more echolucent. This of cause means that it may not be possible to examine the integrity of the adventitia behind a calcified plaque uSee figures below). This can be problematical in so much as characterisation relies on the need to find a reference contrast to set up the grey-scale level. The brightness of the adventitia is fairly consistent and can be used for this purpose.u12) This is partly because its composition is largely unaffected by lesions at the inner surface. But the fibrocalcic plaque tissue may obscure it. It is also difficult to identify its boundary with the peri-adventitia.

It is important to be able to set the dynamic range of the equipment. This helps enormously with the interpretation of the images and characterisation of the lesion uSee figures below). The system works well were there is a clearly defined acoustic interface. For example between blood and the cap of a calcified plaque. It has some trouble identifying those lesions that have become complex, type VI, lesions. If a lesion were to develop a thrombus then this has no set echoreflective pattern. It can appear to be either echodense or echolucent. It should however present an intralumenal mass and some degree of hollowing in the surface of the plaque.

The clinical value of IVUS for identifying unstable plaque is being reinforced with successive studies u13).

