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Abstract

Arterial Wall Motion (AWM) is of value in evaluating the elasticity of arteries,
which is associated with the degree of focal and diffuse arteriosclerosis. A new
technique derives AWM using integrated velocity data generated by Tissue Doppler
Imaging (TDI) ultrasound. The technique provides spatial and temporal AWM data
over segments up to 35 mm long and cine loops typically 3-5 cardiac cycles long.
Limited data exists in the literature quantifying accuracy and precision. The aim of
this thesis was to assess technique accuracy and precision in detail, in vivo and in the

laboratory using specially designed test objects.

A preliminary in vivo reproducibility study in asymptomatic carotid arteries revealed
high inter-measurement variability (Limits of agreement in TDI derived maximum
dilation, Mx: 159 um) and several sources of variability. Accuracy assessment was
performed in the laboratory with a device based upon a moving plate which
mimicked physiological and sinusoidal motion and whose maximum displacement
was known to within 3 pm. Accuracy in Mx ranging from -3£8 % to -23+1 % was
obtained for sinusoidal device motion ranging in amplitude from 248 to 1190 um.
Underestimation of Mx by the TD/AWM software was found to systematically

increase with increasing sinusoid amplitude and peak velocity.

A compliant wall vascular flow phantom designed to mimic physiologic AWM and
have mechanical and acoustic properties similar to in vivo was developed in order to
assess AWM technique precision. It consisted of a 6 mm diameter uniformly elastic
piece of vessel mimicking material (VMM) of wall thickness 1.73 mm set in gelatin
based tissue mimicking material (TMM). Two TMM versions were devised: ‘A’
mimicked soft tissue attenuation for assessment of AWM precision, and ‘B’
maximised backscatter from the vessel. The latter was to optimise TDI/AWM
technique performance during phantom characterisation measurements by
maximising the signal received at the transducer. A range of realistic dilations and

wall velocities were generated with pulsatile flow. AWM precision was found to



ii
vary with vessel depth (73 %), beam-vessel angle (2213 %), scan plane-vessel

coincidence (3412 %) and transducer pressure (2013 %).

AWM accuracy and precision have been assessed for the special case of uniformly
elastic vessels. Future work could investigate technique efficacy for vessels of non-
uniform elasticity and geometry, in order to assess the potential for identification of

plaques at risk of rupture.
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Chapter 1 Cardiovascular disease and assessment
of disease severity

1.1 Cardiovascular Disease (CVD), Atherosclerosis and
Stroke

1.1.1 Introduction

Cardiovascular Disease (CVD) is the largest cause of death accounting for one third
of all deaths worldwide'. Diseases of the blood vessels and heart fall under the
umbrella of CVD, including coronary heart disease, cerebrovascular disease,
peripheral vascular disease and heart failure. These are predominantly manifest in the
form of atherosclerosis, a chronic condition thought to be largely a result of
overexposure to universally recognised risk factors such as high blood pressure,
tobacco smoke and high dietary saturated fat levels™. Atherosclerosis is a form of
arteriosclerosis, where in addition to diffuse thickening and hardening of the arteries,
there are focal areas of degeneration of the wall. The disease is a phenomenon of the
medium and large arteries such as the Carotid artery and the Aorta (Figure 1.1). The
lesions, also known as plaques, typically form in areas of the circulatory system
where there is branching (such as the carotid bifurcation), tortuosity (such as the

internal carotid artery) and confluence”.

Growth of the lesions may ultimately lead to thrombosis, embolism or to a lesser
extent, direct occlusion of the vessel by the lesion. These events can result in
inadequate blood supply to tissue distal to the lesion and consequent loss of tissue
function and in extreme cases, death. An event in the coronary territory is known as a
Myocardial Infarction (MI) or heart attack, and such an event in the cerebral territory

is known as an Ischaemic Stroke.
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Figure 1.1: Sites of atheroma formation in arteries supplying the head and neck’.
Reprinted from ‘Stroke, A practical guide to management’, 2nd edition, Warlow,
C.B. et al, Copyright (2001), with permission from the Blackwell Science.

Stroke overall accounts for approximately 30 % of CVD deaths and of these 80 %
are estimated to be ischaemic strokes’. It is also the ‘most important single cause of
severe disability in people living in their own homes’’. As such it is a heavy burden
on health service resources. Of ischaemic strokes (and transient ischaemic attacks)
there are four main categories of cause (Figure 1.2)°. Embolic and thrombotic events,
complications of atheroma plaque rupture, are most common accounting for 50 % of

all ischaemic strokes.

Given the typical locations of atheroma formation there is a high probability that a
given atherothromboembolic ischaemic stroke may have resulted from carotid artery
disease. As such, the following sub-sections while covering aspects that are common
to atheroma in any location in the circulatory system, focus upon carotid disease in

particular.
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Figure 1.2: Approximate distribution of cause of cerebral ischaemic events (both
permanent & transient) in white populationsﬁ.

1.1.2 Atherogenesis and changes in the artery wall

Atherogenesis, the formation of atherosclerotic lesions is a complex process,
characterised by changes in the artery wall. It is informative to consider first the
structure of the healthy artery wall. For a more detailed account the reader is referred

to ‘MacDonald’s Blood flow in arteries’®.

The wall comprises of three discrete concentric sections, the intima, the media and
the adventitia (Figure 1.3). The intima lines the lumen, and is characterised by a layer
of endothelial cells which act as a permeable layer for cell and molecule transport in
and out of the artery wall. It also contains an extracellular matrix of connective
tissue. The intima is surrounded by the media, the thickest layer. It is approximately
ten times thicker than the intima and is judged to dominate the arteries biomechanical
properties. It consists of concentric layers or lamellae of smooth muscle cells (SMC)
and elastin. Isolated elastin and collagen fibres lie between the lamellae. The outer-
most layer of the wall, the adventitia, contains collagen fibres, vasa vasorum (small
blood vessels supplying the vessel) and nerves amongst other constituents. The

intima, media and adventitia are separated by two complex elastic laminae.
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Figure 1.3: Cross sectional view of the artery wall’. Reprinted from Nature, 407,
Lusis, A.J. et al, ‘Atherosclerosis’, 233 - 241, Copyright (2000), with permission
from Nature Publishing Group.

The earlier stages of lesion formation affect only the intima' and are characterised
by accumulation of Low density Lipoprotein (LDL) from the blood, followed by
macrophages (or scavenger cells). The macrophages are derived from monocytes and
lymphocytes in the blood which are attracted as a result of an inflammatory response

of the artery wall to LDL accumulation.

Still confined to the intima, the early lesions develop further when the macrophages
take up LDL to form fat globule laden cells know as foam cells. The foam cells
eventually undergo apoptosis, spilling their lipid content and other cell debris into the
extracellular space. This acts to increase wall thickness. Over time these can act to
form and develop a lipid rich core, characteristic of the more advanced
atherosclerotic lesion. Initially lesion growth associated with the formation of the
lipid core is directed outwards towards the media, minimising obstruction of the

lumen however as the lesion size increases it begins to encroach on the lumen.
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Involvement of the media and adventitia occurs in advanced lesions. The presence

of agents such as homocysteine initiates SMC migration from the media to the
intima. Proliferation of SMC in the intima is also initiated which in turn produces an
extracellular connective tissue matrix forming a thin fibrous cap over the lipid core.
Calcium deposits are generated by SMC activity. White cell, LDL and foam cell
accumulation may also occur in the media and the adventitia. Vasa vasorum also
extend from the adventitia to the lesion providing the lesion with a blood supply. In
tandem with the physiological changes associated with atherogenesis, the physical
properties of blood flow, vessel geometry and wall mechanics change with age and

degree of atheroma. These are discussed in section 1.4.

Atherogenesis is a complex process, and many of the finer details are yet to be
understood. Main aspects of lesion development are outlined above, and there is
scope for significant variation in plaque structure and composition. The reader is

; i - 3.9-11
referred to a number of sources for more detailed descriptions of atherogenesis™ .

1.1.3 The high risk plaque

The advanced atherosclerotic lesion as described in the previous section on the whole
is thought not to be a direct cause of ischaemic events. However acute complications
may result from the lesion, which in turn could cause a transient or permanent
ischaemic event. Firstly, intact plaques encourage thrombosis by the release of
chemical agents which may increase the plaque size ultimately occluding the vessel,
or result in emboli with the potential for distal vessel occlusion. Secondly, certain
plaques are more likely to become unstable and be prone to rupture. This in turn may

initiate thrombosis and/or embolism, leading to an ischaemic event.

Numerous factors have been found to be associated with plaques with a propensity to
rupture though the exact importance and association of each are not fully
understood™'""'. These include the presence of inflammatory agents, which may
degrade the connective tissue in the lesion, mechanical stresses which act directly to

tear the plaque and structural weaknesses resulting from plaque composition. The
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primary clinically applied risk factor is the degree of narrowing or stenosis and this

is discussed in Section 1.2.

1.1.4 Clinical management of carotid atherosclerosis

Surgery is the primary method of treatment for those with severe disease (70-99 %
stenosis). The procedure is known as Carotid Endarterectomy (CEA) and involves
removing the affected segment. During surgery the open segment is bypassed with
tubing to maintain cerebral flow and stitched closed following plaque removal,
sometimes using a patch of prosthetic material or vein from a remote site. There are
several complications associated with CEA, including cardiac failure, myocardial
infarction, hypertension and hypotension, cranial nerve injury, wound infection and

peri- and post-operative stroke.

Large scale randomised controlled trials for risk/benefit assessment of surgery were
carried out in both Europe and North America establish the patient group that would
benefit most from CEA'>™, They both found that risk of stroke was only sufficiently
great to merit the risk of preventative surgery in symptomatic individuals with a
stenosis of 70-99 %. The European Carotid Surgery Trial (ECST) evaluated the
difference in risk of fatal or disabling stroke or surgical death between those who
underwent CEA and a control group at 3 years following surgery'”. Risks of 6 % and

11 % were obtained respectively, with p < 0.05 for the 5 % difference.

However, not all carotid stenoses > 70 % result in strokes. For example the North
American Symptomatic Carotid Endarterectomy Trial (NASCET) found that 75 % of
symptomatic patients with a severe stenosis did not stroke. Furthermore, individuals

with a carotid stenosis less than < 70 % have a finite, if smaller risk of stroke.

1.1.5 Summary

Cardiovascular disease and atherosclerosis have been introduced. The clinical
burden due to CVD and stroke in particular is large. Processes by which acute
disability and life-threatening events may arise as a result of atheroma have also been

identified, with a particular focus on carotid artery disease, an important cause of
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stroke. Surgery is the primary method of management for patients with severe

disease. The decision to operate is dependent on the degree of stenosis in the artery,
as evaluated by diagnostic imaging. Techniques in clinical use are discussed in

Section 1.2.

1.2 Clinical Imaging of carotid artery disease

Currently, degree of stenosis is measured by characterising geometry of the stenosis
or blood flow through a stenosis. X-ray and Magnetic Resonance (MR) angiography
both deduce degree of stenosis by demonstrating the change in geometry of the
arteries in anatomical imaging. Ultrasound imaging provides functional data,
assessing the degree of stenosis by measuring change in blood flow velocities

induced by the stenosis.

1.2.1 X-ray angiography

This procedure is the gold standard in carotid stenosis investigation. The procedure
involves selective catheterisation of the common carotid artery through insertion into
the femoral artery, followed by injection of a bolus of X-ray contrast agent. Digital
fluoroscopic imaging is typically carried out to visualise the contrast. Image
subtraction methods are available, providing an image predominantly of the contrast
material, thereby providing better contrast resolution. Spatial resolution typically

varies between 0.1 and 0.4 mm".

The degree of stenosis is defined by the ratio of the lumen diameter at the tightest
region of the stenosis to the lumen diameter of an unaffected region of the carotid
arteries. The exact choice of region used as the denominator varies from centre to
centre. X-ray angiography’s status as the gold standard in carotid artery stenosis
assessment originates from the use of the technique in ECST and NASCET trials
cited earlier. At this time it was the only accurate imaging method available for
stenosis assessment. ‘Reference standard’ might be more appropriate a term, since
there are considerable limitations in using angiography. Error in stenosis
measurement is inherent, given the 2D projection of the 3D data on to the film or

intensifier screen. This is overcome to an extent by bi-planar techniques, but some
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centres do not have access to these. There is also a considerable risk associated with

the procedure; the catheter may disrupt plaques producing emboli, potentially
causing stroke. Thrombus can form on the catheter tip. The catheter may also dissect
the artery wall during the procedure. Such complications contribute towards a risk of
TIA or Stroke of approximately 4 %, which differ according to expertise and

experience of the personnel performing the procedure'é.

1.2.2 Magnetic Resonance Angiography (MRA)

Magnetic Resonance Angiography generates 2D and 3D images of the extra-cranial
circulation, including the carotid arteries. Time of flight and phase contrast
techniques are most common. The intensity of the blood in the image is proportional
to the velocity of the blood. The degree of stenosis can be calculated in the same way

as in X-ray angiography.

Advantages of the technique are the non-invasive nature and high resolution

(typically 0.5 - 1.0 mm'"'®

) in optimum conditions of laminar flow in mildly stenotic
vessels. However, image quality is significantly impeded by the inherent nature of
heavily diseased arteries. Reduced flow through a stenosis, turbulence in blood flow
at the high velocities produced by a tight stenosis, and the associated retrograde flow
can diminish, and in extreme cases, completely remove signal from the region of

interest.

The diminishing signal associated with increase in degree of stenosis results in a
systematic overestimation of the degree of stenosis'® which has serious implications
clinically as the use of MRA alone would result in over-selection of patients for
carotid endarterectomy. Current research into the use of contrast agents seeks to

improve the technique by increasing the MR signal intensity™.

There are several contraindications of the technique. These include claustrophobia or
anxiety of the patient on being scanned, inability of the patient to lie still for the
several minutes required to perform the scan due to their poor health and the

presence of metal in the patient due to pacemakers or aneurysmal clips or similar
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devices. Levy, Baum and Carpenter excluded 3 % of their sample from studies due

to contraindications®'. Magnetic resonance angiography is also relatively expensive.

1.2.3 Ultrasonography

Ultrasonography provides both anatomical and functional information on the cerebral
circulation. While in principle the same geometrical technique of stenosis assessment
could be employed with B-mode ultrasound as with X-ray and MR angiography,
Doppler colour flow and spectral Doppler are predominantly used. Historically,
inadequate B-mode resolution excluded its use for geometrical evaluation.
Shadowing due to calcification, the presence of echolucent thrombus and observation
of an incorrect 2D scan plane, where the maximum extent of stenosis is not displayed

. . . . 3 22
can lead to the incorrect derivation of stenosis degree from the B-mode images™.

Virtually all forms of ultrasound employ the same basic pulse-echo principle, of
transmitting an ultrasonic pulse from a transducer and receiving reflected echoes.
According to the nature of the target upon which the ultrasound is incident, changes
in intensity and phase of the reflected sound pulse are recorded. These are used with
appropriate signal processing to generate different forms of ultrasound image. The
changes in phase in particular exploits the Doppler effect and may be used to deduce

velocities of structures and fluids moving relative to the beam.

Colour Flow Imaging (CFI) is routinely used in carotid disease assessment. The
colour flow information is superimposed on the B-mode image (Figure 1.4). The
colours represent the varying magnitude in the component of the blood velocity in
the direction of the ultrasound beam, as determined by the varying phase in the
reflected ultrasound. The modality can demonstrate a number of interesting features
including post-stenotic turbulence and recirculation, however along with B-mode it is
primarily used to examine the anatomy of the stenosis and identify the location of the

greatest lumen reduction in order that quantitative interrogation may be carried out

with spectral Doppler.
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Figure 1.4: A Colour flow image of a healthy common carotid artery. Colour pixels
representing flow velocity are superimposed on a B-mode image which demonstrates
tissue anatomy in the scan plane.

Spectral Doppler ultrasound allows the interrogation of small volumes within the
image and provides a time varying waveform of the frequency shift which is
representative of the velocity of the blood with a temporal resolution of the order of
10 ms®. The velocity component measured in the direction of the beam by the
scanner is corrected by a user—defined vessel-beam angle in order to obtain the
velocity of the blood. The brightness of the trace at a particular point is related to the

volume of blood moving at the velocity corresponding to that Doppler shift.

Frequency
shift

Figure 1.5: Spectral Doppler trace of an asymptomatic common carotid artery.

A representative index is required from the velocity waveform with which
correlations with degree of stenosis may be drawn. However there is no single
universally recognised index; a number are employed by centres worldwide. These
include single parameters such as the internal carotid peak systolic velocity (ICPSV)

and common carotid end diastolic velocity (CCEDV), and ratios such as
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ICPSV/CCEDV. Several studies have compared angiography-measured stenoses

with spectral Doppler indices to find an index which provides strong correlation with
degree of stenosis. The strength of correlation between the two is especially
important in the range of 70-99 % stenosis since it was this group that was identified
to be at a great enough risk of stroke to warrant the risk of carotid endarterectomy.
Moneta et al calculated the ratio of peak systolic velocities of internal carotid arteries
to common carotid arteries, ICA/CCA PSV, for 100 angiograms of stenosed carotid
arteries™*. ICA/CCA PSV values were compared to the angiogram-calculated degree
of stenosis and it was found that arteries with a ratio greater than 4.0 were ‘excellent’

indicators of the high risk 70 - 99 % stenosis group.

As with other imaging modalities, ultrasound has limitations in assessing degree of
stenosis. Calcification of the vessel wall is a relatively common phenomenon in
heavily diseased arteries. The resultant heavy attenuation creates acoustic shadows in
areas of interest and no information may be obtained on flow or anatomy in the areas
of the shadow unless an alternative scan plane with less calcification can be found.
Internal carotid arteries, especially those which are heavily diseased, are often
tortuous and dive deep into the skull. The associated attenuation, reduced penetration
and weaker reflections due to the deviation from a normal beam-vessel angle make it

more difficult to obtain meaningful images of areas of interest.

In order to convert Doppler frequency shift to velocity an angle correction is applied
by the sonographer. This is applied by positioning a marker on the screen in the
direction of flow. The application of the angle correction is not without error.
Typically flow parallel to the vessel wall is assumed. This is not always the case,
especially in stenosed regions where flow is complex and discrepancies between the
true direction of flow and the assumed direction may be as large as 25 degrees™. A
further source of uncertainty is geometrical spectral broadening of the received
ultrasound. This is an effect of the finite size of the Doppler aperture can typically

lead to overestimation in maximum velocity of 20-30 %°°.
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Operator dependence of the results is also another shortcoming of quantitative

measures obtained using the modality. In the Trgmso study intra-observer variability
was measured using two observers who scanned 51 volunteers with varying degree
of stenosis®. Variation in stenosis assessment by three different methods was
assessed, velocity measurement, diameter reduction and area reduction.
Reproducibility in velocity measurement was found to be worst, with a median
difference in the degree of stenosis between observations of 10.8 % and limits of
agreement of + 26.5 %. Velocity measurements are also subject to variation across
different scanners which have varying performance®’. Despite these shortcomings,
ultrasound is considered to be ‘...the best way to diagnose stenosis that is severe

enough for carotid endarterectomy to be worthwhile”.

1.2.4 Summary

The clinical techniques described in Section 1.2 are based upon assessment of lumen
reduction. It is clear that lumen reduction is insufficient to predict which patients are
at risk of plaque rupture. Sections 1.3 and 1.5 discuss other methods of

atherosclerosis assessment.



1.3 Geometric and morphological methods of carotid
disease assessment

1.3.1 Measurement of wall thickness

It is well established that wall thickness increases with age and onset of
atherosclerosis®. Measurement of artery wall thickness is of value in a number of
research areas. Studies such as the ARIC study have investigated the relationship
between the risk of cardiovascular events and carotid wall thickness®. This particular
study demonstrated increased risk of a first stroke by a factor between 3.6 and 8 for a
mean carotid Intima-Media thickness (IMT) of > 1 mm when compared to < 0.6 mm.
Measurement of wall thickness is also of interest from a mechanical perspective in
the derivation of the elastic modulus of wall in order to characterise different levels
of disease™. The reader is referred to Simon et al for a more detailed account of the

application of IMT measurements”.

Ultrasound offers the only non-invasive in vivo method for wall thickness evaluation.
Both B-mode and M-mode modalities have been employed. Wall thickness in this
context is defined as the Intima-Media thickness (IMT), since the adventitia may not
easily be differentiated from surrounding tissue in the grey scale image. Using B-
mode, approaches include manual placement of distance cursors on the lumen-intima
boundary and the media-adventitia boundary at a small number of poims3 3, manual
delineation of the boundaries over a segment of artery’* (both for single B-mode
frames) and manual approximate boundary location followed by computerised edge
detection over multiple sites and multiple time frames™>. Typically the posterior wall
only is used in IMT measurement since the identification of the boundaries at the

anterior wall is impeded by superimposed multiple reflections™.

Accuracy of IMT measurement by B-mode has improved with advances in B-mode
resolution (typically 0.5 - 1.0 mm at the time of writing). However, despite the
number of clinical studies carried out measuring IMT there is still controversy over
whether accuracy is adequate given the small physiologic range of IMT and the small

magnitude of IMT itself. One particular study compared intravascular ultrasound,
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extravascular ultrasound and histologic measurements of excised arteries. A mean

difference between extravascular and histologic far wall measurements of — 0.12 mm
(SD = 0.13 mm) was obtained®’. Using computerised edge detection another study
investigated reproducibility, and a coefficient of variation of 3.46 % was obtained for

IMT measured at diastole™.

1.3.2 Plaque characterisation for identification of high risk plaques
Many publications have attempted to characterise plaques by their appearance using
various modalities including Magnetic Resonance Imaging (MRI), X-ray Computed

Tomography (CT) and extra- and intra-vascular B-mode ultrasound™®.

The varying T1 and T2 relaxation times along with proton density have been
exploited with MRI in order to determine plaque constituents. Fibrous tissues
exhibit shortened T1 times, lipids exhibit shortened T2 times and calcified regions
have a relatively low proton density. These characteristics produce different
appearances in MRI images according to how the image is weighted, for example, in
a T1 weighted image, the low T1 of fibrous regions will be visible with high signal
intensity. Furthermore, plaque components volumes may be quantified: Trivedi et al
found good agreement between in vivo MRI and histologically evaluated fibrous cap
and lipid core contents in 25 carotid plaques®. While having relatively good
resolution (the study above used voxel sizes of 0.4 x 0.4 x 3.0 mm®) MR still suffers
from being relatively expensive, requiring specialist equipment and can typically
sometimes have acquisition times of the order of minutes in which the patient must

remain still.

In addition to using ionising radiation, CT is more limited than MRI in its ability to
distinguish different plaque constituents given the relatively small differences in X-
ray attenuation between different soft tissue types at diagnostic energies*’. However,
it can distinguish calcium deposits from surrounding soft tissue, and the extent of the

deposits may be quantified*'.
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Both intra- and extra-vascular ultrasound provides a greater dynamic contrast

range in terms of plaque constituents than CT, in addition to being non-ionising and
relatively inexpensive. The appearance of the plaque in the image is determined by
the changes in acoustic impedance as the beam passes across boundaries between the
different constituents. In broad terms, plaque appearance on B-mode images can be
seen to vary depending on its composition. Lipids and haemorrhage are typically

echolucent, whereas calcification and fibrous tissue typically appear as echogenic.

Many extravascular studies have been carried out in this area, with varying degrees
of success***®. One study assessed carotid plaques by duplex ultrasound prior to
carotid endarterectomy, and categorised them as predominantly echolucent,
heterogeneous or predominantly echogenic, as defined by the European Plaque Study
Group. Post-endarterectomy video frames of the excised plaques were subjected to
automated analysis which calculated volumes of the plaque constituents including
lipid deposits, calcification and fibrous intimal thickening. No association was found
between volumes of the constituents and their echogenecity, intra-observer
agreement was moderate and inter-observer agreement was found to be poor. A
further duplex study by Tegos et al also demonstrated lack of association between
carotid plaque echogenecity and histopathologic composition, though a positive

e . . 47
association was found with retinal and cerebrovascular symptoms™ .

1.3.3 Summary

Diagnostic techniques for wall thickness measurement and plaque characterisation
have been explored. Whether existing techniques for wall thickness measurement are
sufficiently accurate and precise is questionable. Qualitative plaque characterisation
shows poor reproducibility, while quantitative characterisation appears to show more
promise. These techniques exploit the change in composition and structure of the
artery wall. In parallel with these changes the artery wall undergoes mechanical
changes, which are described in the next section and offer scope for characterisation

of the artery wall and possible identification of the high risk plaque.



1.4 The mechanical properties of arteries

The stress — strain response of the artery vary widely, according to the distending
forces applied by blood pressure and the composition of the wall, which in turn
varies with site in the circulatory system. Of more potential clinical value however, is
the fact that the wall mechanical properties are known to vary with age and level of
disease. This provides motivation for investigation of the exact nature of these
properties and in turn, relation to clinical events such as ischaemic stroke. A review
of measured mechanical properties of healthy and diseased arteries is provided,
followed by a discussion of available techniques to quantify these properties in vivo

in the next section.

The properties of the healthy and diseased arteries are discussed in turn. Discussion
is provided of both diffuse changes associated with aging and early stage
atherosclerosis and focal changes associated with developed atherosclerosis. There
are a large number of parameters that may be used to express the different aspects of
the stress — strain response of the artery (Appendix A). The parameters often have
confusingly similar names, such as stiffness parameter (), Distensibility (DC), and
compliance (CC), and care is needed to avoid ambiguity when discussing arterial
biomechanics. In the following sections, ‘elasticity’ is used as a generic term to
describe the extension of the wall for a given distending force where a ‘elastic’ wall

is relatively extensible when subject to a given distending force.

The parameters available are useful in the empirical sense to compare properties of
vessels perhaps from different sites or between individuals. However, given the
complex nature of the artery wall these are limited in their ability to provide a
complete picture of the behaviour of the artery with which one could hope to
evaluate and understand the mechanical influences in situations such as plaque
rupture and graft failure. Towards this end there has been the development of a
number of ‘constitutive’ equations in the literature, which describe the stress-strain

relationship of the artery wall. These are based on experimental observations and
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make varying assumptions about such characteristics as incompressibility and

anisotropy of the wall. They are also highly specific to particular arterial sites and
levels of stress and strain. While of importance this area is not a focus of this thesis

and the reader is referred to reviews of the subject by Zhao and Humphrey‘¢8'49.

1.4.1 The healthy artery
An effective demonstration of the inherent mechanical behaviour of the artery wall is
the stress-strain curve. These or related forms have been measured in vivo and in
vitro by several studies”™ "2 An example is that obtained by Topoleski et al from
compressive tests on excised human aortoiliac segments from healthy 20 - 30 year
old individuals (Figure 1.6).

The circles in Figure 1.6 represent an initial phase of compression 15 cycles long,
and the solid line represents a second phase of compressions of the same length
carried out 10 - 15 minutes later. One can see the gradient of the curve and therefore
the effective moduli of the wall at a given moment depend on the stress applied,
whether the vessel is being loaded or unloaded and the loading history of the
segment in question. The observed hysteresis and relaxation (the latter is the
phenomena of increased strain under constant stress) are illustrations of the

viscoelastic non-linear behaviour of the asymptomatic artery wall.

Due to its viscoelastic properties, the distension of the artery wall is also dependent
on the rate of application of the distending force. This is illustrated by an increase in
‘stiffness’ with frequency of distension which has been measured in both healthy and
diseased tissues™ . For example, Bergel reported an increase in Egyn of 63 % from 0

Hz to 2 Hz for a dog’s excised carotid artery, measured by distension on inflation.

The elasticity of the artery vary from site to site within the circulatory system. Some
examples measured in vivo in humans, expressed using the pulse wave velocity are
given in Table 1.1. One can see the marked differences, the abdominal aorta being

markedly more distensible than the peripheral brachial artery.
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Figure 1.6: Stress-strain behaviour of an excised human aortoiliac artery. Reprinted
from the Journal of Biomedical Materials Research, 35, Topoleski, L.D.T. et al,
‘Composition- and history-dependent radial compressive behaviour of human
atherosclerotic plaque’, 117 - 127, Copyright (1997), with permission from John
Wiley and Sons Inc.

Site PWV/ms™
Abdominal Aorta 5.7
Brachial 151 %
Common Femoral 8.9 %8

Table 1.1: Pulse Wave Velocities (PWV) at three sites within the circulatory system.

The variation between sites is due to differences in composition and geometry. These
differences and in vitro and in vivo measured distensions have lead to deductions
about the arrangement of components within the artery wall. It has been shown that
three constituents of the wall; collagen, elastin and smooth muscle cells (SMC), their
varying elasticity, arrangement, proportion and in the case of SMC, activity, together
with the distending force dictate the overall dynamic behaviour of the vessel
wall>75%60, Collagen and elastin are passive components of the artery wall,
responding to stresses applied by the blood. In contrast SMC dictate the elasticity
actively, varying tension in the wall by relaxing or contracting. A number of studies
have deduced the elastic moduli of the passive components. Armentano obtained
values of 0.05 + 0.02 x 10° Pa for elastin, and 11 + 5 x 10° Pa for collagen®®',

making collagen over 100 times stiffer than elastin.
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In the simplified case of inactive SMC, obtained in excised canine arteries, the

elastic moduli of the wall has been measured to be over 20 times greater at 180 mm
Hg pressure compared to that at 20 mm Hgé'. These reflect a greater influence on the
vessel properties of elastin at low pressures and collagen at high pressures, illustrated
by an increase in gradient of the stress-strain curve with compressive strain in Figure
1.6. This is consistent with a parallel arrangement of elastin and collagen, where as
stress applied increases, the stiffer collagen fibres become increasingly recruited to
the stretch, and have an increasing influence on the effective moduli of the artery for
a given stress’"*""*>, Smooth muscle cell activity can have a significant effect on the
elastic modulus. The area is complex and the reader is referred to detailed studies by
Bank et al’>*"%**_ However, an example of the scale of the effect of SMC activity is
the 42 % decrease in elastic modulus in the brachial arteries on SMC relaxation using

the vasodilator nitroglycerin.

The central arteries have relatively high elastin content and are described as elastic,
while the peripheral arteries, such as the brachial artery have a relatively high
collagen and SMC content and are described as muscular, reflected by PWV values

in Table 1.1. The carotid arteries lie between the two extremes.

1.4.2 Effects of aging & atherosclerosis
The preceding account describes the ‘healthy’ case. Aging and early stage
atherosclerosis causes diffuse changes to occur in the artery structure and

composition and therefore, wall elasticity.

1.4.2.1 Diffuse changes in wall thickness

The increase of wall thickness with age and onset of atherosclerosis is important in a
description of the change in wall elasticity. Howard et al reported the variation in
intima-media thickness (IMT) with age; measured using B-mode ultrasound an
increase of 0.01 mm / year was deduced®®. The same study reported IMT values in

the range 0.3-0.25 mm for a sample of men and women aged between 45 - 64 (n =
13, 870).
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Intuitively, one might expect an increase in stiffness with wall thickness; however

the increase in structural stiffness induced by wall thickening is offset by a fall in
material stiffness resulting in unchanged or even decreased functional or overall
stiffness. This was demonstrated by Riley et al, using B-mode ultrasound, in arteries
with an IMT of 0.8 mm or less, the 90" percentile value of the sampleé's. Stiffness
was expressed by the change in vessel diameter between diastole and systole,
corrected for variations in blood pressure and height. For data averaged over the
sample subgroup of white females (n = 4538), corrected diameter change was 0.385

mm for a 0.45 mm thick wall compared to 0.43 mm for a wall 0.8 mm thick.

An increase in stiffness with wall thickness was reported in the same study, though
only for arteries with IMTs greater than 0.8 mm, the top 10 % of the measured
population. This is thought to be due to the increase in collagen content and
reduction in elastin content associated with age. Disorder in the layered structure of
the wall also increases with age and the elastic lamellae begin to fray from fatigue
transferring more load to the stiffer collagen fibres®®. An increase in stiffness in the
human carotid artery with age was found by Hansen et al using an ultrasonic phase-

locked echo tracking system . The mean stiffness parameter, B measured in the 15

year old group was 4.1 + 0.7 (n = 16), compared to 13.2 + 3.6 (n = 11) for the 70

year old group. Other studies report comparable results® ™,

1.4.2.2 Focal changes in wall properties

On top of the ‘normal’ diffuse changes associated with aging, artery wall elasticity
alters with focal onset of atherosclerosis and the subsequent formation of lesions. As
with healthy arteries, the elasticity of the lesion depends not only on its composition
but also the arrangement of its constituents. There are few studies directly
quantitating elasticity of the diseased artery. Richardson commented * ...the paucity
of experimental data for artery walls in general and plaques in particular is
outstanding’”'. Atherosclerotic tissue is known to exhibit non-linear behaviour, as
demonstrated by compression testing data obtained by Topoleski et al from excised
diseased aortoiliac human arteries (Figure 1.7)’%. One can see that atherosclerotic

tissue is also much stiffer compared to the healthy vessel data shown in Figure 1.6.



21

(a) Plaque type 1

STRESS (kPa)
0

&
g 8
;

I
T =1

B A B ] EPRN S — |

o
8
o
S

(b) Plague type 2

STRESS (kPa)
1

&
&

(c) Plaque type 3

STRESS (kPa)

Figure 1.7: Variations in stress-strain curves observed on compression testing of
atherosclerotic plaque. Reprinted from the Journal of Biomedical Materials Research,
35, Topoleski, L.D.T. et al, ‘Composition- and history-dependent radial compressive
behavior of human atherosclerotic plaque’, 117 - 127, Copyright (1997), with
permission from John Wiley and Sons Inc.
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As with healthy arteries, plaques have viscoelastic characteristics. This was

demonstrated by Lee et al’* who measured a variation in the dynamic modulus of
fibrous plaque caps of excised human abdominal aortas subject to cyclic compression
testing. A mean increase of 14 % was obtained between loading frequencies of

0.5 Hz and 2 Hz.

Plaque composition can vary widely and consequently, elasticity can also vary
widely. One study reported a range in stresses of the order of 300 kPa required to
achieve a 25 % strain across 23 samples of fibrous, calcified and atheromatous
plaques™.  Variation in geometry and morphology and therefore, mechanical
properties in an individual plaque may also vary widely. This is illustrated by the

Young’s Moduli, E of different plaque constituents (Table 1.2).

Constituent Youngs moduli, E/kPa
Normal artery 100

Fibrous plaque tissue 1000
Calcified plaque tissue 10000

Lipid 0.5

Table 1.2: Young’s modulus of elasticity of plaque constituents’*”.

Of the sparse literature that does exist, there have been attempts to classify plaques or
plaque caps according to mechanical characteristics and find differences in
mechanical behaviour between these classes by measurement. Only two of these

studies have tested entire plaques, as described below.

Topoleski et al measured change in stress-strain characteristics for 2 phases of radial
compression testing, which each consisted of 15 cycles and were separated by 10-15
minutes’®. Three characteristic mechanical behaviours (Type 1, Type 2 and Type 3)
were identified (Figure 1.7). These were distinctive from one another in the nature of
the viscoelastic properties, measured by the degree of reproducibility measured
between consecutive loading cycles and consecutive loading phases. Type 1 plaques
were characterised by relatively little change in stress-strain behaviour between

cycles and phases. In histological terms type 1 plaques were found to be heavily
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calcified, a feature absent from type 2 plaques and type 3 plaques. While no other

statistically significant difference in mechanical behaviour was found to correlate
with histological findings, this result supported a composition dependence of plaque

elasticity.

Salunke et al subjected plaques (classified as fibrous, calcified or atheromatous) and
healthy tissue to the same compression methods but instead measured the relaxation
properties after application of a 25 % strain’>. Fibrous and calcified plaques were
found to exhibit greater relaxation, with mean normalised stresses 60 seconds after
loading of 0.068 and 0.074 respectively compared to 0.189 and 0.285 for

atheromatous plaques and healthy tissue respectively.

Lendon and co-workers have carried out two studies investigating variation in tensile
properties of plaque caps with compositionm'”. In the first study intact sections were
taken from caps which already had some ulceration or tearing present. They had a
greater strain and a relatively low applied stress at fracture (approximately 200 kPa
for ulcerated plaques (n = 18) compared to 600 kPa for non-ulcerated plaques
(n = 22)). There was also a significantly higher macrophage density in ulcerated
plaques (approximately 450 per mm” for ulcerated plaques (n = 18) compared to 150
per mm” for non-ulcerated plaques (n = 22)) suggesting possibly that an increase in

macrophage density may increase risk of plaque rupture.

The second study measured fracture stress along with amount and type of collagen in
ulcerated and non-ulcerated plaque caps and adjacent sections of intima. Similar
differences in fracture stresses were obtained as in the previous study between the
two groups. Furthermore, the caps were found to have higher collagen content
compared to the adjacent intima. The authors suggested collagen production in the
plaque caps was not ‘as efficiently organised to resist fracture as a similar amount of

collagen in the adjacent intima’.

These mechanical tests are carried out in an environment quite different to that in

vivo, and so caution must be applied in making inferences about in vive behaviour
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from in vitro measurements and in comparing study results. Factors such as the

uni-axial loading applied in vitro compared to the multi-axial loading in vivo,
morphological change in the plaque specimens between mechanical testing and
histological examination and differences in behaviour on compression testing and

tensile testing need to be taken account of 2.

In determining which individuals are at risk of acute atherosclerotic complications,
one must not only consider the material properties of the lesion but also the stress
distributions to which they are subject as a result of blood flow through the vessel.
This is typically investigated by computer modelling and in particular finite element
analysis (FEA)*>"™ 7882 The studies in the literature are almost exclusively 2D, with
inputted material properties gathered from mechanical testing of excised specimens.
Much of the work focuses on coronary plaques though the findings in these studies
are still of value in investigating high risk plaques in other locations, such as the
carotid bifurcation. Assumptions concerning the material properties used from study
to study vary, as do the values of the material properties, the geometries and
morphologies employed. Both non-linear and linear material properties have been

78,83 81,83
d

use . Some studies use idealised models of plaques while others use

geometric and histologic data obtained on analysis of sections of individual excised

plaque532'34'85.

The stress distributions produced by FEA have been analysed to
determine such parameters as the location and magnitude of peak stresses and the

effect of changes in geometry and changes in composition.

In general the investigations reveal stress distributions which vary widely across
individual plaques and between plaques. A number of studies have revealed stresses
to peak around the fibrous cap of the plaque, and in particular at the junction between
the plaque and the normal artery’®**®**. Interestingly, one of these studies found that

on increasing the degree of stenosis from 70 % to 99 %, the peak stresses on the cap

decreased™.

Kilpatrick et al examined the effect of changes in composition rather than geometry,

replacing the necrotic cores of two carotid plaques with calcified tissue and a
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calcified region with a necrotic core in a third carotid specuneng*. In the case of

each specimen, peak fibrous cap stresses were greater for the plaques with a necrotic
core by up to 16.5 % suggesting the presence of a necrotic core may increase risk of
rupture, though other factors such as the fracture stress of the plaque in question and

biological changes also play a part.

1.4.3 Summary

The elastic properties of healthy vessels and the changes that occur with aging and
disease progression vessels have been described. Much of the current understanding
has been derived from a combination of mechanical testing of excised specimens and
computational modelling. As described above, both the results of mechanical testing
and modelling have a number of caveats attached however, despite this, the findings
of the studies discussed are of value in determining differences in characteristics
between healthy tissue and diseased tissue, and between different stages of lesion

development and lesion pathology.

While it is recognised more work is required, the investigations could help guide
patient management in the future, in addition to existing anatomy and flow-based
techniques. For example, one may be able to recognise which plaques will respond
best to balloon angioplasty, if treatment outcome is lesion dependentn. In particular,
the identification of high risk plaques would be of value; in order to refine patient
selection for procedures such as carotid endarterectomy. However, in order to make
use of observations of elastic properties in the literature in patient management one
must first have the diagnostic tools in place with which to investigate these properties

in vivo. These are discussed in the next section.
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1.5 In vivo measurement of the elastic properties of the
arteries

1.5.1 Assessment by quantitative mechanical parameters
As described by Pannier et al there are three levels of expression of arterial
biomechanics; systemic (an overall measure of stiffness of the circulatory system in a
given individual), regional (corresponding to a site of ‘major physiologic
importance’) and local (a measure of stiffness at a specific site)®. The approach for
measurement of elasticity varies according to the level of expression as classified

above.

1.5.1.1 Systemic stiffness

Systemic stiffness is typically evaluated from a blood pressure waveform and is
commonly expressed using the Augmentation index (Aix) which is derived from a
central artery pressure waveform. Typically, the central artery waveform in turn is
derived from a peripheral waveform with the aid of a transfer function. The Aix
demonstrates the degree of coincidence between the outgoing pressure pulse
generated by the left ventricle, and the reflected pulse from the peripheral arteries.
For stiffer arteries, the reflected pulse travels faster, and therefore becomes more and
more closely coincident with the outgoing pulse. These interfere constructively to
produce higher blood pressures and higher index values. Mathematically, Alx is
defined as the difference in P, and P, expressed as a percentage of the pulse pressure
PP (Figure 1.8)".
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Figure 1.8: Ascending aortic pressure waveform measured on a middle-aged subject.
Reprinted from American Journal of Hypertension, 15, Wilkinson,I.B. et al, Heart
rate dependency of pulse pressure amplification and arterial stiffness, 24 - 30,
Copyright (2002), with permission from the American Journal of Hypertension, Ltd.
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Non-invasively, the pressure waveform may be measured by applanation tonometry,
where a piezoelectric transducer is placed against the artery of interest®’, or by
plethysmography, where an inflatable cuff or phototransistor (together with a light

source) detects local change in blood volume over the cardiac cycless.

Systemic stiffness is of value in evaluating overall responses to drugs®. In
epidemiological studies, a single measure is useful to compare many individuals.
However, it is of questionable direct use in individual patient management where
focal changes in stiffness (such as carotid plaques) occur which may pose a particular

threat to health (such as stroke). Local properties are of more use in such situations.

1.5.1.2 Regional stiffness

Regional stiffness can be expressed using pulse wave velocity (PWV), giving an
indication of the characteristics of an individual artery or group of arteries. It is
mathematically defined in terms of geometry and material properties (Appendix A).
In essence its evaluation involves the simultaneous measurement of pressure, flow or
distension waveforms at two different sites, between which the arterial segment of
interest lies. Sites used include the ascending aorta coupled with the right common
femoral artery’® and the common femoral artery coupled with the carotid arterysg. By
dividing the separation of the two sites by the measured time delay between pulses

being detected at the two sites the PWV can be obtained.

A complicating factor in PWV measurement using this method is the selection of the
region of the propagating waveform with which to calculate time delay. The shape of
the waveform distorts with location in the circulatory system as a result of
interference by reflected waves from the peripheral arteries and the variation in
transmission of different frequency components. To overcome this, the ‘foot’ of the
waveform is typically used, that is, the point corresponding to just prior to systolic
increase in pressure. Investigations have revealed the region of the waveform

surrounding this point to be unaffected by distortion®.
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Pressure measurement may involve the use of invasive pressure transducers or an

air filled cuff coupled with an ECG waveform as a surrogate for a second pressure
waveform®. Flow or distension have an advantage over pressure in that they may be
measured non-invasively using ultrasound”’, including the case of sites which are

: ; . ! 70
inaccessible by non-invasive pressure measurement .

1.5.1.3 Local stiffness: Pulse wave velocity (PWV) measurement

Arterial stiffness and therefore, PWV may vary significantly along a single artery, let
alone a group of arteries especially where atherosclerosis is present and so the
measurement approach described in the previous section lacks specificity, reporting
only an overall value. It is therefore of limited value in reporting the effect of focal
changes in stiffness that may be induced by atherosclerosis locally. However, a
couple of strategies are available for local PWV assessment. The first is by means of
technological advances and the second by a different theoretical expression of PWV
which allow identification of PWV over smaller segments of artery, and even single

locations.

The first approach exploits the relatively high frame rate afforded by a modified
Tissue Doppler Imaging (TDI) system’'. The scanner was set to perform B-mode
scans over a small number of scan lines (32) and other parameters, such as the
number of TDI scan lines were optimised (to a low value of 16). The PWV was
estimated by calculating the time delay in arrival of peak velocity shift between scan
lines by cross correlation. The delay introduced by the finite TDI scanning time was
compensated to obtain the delay due to the wall dilation pulse wave travel alone. The
technique resulted in a single value for PWV of 8.29 + 0.64 m s™' over an 18 mm

segment of in vivo scanned carotid artery.

The second alternative strategy approaches PWV evaluation using Wave-Intensity
analysis. Too complex to discuss here, the analysis involves breaking the pressure
waveform down into a large number of discrete wave fronts and applying 1D

equations of continuity for an elastic tube. This results in an expression relating the
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change in pressure at a single location, dP, change in fluid velocity, dU, density of

the fluid, p, and the PWV, ¢** (Equation 1.1).

—dP = ipch (Equation 1.1)

Therefore, by measuring a pressure waveform and a flow waveform at a single
location one can deduce the PWV for that location. There appear to be few studies
which have evaluated in vivo PWV using this approach, despite no limiting factors in
its applications being reported. One practical limitation in its application is the
requirement for a pressure waveform, which for non—peripheral arteries is likely to
require an invasive approach or an inferred waveform derived from a peripheral

measurement, which has associated inaccuracies.

1.5.1.4 Local stiffness: Arterial wall motion (AWM) measurement

Rather than PWYV assessment, local stiffness of the artery walls is more commonly
assessed by measurement of arterial wall motion (AWM) from which changes in
vessel diameter may be extracted. These measurements are coupled with blood
pressure measurements to express stiffness. The stiffness is typically expressed using
the pressure strain elastic modulus, E, or similar, as described in the Appendix A. It
is valuable at this point to remember that due to the non-linear viscoelastic properties
of the artery wall, values obtained are specific to the magnitude of the pressure and
the rate of pulsation. The bulk of the reported work in the literature uses extra-
vascular ultrasound to evaluate wall motion and/or diameter changes. Reviews of the
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subject are available™.

M-mode is perhaps the simplest method for measurement of arterial wall motion and
therefore, changes in diameter. It has been used in cardiology departments for around
two decades, displaying the movement of structures at a single location. With only
one scan line along which to interrogate, high temporal resolutions of less than a
millisecond are possible’’. The movement along the line of interrogation is displayed

on the scanner monitor. Evaluation of wall motion is real time when performed in
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this way; the following techniques are typically performed off line post-acquisition

by dedicated software.

With manipulation of the raw radiofrequency (RF) signal one can also evaluate

artery diameter and wall motion; phase-locked tracking‘(’?'68

and displacement
tracking“(which uses cross-correlation methods) of the signal from the walls have
both been employed. B-mode images may also be analysed to deduce wall separation
and displacements over time. Using a frame grabber to obtain video frames of the
images, automated analysis packages can measure the displacements between

3594

frames™ ™. Also using B-mode data, speckle tracing has been employed to measure

wall displacement®.

Tissue Doppler Imaging (TDI) is the other main method by which tissue motion, and
artery motion in particular may be measured. By integrating the raw TDI velocity
values one can calculate displacement of the wall between time frames over a
number of scan lines. The integral principle of this approach is more robust
compared to differential evaluation of wall movement. Superior signal-noise ratios
are obtained compared to flow Doppler given the some 30 dB greater amplitude of
tissue reflections. Smaller pulse ensembles may be used per scan line to evaluate
velocity at a given instant, and higher temporal resolutions are possible. Furthermore,
temporal resolution may be enhanced to frame rates as high as 100 Hz by reducing
the number of B-mode and TDI scan lines’'. This allows superior resolution of
velocities at systole and therefore maximum dilation, a quantity required to derive

many of the wall stiffness parameters.

Many of the techniques already discussed measure AWM at a single location in the
artery. This provides no information on AWM of the artery as a whole. A small
number of techniques in the literature allow for measurement at several points within
a segment of artery. Meinders et al developed an echo tracking technique which
evaluated AWM at sixteen scan lines in an 18 mm segment of artery’. The potential
for greater spatial resolution is offered by a TDI-based technique’. Prototype

software derives AWM for 6.7 scan lines per mm within a user selected colour box
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which can collect TDI data over segments of artery up to 35 mm long. Frame rates

for TDI data acquisition range from 25 to 75 Hz depending on scanner settings.

An example of a TDI derived AWM image frame of an asymptomatic artery is
provided, together with a spatial plot of maximum dilation derived from raw AWM
data (Figure 1.9). Arterial wall motion across the scanned segment is uniform, as
illustrated by the approximately horizontal nature of the plot. In this instance access
to AWM data for an entire segment of artery is of limited value given the uniform
nature of the dilations. However, heavily diseased arteries may exhibit marked
variation in AWM across a scanned segment. An example of an AWM image frame
and associated spatial plot of maximum dilation of a severely stenosed carotid
bifurcation is provided (Figure 1.10). This demonstrates a marked change in dilation
(and therefore strain) with location in the TDI colour box which coincides with the

plaque location.

r
L

Figure 1.9: (a) TDI derived AWM superimposed upon a grey scale image of an
asymptomatic common carotid artery at systole. (b) Associated spatial plot of
maximum dilation.



Figure 1.10: (a) TDI derived AWM superimposed upon a grey scale image of a
severely stenosed carotid bifurcation at systole. (b) Associated spatial plot of
maximum dilation.

Given AWM data obtained using one of the above techniques, in order to quantify
wall elasticity, the distending force of blood pressure must also be quantified.
Therein lies a problem; less accessible arteries such as the aorta require an invasive
approach for pressure measurement which is undesirable. However, non-invasive
measurement of blood pressure is possible at more peripheral sites, such as the
brachial artery using the conventional sphygonometric approach, or using
plethysmography. Therefore, as in PWYV derivations, transfer functions can be
applied to these readings which infer the shape and size of the blood pressure pulse at
the less accessible site of interest’’. Systems which perform this operation are now
commercially available. However, the transfer functions are devised over

populations, although such functions are individual specific.

Without the use of a transfer function one has one other option. The peripheral
pressure reading can be applied directly, giving a nominal index of elasticity which
while not purely applicable to the site of interest, may still be compared with other

results measured in the same way.
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1.5.2 Assessment by Elasticity Imaging

An extension of the calculation of representative indices of stiffness is that of
elasticity imaging or ‘elastography’. By accurately measuring displacement which
results from an applied force across multiple locations demonstrated in an anatomical
image, the elastic properties may be evaluated and mapped. Whereas in oncological
applications the force is often applied externally, in arterial examinations the force
exerted by the blood pressure on the walls is typically used. Where ultrasound is
employed to measure the reaction of the tissue the technique is referred to as
‘sonoelastography’. In terms of the mapped tissue reaction parameter there are
several types of elasticity imaging which fall under the umbrella of elastography.
These are reviewed in the literature’® and include vibration amplitude elastography,
where the amplitude of tissue motion is mapped, and strain elastography where as the

name suggests, strain is mapped.

Strain elastography has been investigated by de Korte et al using intravascular
ultrasound and a technique devised by Ophir and Cespedes’'™. In vitro strain
sonoelastograms of plaques resulted in the successful differentiation of fatty,
fibrofatty and fibrous material. With strain data and information on plaque
composition, inferred by elastography there is potential for vulnerable plaques to be

identified'”".

From the perspective of risk to the patient, a non-invasive approach to elastography
is more desirable. Magnetic Resonance Imaging (MRI) offers this possibility”® as
does extravascular ultrasound'®. However in the case of the latter, one is limited to
lower ultrasound frequencies and greater attenuation of the signal from the region of
interest. In the case of intravascular ultrasound, the proximity of the artery wall to the

transducer and low attenuation by the blood in the lumen allows superior resolution.

1.5.3 Indirect assessment of wall elasticity
The field of image based Computational Fluid Dynamics (CFD) to date has been
more focussed on evaluation of haemodynamic parameters such as wall shear stress,

however it may also be used to estimate moduli and tensile wall stresses induced by



34
blood pressure ', The basis for the technique is the acquisition of 3D image data

sets providing detailed geometry of a particular vessel. X-ray, MR and ultrasound
data sets have all been used as a geometrical basis for the modelling. The Navier-
Stokes equation is applied together with assumptions concerning the velocity
distribution. The technique produces detailed 3D parametric maps of the imaged
region revealing locations of maxima and minima of the parameters concerned,
specific to that site and that individual. The technique involves large data sets and

requires a large amount of computing power to calculate solutions.

1.5.4 Summary

Three main ways in which in vivo elastic properties may be determined have been
described. The latter, image-based CFD, provides the most detailed information,
specific to a site in a specific individual. However this requires the processing of
large amounts of data and therefore does not have potential as a real time technique.
Evaluations of AWM directly from 2D images provide less detailed information on a
particular site and at present, are typically performed offline post-acquisition.
However, given the relative simplicity involved in their calculation, there is far
greater scope for integration of the relevant signal processing into commercially
available equipment in clinical use. An added advantage of ultrasound imaging in
particular, is the potential for real time viewing of the elastic properties. Several
techniques have been described for AWM evaluation. Typically these only allow
evaluation at single points in the artery. However, one TDI based technique in
particular, allows for detailed spatial interrogation of arterial segments up to 35 mm
long™. This provides scope for two types of AWM investigation, namely, (i)
Assessment of overall segment AWM and (ii) Assessment of intra-segment spatial

variation in AWM.
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1.6 Outline of thesis

The burden presented to health services by CVD, and stroke in particular, has been
highlighted. It is thought that a significant number of strokes are a result of carotid
atherosclerotic complications. The current criteria for carotid endarterectomy, the
degree of stenosis, is anatomically based. While identifying many individuals that are
at risk of stroke, some patients may unnecessarily be subjected to surgery, and some
which are not considered high risk may still stroke. This points to the need for an
additional or alternative diagnostic indicator. Given that the elastic properties of the
artery wall change with disease progression, this is a prime area for investigation for
such an indicator. Work to date for in vivo assessment of elastic properties fits into
three main categories. Image based CFD is a relatively cumbersome technique, while
direct evaluation of simpler, 2D parameters offers a more convenient, quicker
method for assessment, albeit providing less information. Ultrasound in particular
has scope for non-invasive real time assessment. In particular Bonnefous’s
TDI/AWM software technique%‘m4 (Section 1.5.1.4) allows the evaluation of wall
motion and therefore strain and elastic properties over approximately 200 scan lines

on a 3 cm segment of artery.

The greater clinical potential of the technique to provide indicators of AWM, strain
and elasticity, compared with others described in the literature, has been highlighted.
In particular, the ability to examine spatial variations in AWM, is of interest because
the clinical application may be used to identify high-risk carotid plaques as discussed
earlier. However there is limited data in the literature detailing technique efficacy.
Only two studies examining technique accuracy, both using test objects, have been
published'®'%®, The first used a simplified moving plate device to simulate the
movement of the artery wall by known displacements. By comparing the TDI
derived motion with the known motion of the plate, technique accuracy was
evaluated. However, this investigation was limited in scope; performance of the
technique was only assessed for one AWM waveform and variation in accuracy with

scanner settings was limited to velocity scale range and sensitivity setting variation
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only. This study in discussed in more detail in Chapter 3. The second study used a

wall-less flow phantom to compare TDI derived AWM with M-mode derived AWM
and as with the first study, investigated the effects of variations in scanner velocity
scale setting. No investigation was made of the effects of variations in beam-vessel

geometry, such as vessel depth, on technique efficacy.

Available in vivo data on the TDI/AWM technique is also limited. At the time the
work in this thesis was performed, no in vivo studies existed in the literature
quantifying technique variability. A reproducibility study has since been published.
However, this involved the scanning of abdominal aortas and used a different version
of the AWM software, which was specially modified for use on such vessels rather

than on the carotid arteries'®. This study is described in further detail in Chapter 2.

It is concluded, therefore, that there are three main ways in which AWM data in the
literature is limited:
(i) AWM accuracy

In vivo AWM covers a range of dilations and wall velocities corresponding to
a range in elasticity, while only one AWM waveform has been used in
previous studies investigating technique accuracy. Furthermore, there are
several scanning parameters that may vary TDI/ AWM software
performance, and these have not been investigated in the literature.

(i)  Variations in AWM precision with beam-vessel geometry
Parameters such as beam-vessel angle and vessel depth are thought to have a
marked effect on AWM precision and accuracy. Their effects have not been
investigated in the literature at all.

(iii)  In vivo technique performance
A quantitative study of TDI/AWM technique variability in the carotid arteries
has yet to be performed, including a detailed description of sources of

variability associated with the technique.

Given the lack of data on the above aspects, clinical application of the TDI/AWM

technique would benefit from a more detailed investigation of accuracy and
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precision, both in vive and in the laboratory where individual sources of

uncertainty may be investigated in isolation. Such investigations are the main aims of
this thesis. These aims are summarised chapter by chapter in Table 1.3. Each chapter

is outlined in further detail in the succeeding paragraphs.

Chapter Aim

2 In vivo assessment of TDI/AWM technique
reproducibility in asymptomatic arteries.
3 Laboratory assessment of TDI/AWM technique

accuracy.

4 Development and characterisation of materials for a
compliant wall flow phantom design.

5 Development and characterisation of a compliant

wall phantom design for generation of realistic AWM.
6 Laboratory assessment of TDI/AWM technique
precision upon scanning geometry variation, using
the phantom developed in Chapters 4 and 5.

Table 1.3: Thesis aims.

Chapter 2 describes an in vivo reproducibility study of the carotid arteries. Intra- and
inter-observer reproducibility was examined for two observers and two data
acquisition sessions. The study also served as an opportunity to observe limitations in
the TDI/AWM technique that could give rise to spurious AWM data. Furthermore,
the study was of value in that the initial in vivo experience of the technique provided
a basis for laboratory based studies that were to follow; sources of variability
observed in vivo could be investigated later using phantoms and AWM data acquired

provided reference physiologic data with which to compare phantom generated
AWM.

Chapter 3 describes an investigation of TDI/AWM accuracy. A validation device,
with simplified planar wall geometry, similar to that used by Bonnefous et al was
designed in-house for this purpose'™. AWM accuracy variation for a range of

dilations and wall velocities was investigated.
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In order to investigate the geometrical factors affecting TDI/AWM technique

efficacy, a compliant wall phantom capable of generating physiological AWM was
required. Chapters 4 and 5 detail the design and characterisation of such a phantom.
As close a possible mechanical and acoustic resemblance to the in vivo case was
sought. To address this, Chapter 4 details the choice of materials and their
mechanical and acoustic characterisation. Chapter 5 describes the design and the
performance of the phantom and its ‘working range’ of AWM parameters such as
dilation and wall velocity observed upon varying flow and output impedance
conditions. The aim of this work was to produce as realistic AWM as possible. With
a phantom design in place, an investigation of the relationship between AWM
precision and variation in beam-vessel geometry could be performed. This is
described in Chapter 6. Variations in derived AWM with vessel depth, beam-vessel
angle, degree of vessel axis-scan plane coincidence and exerted transducer pressure

were investigated.

As mentioned earlier, TDI imaging in conjunction with the prototype AWM software
presents the opportunity for two types of AWM assessment: (1) properties of the
scanned segment as a whole, and (2) detection of local occurrence of differential
motion within a scanned segment, as might be exhibited at a plaque boundary. The
first relies upon evaluation of dilation alone and therefore overall accuracy of
velocity estimation by the scanner. The second requires sufficient spatial resolution
of TDI velocities to detect change in velocity over the scanned segment and adequate
velocity resolution by TDI in order to demonstrate differing wall velocities between
adjacent locations in a given segment of artery. Clinical investigation of (1) and (2)
require the analysis of two different AWM properties: dilation and dilation gradients
respectively. Technique efficacy with respect to these two different AWM properties
requires separate analysis and to analyse both is beyond the scope of this thesis. For
this reason all investigations of technique efficacy detailed in this thesis are limited
to the special case of investigating spatially uniform AWM. A sound understanding
of technique performance without the added level of complexity introduced by
spatial gradients was deemed a priority. Future investigations may extend to

investigate spatial variations in AWM.
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Chapter 2 In vivo intra- and inter-observer
variability of TDI derived Arterial Wall Motion
(AWM)

2.1 Introduction

While laboratory based studies such as those discussed in later chapters are valuable,
ultimately the goal of arterial wall motion (AWM) derivation is its application in the
clinical environment. With this in mind, it is of value to examine the performance of
the technique in vivo and in particular quantify the derived AWM variability when
data acquisition is performed by different observers and upon different occasions.
This is the first study to do so for this technique. Variability in measured AWM will
place limits on the detectable differences in AWM and therefore elasticity, in
comparing individuals, different sites within the same individual or mapping changes
over time at a single site. Such an investigation has the additional benefit of
establishing practical and technical difficulties in acquiring and analysing AWM

data, and provides a basis for laboratory investigations described later in this thesis.

A study protocol was devised by the author and discussed with accredited National
Health Service Medical Technologists, Miss Sarah Jane Johnson and Mrs Karen
Gallagher, Principal Physicist Dr. Peter Hoskins and Consultant Radiologist Dr. Paul
Allan. Data was acquired in the Vascular Laboratory of The Royal Infirmary of
Edinburgh between March and May 2002. The technologists performed all scanning
and the author provided on site advice on implementation of the scanning protocol
and managed data acquisition. Professor Robin Prescott and Ms Mandy Lee of The
Medical Statistics unit at The University of Edinburgh were consulted during data

analysis for advice on statistical techniques.
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2.1.1 Definition of AWM indices

The measurement of AWM curves provides a large number of data points, typically
in the region of 18, 000. In order to measure quantitative variation in AWM four

representative indices of any given data set were chosen (Table 2.1).

AWM index Units
Maximum dilation, Mx pum
Mean dilation, Mn um
Standard deviation of dilation, Sd um

Maximum spatial gradient of dilation, Mg  um/mm

Table 2.1: AWM indices investigated.

The indices chosen have potential for clinical application, providing information on
different aspects of the artery wall dynamics. This is the first known use of the latter
three indices. Each index was calculated for each cardiac cycle, averaged over four
cycles per acquisition, then averaged over three cine loop acquisitions. The indices

are defined below with the aid of temporal and spatial AWM plots (Figure 2.1).

2.1.1.1 Mean maximum dilation, Mx

Maximum dilation can be used to calculate various elasticity parameters quoted in
the literature such as the stiffness parameter, B and the elastic modulus, E (defined in
Appendix A). In a given cardiac cycle, Mx is obtained from each scan line (as
denoted by ‘X’ in Figure 2.1), and averaged over all scan lines, giving a measure of

maximum dilation over the entire segment.

2.1.1.2 Mean dilation, Mn
In a given cardiac cycle, the mean dilation is calculated for each scan line, then

averaged over all scan lines.

2.1.1.3 Temporal standard deviation of dilation, Sd
Standard deviation of dilation, Sd gives an indication of heterogeneity in dilation
along an examined segment of artery. In a given cardiac cycle, Sd is calculated in

each time frame, then the mean Sd calculated.
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Figure 2.1: In vivo AWM derived from TDI data from a common carotid artery
plotted (a) temporally and (b) spatially. Dilations from only 3 scan lines and 3 frames
are shown for clarity.

2.1.1.4 Maximum spatial gradient of dilation, Mg

Maximum spatial gradient of dilation, Mg, in principle allows identification of
regions where AWM varies rapidly with location along the longitudinal axis of the
artery, which correspond to regions of high radial strain. It is defined as the absolute
value of the maximum rate of change of dilation with change in longitudinal position
in the vessel segment. Mg was calculated for each time frame in a given cycle, and
the maximum over all time frames in a given cycle identified. Figure 2.2

demonstrates the spatial gradients associated with the dilation curves in Figure 2.1.
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Figure 2.2: Variation in spatial gradient of dilation for the AWM in Figure 2.1.

2.2 Methodology

2.2.1 Logistics

Six volunteers were chosen from the Department of Medical Physics at the
University of Edinburgh, aged 21 - 51. All individuals were asymptomatic of carotid
artery disease. Tissue Doppler data was acquired using an HDI 5000 ultrasound
scanner. Cine loops of left and right internal and common carotid arteries were
acquired on two visits to the Vascular Laboratory by both observers. On each
occasion, three loops were acquired of each segment. Patterns of data acquisition are
summarised in Figure 2.3. Overall, 288 cine loops were acquired. Sections of artery

were scanned using the same protocol in order to standardise data acquisition.
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Figure 2.3: Pattern of TDI data acquisition.
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2.2.2 Scan protocol

Scanner settings recommended by Philips for AWM extraction were employed
(Table 2.2). Each volunteer was positioned supine on the couch. For each site, TDI
data was acquired over the same length (25 mm), denoted by the colour box length.
The colour box depth was also fixed (15 mm). The colour box was located at a
standard axial distance from the carotid bifurcation and aligned with the central axis
of the artery, ensuring the walls were enclosed by the box at systole. Common
carotid data was acquired 8 — 33 mm from the bifurcation, and internal carotid data
was acquired from the point of the bifurcation (Figure 2.4). Four cardiac cycles were
acquired in each loop. Note that due to time restrictions, the loops were acquired
‘blind’, that is to say the AWM was not examined at the time for artefacts,

precluding the chance to re-scan and obtain artefact free loops.

Parameter Setting
*Probe L12-5 linear array
*Sensitivity Medium
*Line density A
*Dynamic motion differentiator (DMD) | Off
*Colour gain Saturated (> 85%)
Velocity scale 22cms’
2D gain Minimum for clear wall definition
Frame Rate Optimisation (FRO) Maximum
Time Gain Control (TGC) Mid range

Table 2.2: Settings for TDI AWM in vivo acquisition. ‘*’ indicates a Philips
recommended setting.

Colour box positions
ECA

CCA

ICA

25mm 8mm L

Figure 2.4: TDI data acquisition locations.
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2.2.3 Data extraction & analysis

The cine loops containing the raw TDI data were transferred to a pc for analysis
offline. The AWM software was applied, producing Excel spreadsheets containing
the AWM. The AWM cine loops were also examined by eye by the author and Dr.
Odile Bonnefous of Philips Research France, the AWM software developer, to
identify the presence of any artefacts that would affect resulting AWM curves. An
audit was carried out on a subset of the data acquired, quantifying the incidence of
different sources of variability. Custom-written Matlab code (MathWorks Inc.,

Natick, MA) was employed to calculate the AWM indices from the spreadsheets.

The statistical analysis of the AWM indices consisted of two main aspects:
(i)  Intra-segment variability for fixed observers and fixed acquisition sessions

(Section 2.3.2).

(i)  Intra-segments agreement and variability between observers and acquisition
sessions (Section 2.3.3).

In particular, (i) assessed variability between cardiac cycles in a given cine loop and

between the three cine loops acquired at a given scanning appointment (see Figure

2.3). This reflects the inherent variability of the technique before the effects of

different observers and data acquisition sessions are taken into account in (ii). Inter-

loop and inter-cycle variability was expressed using the Coefficient of Variation

(CoV) (Equation 2.1), defined as the ratio of the standard deviation in a given AWM

index for n cardiac cycles or cine loops over the mean value of the AWM index for

the sample, expressed as a percentage).

CoV = SD" x100% (Equation 2.1)
mean _ AWM _index,

Part (ii) of the statistical analysis involved three stages. Firstly, agreement of AWM
indices from cine loops acquired by different observers and at different data
acquisition sessions was tested using the parametric students t-test. In particular, the
differences between AWM indices derived from a given segment of artery were

examined. The differences were obtained by calculating a mean AWM index for
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each batch of three cine loops acquired by a given observer in a given acquisition

session. These AWM index mean values were then paired and the differences
between to the two calculated. For example, Mx for observer 1, session 1 was paired
with Mx for observer 2, session 1 in order to evaluate agreement between observers
in session 1. The strategy of analysis of differences between AWM index values
rather than the AWM index values themselves is recommended by Bland &

Altman'?”’.

Agreement between observers and acquisition sessions were analysed in four groups:
(i)  Observer 1 versus Observer 2 (Session 1 data)

(i)  Observer 1 versus Observer 2 (Session 2 data)

(iii)  Session 1 versus Session 2 (Observer 1 data)

(iv)  Session 1 versus Session 2 (Observer 2 data)

Prior to t testing Bland & Altman plots were made of the differences versus their
mean values to exclude any systematic relationship between the AWM index values
and their variability. Histograms were also plotted to assess the distribution of the
differences. Conditional on obtaining no more than moderate deviations from
normality (assessed with the assistance of Professor Robin Prescott and Miss Mandy
Lee from the Medical Statistics Unit at The University of Edinburgh), the parametric
students t-test could be applied to the paired data. Testing was performed at the 95 %
confidence level using commercially available software, Minitab (Minitab Inc, State
College, Pennsylvania). The following null hypothesis was tested: ‘There is no
statistical difference in AWM indices derived from data acquisitions made by
observer A and observer B and data acquisition session 1 and data acquisition
session 2 when compared over all segments of artery scanned’. Conditional on this
observation, agreement among the paired values was quantified using the mean
difference (an estimate of the bias) and limits of agreement (LOA), which are
defined in Equation 2.2. Note that the use of CoV was inappropriate as an indicator
of variability given this analysis examines differences rather than the AWM index
values themselves; the denominator in Equation 2.1 will likely be close to zero and
very small relative the standard deviation, creating large CoV values which lack

meaning.
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LOA = Bias £ 25D (Equation 2.2)

SD is calculated from the differences. The LOA provides a range, based on the
sample, within which one could expect an AWM index value to differ from another
when derived from data acquired by a different observer or in a different acquisition
session. Note that the LOA obtained here included all cine loops acquired, regardless
of artefact presence, as a ‘first look’ at AWM variability. While a less intuitive
measure of variability, the repeatability coefficient (RC) recommended by Bland &
Altman was also quantified (Equation 2.3). This allowed comparison of results
obtained here with those obtained by Long et al, who used a modified form of the
AWM software to assess reproducibility in abdominal aortas'®. Only RC values
were provided in this study and so their calculation was necessary to compare with

results obtained here.

RC = \/ Sum _of _observation _ d:ﬁ‘erence% (Equation 2.3)
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2.3 Results & Discussion
2.3.1 Sources of variability
Prior to quantifying the reproducibility of the sample, individual cine loops were
examined for sources of variability. The sources of variability encountered are listed
in Table 2.3 (1 - 8). The effects of each source of variability are illustrated in turn
with semi-quantitative comparisons either between AWM from affected and
unaffected parts of the TDI colour box or by comparing AWM from affected and
unaffected cine loops. There are additional sources of variability in AWM (9-10)
whose effects may not be clearly visible or quantifiable in the acquired cine loops
due to the presence of other sources of variability and the lack of control over
scanning geometries, as is the case in in vivo scanning. For example, no information
was gathered at the time of the study concerning the pressure applied to the scanned
site by the observer using the transducer. Quantitative comparisons between cine
loops affected and unaffected by sources 1-10 are not made, since unaffected cine
loops were not always available. Furthermore, many of the imaged segments are
affected by more than one source of variability; therefore, to compare segments for

the effect of a single artefact alone is difficult.
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2.3.1.1 Variability source 1: segmentation error due to B-mode
reverberation artefact

Where reverberation artefacts are present in 2D images, the segmentation process in
the AWM software can mistake them for the genuine artery wall and reduce dilations
in the affected area. Figure 2.5a shows the B-mode artefact, marked with an arrow
and Figure 2.5b demonstrates the effect on the cycle-averaged maximum dilation
curve, comparing an affected loop with an unaffected loop. The AWM indices are
compared with those acquired from the same segment by the other observer where
there is no reverberation artefact. The marked difference in maximum dilation can be
seen. This artefact would also affect Mn, Sd and Mg and undetected could result in
the incorrect identification of rapidly varying elastic properties along the length of

the scanned segment.

800
700 —— no reverberation artefact
600 —— reverberation artefact
S 500
£ 400 |
X300 |
Reverberation 200
artefact 103 affected area \eoc —J
0 5 10 . 15 20 25
position/mm
(@) (b)

Figure 2.5: (a) A B-mode frame demonstrating a reverberation artefact, marked with
an arrow (b) a comparison of spatial variation in maximum dilation for one loop
unaffected by the artefact and another affected by the artefact. A trough is evident at
the artefact site (Volunteer 5, session 1, observer 1, loop 1).

2.3.1.2 Variability source 2: Sub-optimal definition of the artery walls

It was often difficult to acquire 2D images where the walls were well defined over
the entire length of the segment. The quality of the 2D image dictates the accuracy of
the segmentation process, and is an indicator of the strength of the received Doppler
signal. Therefore, both factors dictate the quality of the AWM data. This was
particularly an issue with ICAs where the segment of interest may be relatively deep-

seated and tortuous. In such cases the resulting AWM data is dominated by noise

effects, producing smaller dilations and relatively large Sd (Figure 2.6).
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Figure 2.6: AWM masked by noise due to poor definition of the artery walls
(Volunteer 3, LICA session 2 Observer 1 loop 1). Each line represents the mean
dilation of each scan line averaged over several cardiac cycles.

2.3.1.3 Variability source 3: Segmentation error due to the presence of
strongly reflecting structures other than the artery walls

Other strongly reflecting planes other than the artery wall may result in the
misinterpretation as part of the artery wall by the AWM software. The example
shows how part of the wall of the jugular vein is interpreted to be part of the CCA
wall (Figure 2.7) resulting in wall velocities in the opposite direction to the true
AWM and therefore, low anomalous dilations (Figure 2.7). This artefact has

implications for all four AWM indices.

-100

-150

-200 St

scan line position/mm

(@) (b)

minimum dilation/micron

Figure 2.7: (a) A segmentation error in a CCA due to a strongly reflecting jugular
vein wall (b) the effect on AWM is seen in cycle-averaged minimum dilation curves
(Volunteer 3, session 1, observer 1, loop 1).
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2.3.1.4 Variability source 4: Spurious high velocities originating from
blood misinterpreted as wall velocities

TDI anomalies, Corresponding
thought to originate AWM anomalies
(@) from the blood (b)

Figure 2.8: (a) TDI and (b) AWM data demonstrating the effect of inclusion of blood
velocities with tissue velocities (Volunteer 3, LICA, session 2, observer 2, loop 1).
Brightness in (a) is enhanced in order to visualise the TDI colours.

On occasion isolated bright pixels have been observed, opposite in colour to the
predominant colour displayed in the wall at that instant. These correspond to
velocities at the other extreme of the velocity scale when compared to the
surrounding pixels. These pixels appear to occur only on the edge of the TDI colour
strips adjacent to the vessel lumen. They are thought to be due to the incorrect
interpretation of blood velocity as tissue velocity. This may be a result of inadequate
TDI spatial resolution of the and/or inadequate tracking of the vessel wall by the
AWM software; the segmented TDI colour strip may lag behind the true wall
position as it accelerates rapidly in the expansion phase of the AWM cycle. This may
explain why the artefact is most marked in this phasc of the AWM cycle. An
example is given, demonstrating the effect in terms of the TDI image, and the AWM
which results (Figure 2.8). At and just after systole the artefact shows itself in the
AWM as a relatively low dilation due to the cancelling affect of the artefact on the
surrounding areas. Given the relatively small area the artefact occupies, it has little
effect on Mn, Mx and Sd. However, it can elevate the value of Mg since, as with
sources | and 2, changes in dilation are highly localised but marked enough to be

observable by eye.
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2.3.1.5 Variability source 5: Lack of scan line synchronisation
In acquiring the TDI data, the scanner scans left to right across the length of the
colour box. This process takes a finite amount of time, and so non-simultaneous
dilations are interpreted as occurring simultaneously (Figure 2.9). This has
implications for all four AWM indices. Its effect is present in all acquisitions, though

in some it is particularly noticeable (Figure 2.10).

Scan line x
fires Colour box
Z
P
Atery T AWM || Vessel  timet
walls $ Y diameter
v D '
t
Scan line
y fires
E Vessel time t + tgelay
diameter,
Dt+tdelay
Scan line
z fires
- Vessel timet + 2tde|ay
diameter,
Dt:2tdelay

Figure 2.9: A schematic diagram demonstrating the mechanism resulting in
misinterpretation of non-simultaneous dilations as simultaneous, due to a finite
scanning time across the colour box length.

The plot shows maximum dilation decreases as scan line increases. The delay
between successive pulse ensembles emitted by the transducer moving from left to
right across the colour box produces the gradual decrease in maximum dilation, as

velocity is measured later and later after the emission of the first pulse ensemble. A
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TDI software release that became available subsequent to this study incorporates a

correction to reduce this effect as demonstrated by Bonnefous et al'®.

g

0 5 10 15 20 25
scan line position/mm

Figure 2.10: Maximum cycle-averaged dilation showing a lack of synchronisation
between scan lines (Volunteer 1, LCCA, Session 2, Observer 2, loop 1).

2.3.1.6 Variability source 6: Patient/transducer motion

Either the patient may move or the observer’s hand may slip during acquisition of the
cine loop. This produces a motion artefact whose effect on AWM can vary in nature.
In this example, the artery moves out of the beam plane, and therefore records a
lower dilation (Figure 2.11). This could affect any of the four AWM indices, but

should be easily detected and therefore avoided.

------- unaffected mean cycle
motion artefact affected cycle

mean dilation/micron

0.0 0.2 0.4 0.6
time/s

Figure 2.11: Reduction in mean dilation due to the presence of a motion artefact
(Volunteer 5, LCCA, session 1, observer 2, loop 1).
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2.3.1.7 Variability source 7: Motion artefact due to presence of the
jugular vein between the transducer and segment of interest

Atypical AWM curves have been observed where a jugular vein is present in the
field of view; the presence of the jugular vein appears to induce oscillations or
‘bouncing’ in the wall additional to the typical expansion and contraction of the
artery wall. This effect is illustrated in Figure 2.12 where the upper wall seems most
affected. It has a quite different shape to the AWM for the lower wall at the same
longitudinal position. As the example shows, this artefact can increase the range of
the AWM observed and so can affect Sd and Mn. There may also be implications for

Mg if a segment is partially affected.

entire segment
lower wall LHS
...... jugular artefact,upper wall
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time/s
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Figure 2.12: Comparison of cycle and scan line averaged AWM of the entire scanned
segment, the lower wall only and the upper wall only demonstrating the effect on
AWM shape of the jugular induced motion (Volunteer 4, LCCA, session 1, observer
2, loop 3).

2.3.1.8 Variability source 8: Lack of coincidence between the beam and
the central axis of the artery

Should the transducer be offset from the central axis of the artery it will detect
smaller velocities (if one assumes largely radial AWM) and therefore smaller
dilations. An example is given below, showing incorrect positioning of the
transducer on the left hand side of the segment (Figure 2.13a). The AWM data is also
shown (Figure 2.13b). This source of variability would have particularly marked

effects on Mn and Sd since it introduces more low dilation values to a given AWM
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data set. Where a segment is partially affected, one may see an effect on Mg, as there
will be a change in dilation across the interface of the affected section to the
unaffected section. Where an entire segment is affected, Mx will be reduced. Such an
artefact is relatively easy to detect, from the lack of bright reflection obtained when
the beam is normally incident on the artery wall. This source of variability may not
always be avoidable; where arteries are tortuous, it may only be possible to gain in-
plane images of shorter segments of artery than those scanned here. This was the
case in a number of acquisitions in this study. The effect of off-axis positioning was

quantified in Chapter 6 using a compliant wall flow phantom.
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Figure 2.13: Demonstration of the effect of off-axis positioning of the transducer (a)
B-mode frame (b) Maximum cycle averaged dilation variation with position
(Volunteer 2, LCCA, session 2, observer 1, loop 1).

2.3.1.9 Variability source 9: Sub-optimal beam-vessel angle

Tissue Doppler Imaging is limited to detecting velocity in the direction of the beam
alone, as with other Doppler ultrasound modalities. Therefore, variations in beam-
vessel angle vary the component of AWM velocities measured by the scanner. The
effect of non-normal beam incidence alone was difficult to assess here given the
number of variables involved and so a compliant wall flow phantom was used to
investigate the effect as described in Chapter 6. Such a source of variability could be
minimised on comparing repeat scans of the same segment of artery if the same
beam-vessel angle is employed at each scan. However, comparisons of AWM from
different segments of artery would need to take into account any differences in beam-

vessel angle between acquisitions.
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2.3.1.10 Variability source 10: Transducer pressure
The pressure applied to the artery on placement of the transducer may vary. The
observer may apply further pressure to that required normally if this assists in
obtaining an image that is more satisfactory. One specific scenario where this occurs
is when the jugular vein lies close the segment of interest. By applying pressure in a
particular direction, one may remove the jugular from the scan plane. However,
doing so may alter AWM. There was no methodology in place to quantify such
variations in this study so testing was performed using a compliant wall flow

phantom in Chapter 6.

2.3.1.11 Variability source 11: Other variations

One particular source of variation was noticed on reviewing cine loop data, in some
cases it seemed that the actual nature of AWM was different between observations,
rather than the AWM software’s interpretation of AWM. While in one observation
typical dilative AWM movement can be observed, (that of expansion of the walls
outward from the vessel axis at systole followed by contraction at diastole) the
observations recorded on another occasion may demonstrate a movement that
involved more translatory motion than dilative motion. An example is provided
(Figure 2.14). In this example, the translatory motion resulted in Mx of 143 um
compared to 365 um, illustrating the large differences which may occur. An
exploration of this phenomenon is beyond the scope of this work but has implications
for the quantitative use of AWM data. If considering reproducibility in AWM
measurements one must also consider natural fluctuations in AWM. Blood pressure

may be a controlling factor here. However, at present it is difficult to quantify such

effects.
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Figure 2.14: A comparison of two AWM frames at systole of the same artery
segment imaged in the same session by different observers exhibiting (a) dilative
AWM and (b) translatory AWM (Volunteer 5, RICA, session 1).

2.3.1.12 Frequency of occurrence of AWM variability sources

The following analysis treated CCA and ICA data separately. Overall incidence of
the different sources of variability, some of which may be labelled ‘artefacts’, was
quantified in terms of artefact occurrence per scanning episode (Figure 2.15). A
scanning episode was defined as the three loops acquired successively on a segment
of artery by a given observer in a given measurement session. This eliminated repeat
counts of certain artefacts or sources of variability, which if they occurred in one
loop in an episode would often occur in all three. An artefact was registered for a
source of variability regardless of its extent. Note that sources of variability 5 (lack
of scan line synchronisation) and 10 (transducer pressure) were excluded from

analysis since the former is present in all data and the latter is not quantifiable.

Given these criteria, of the 48 scanning episodes (4 artery sites X 6 volunteers X 2
observers). only 8 had cine loops acquired which were completely free of artefacts or
obvious sources of variability. All 8 unaffected segments were CCAs, reflecting the
relative ease with which artefact free images of the artery wall may be obtained in
CCAs compared to ICAs. The most common source of variability for the CCAs was
the reverberation artefact in the 2D image. This is to be expected given the presence
of the relatively strongly reflecting artery and veins present on scanning CCAs. For
the ICAs, the most common source of variability was by far, poor definition of the
artery. This is to be expected given the ICAs more tortuous nature and greater depth

relative to the CCAs.
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Artefact key
2D reverberation
Poor 2D wall definition
Segmentation of non-
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Figure 2.15: AWM artefact frequency for a sample of 24 scanning episodes for each
artery type. Note contributions from different sources of uncertainty sum to more
than the sample size since more than one artefact may occur in a given scanning
episode. Also note the absence of sources 5 and 10; the former is present in all
scanning episodes and the effect of the latter is unknown.

2.3.2 Intra-segment variability for fixed observers and fixed acquisition
sessions

2.3.2.1 Inter-cycle variation
The Coefficients of Variation (CoV) calculated on comparison of AWM indices
obtained for different cardiac cycles were found to be of similar magnitude with the

exception of Mg, which is over double the magnitude of the other three (Table 2.4)
AWM index CoV/%

Mn 7
Mx 11
Sd 8
Mg 21

Table 2.4: Inter-cycle Coefficient of Variation (CoV) values.
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2.3.2.2 Inter-loop variation
Similar variation across the 4 AWM indices was obtained at this level. Mn proved

the least variable, being under half of the value of the most variable index, Mg (Table

2.5).

AWM index CoV/%

Mn 8
Mx 12
Sd 16
Mg 17

Table 2.5: Inter-loop coefficient of variation (CoV) values.

2.3.3 Intra-segment agreement and variability between observers and
acquisition sessions

2.3.3.1 Assessment of agreement
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Figure 2.16: A Bland & Altman plot of the difference in Mx obtained by the two
observers versus the mean values of the two observations averaged over both data
acquisition sessions. The random nature of the data excludes the systematic variation
of the differences with index magnitude.

An example of a Bland & Altman plot is provided for observer comparison of Mx
(Figure 2.16). No systematic relationship between the differences in AWM indices is
apparent and so calculation of LOA was carried out. The histograms of differences
between paired AWM indices produced reasonably symmetrical distributions, which
could be approximated as normal for the purposes of carrying out a paired t-test. An

example is provided (Figure 2.17). P-values obtained from paired t-testing of the
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differences in observations are demonstrated (Table 2.6). Of the 16 values obtained,
2 are significant at the 95 % confidence level (Mx and Sd, both for a comparison of
observers, Session 1). However, the occurrence of these may be a phenomenon of
multiple testing. If the null hypothesis was true for all 16 tests (that is, there is
agreement between data from observers and sessions) using the properties of the
binomial distribution, one can calculate a probability of 0.19 that 2 or more
significant results may be observed due to chance over the 16 tests performed (see
Appendix B for probability calculation). The two p-values less than 0.05 in Table 2.6

are therefore not deemed to be statistically significant.
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Figure 2.17: A histogram demonstrating a normal distribution of differences between
paired Mx values for inter-observer variability in session 2.

Comparison set Mn Mx Sd Mg
Sessions, Observer 1 0.09 0.25 0.36 0.79
Sessions, Observer 2  0.89 0.14 0.15 0.99
Observers, Session 1 0.73 0.02 0.04 0.43
Observers, Session2 0.23 0.61 0.80 0.11

Table 2.6: t-test p-values for differences in paired AWM indices.
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2.3.3.2 AWM variability: Limits of Agreement (LOA)

600
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Figure 2.18: Bar chart of mean biases of differences in paired AWM indices for
given segments of artery. LOA are represented by the error bars attached to the
difference bars. Mean AWM values are plotted alongside LOA values and their error
bars represent £1 SD. Y-axis units are microns, with the exception of Mg whose

units is x 107,

Mean biases between paired AWM indices are demonstrated for each of the four
AWM indices (Figure 2.18). The error bars in Figure 2.18 represent the calculated
LOA. The mean value of each index, averaged over all artery segments scanned is
plotted alongside the biases. Note the LOA apply to the biases only and not the
values of the indices themselves. The mean AWM index values are therefore only
plotted alongside to give an idea of the scale of the differences relative to the indices
themselves. The LOA are of a similar order to the index values, suggesting large

inter-acquisition variability between observers and sessions.

It is of value to put these results in to the context of other similar ultrasound
variability studies. While Long has provided RC values for abdominal aortic AWM

derived with the same technique used here, no other variability studies for carotid
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AWM exist in the literature'®. Consequently, comparisons of variability are made
with investigations of other carotid disease quantitative parameters derived using
ultrasound and in particular clinically used parameters. Mathiesen, Joakimsen and
Bgnaa investigated inter-observer variability in the stenotic peak systolic velocity,
PSVs and the degree of stenosis as derived using measured velocities amongst other
parameters >°. Montauban van Swijndregt et al investigated intra- and inter-observer

1% The derived mean

variability between intima-media thickness measurements
biases and LOA from these studies along with mean values of the parameter under
investigation are shown alongside results obtained here (Table 2.1:). The table shows
that other carotid artery disease indicators can also have high associated variability,
as quantified by LOA, relative to the scale of the parameter being investigated.
Results obtained by Mathieson et al are of particular interest since these results are in
use clinically and therefore provide a gold standard with which to compare AWM
index variability. For example, LOA of + 0.71 m s were obtained for PSVs,
compared to the average measured PSV; value of 1.39 m s™'. This was obtained over

a sample size nearly three times as big as the one used here.
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2.3.3.3 AWM variability: Repeatability coefficients (RC)

Intra-observer repeatability coefficients are provided for the mean intra-observer
differences in Mx over all scanned segments and are compared to values obtained
Long et al (Table 2.8).

Parameter Study Mean value/um [ RC/pum
Carotid Mx Dineley, 2005 333 + 136 51

Abdominal Aorta 108 N
systolic diameter Long et al, 2004 12472 £ 1542 | 2106

Table 2.8: Observer averaged intra-observer repeatability coefficients (RC) obtained
here and Long et al. These are quoted with mean AWM index values to provide an
indicator of the scale of the variability.

The RC values obtained here are of a similar magnitude relative to mean index
values on comparison with the Long study. The Long study is thought to have been
carried out with a more up to date version of the TDI software, and so would not be
subject to the same extent of scan line asynchronisation artefacts that were observed
here. Furthermore, the velocities and dilations exhibited by the abdominal aorta are
much greater than those observed in the carotid arteries. This may result in a lower
limit on relative uncertainties in AWM. Therefore, there may be scope to provide

superior reproducibility in carotid arteries than that obtained in abdominal aortas.

2.4 Summary and conclusions

On inspection of the TDI and AWM data a number of sources of variability were
identified. These included imaging, AWM software, operator and subject dependant
factors. Quantifying the effect of the different sources over all the cine loops
acquired is not a straightforward task, given that several artefacts may be present in
the same segment. For this reason quantitative effects were demonstrated for

individual examples only.

Variation in actual AWM (with location in an artery in the segment and with time) in
asymptomatic arteries is particularly important to understand, before one can be

confident in determining which aspects of the AWM data is attributable to the
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segment measured, and which is attributable to the technique. For example, it may be
possible that AWM varies with location around the carotid bulb due to changes in
geometry and/or elasticity. /n vitro measurements of excised arteries would be one

potential strategy for evaluating such factors.

At the lowest level, intra-loop variability in AWM indices between cardiac cycles in
given cine loops was found to be significant, with Mg having the highest variability
(CoV =21 %). The implication for AWM in vivo measurements is that it is of value
to acquire as many cardiac cycles as practically possible, since averaging the indices
over the cycles will provide better reproducibility than on comparing single cardiac
cycles. Variation in reproducibility with number of cycles acquired has not been

quantified here. This requires a separate study.

At the next level of analysis, inter-loop variability for a given scanning episode of
three loops was also found to be significant, with Mg again demonstrating the
highest variability (CoV = 17 %). Variability at this level contributes towards the
overall variability obtained on comparing measurements derived from different
observers and measurement sessions. This could imply there is an advantage to
taking mean AWM values over a number of acquisitions rather than using a single
acquisition. However, inspection of the cine loop data often revealed that where a
single loop was affected by particular sources of variability, the other two were
similarly affected, and so averaging over several cine loops provides little advantage.

Instead, a single cine loop that is relatively free of sources of variability is of more

value.
AWM index | Mean Bias | Mean LOA
Mn/ um -1 + 92
Mx/ um -17 +153
Sd/ um -4 +43
Mg/ x 103 -21 + 237

Table 2.9: Summary of AWM index variability, averaged over observers and

sessions.
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Intra-observer and intra-session variability is summarised (Table 2.9). Overall, paired
AWM indices were found to agree with mean biases close to zero. However, overall
LOA were found to be high. These high values are attributed to the sources of
variability identified earlier. It is thought that the availability of an upgraded version
of TDI software (not available at the time of this study), which applies a scan line
synchronisation correction, will significantly improve reproducibility. In addition, in
removing one source of variability, it will be easier to identify others. Many of the
identified sources of variability have the potential to be significantly reduced, with
more scanner operator training and if AWM data are examined for artefacts at the
time of acquisition allowing rescanning, rather than the ‘blind’ acquisition methods
used here where access to clinical resources was restricted. A comparison with two
other studies in the literature revealed that other carotid disease indicators (including
those used clinically) also suffer from high variability. Therefore, the use of

quantitative AWM clinically should not be dismissed based on these results.

Mn, Mx and Sd were defined with a view to assessing overall properties of the
segment in question whereas Mg was defined to identify extremes in AWM within a
segment. The problem with such an index as Mg however, is that it may also reflect
extremes introduced by spurious AWM data due to artefacts rather than genuine
AWM. Non-genuine effects may have a relatively large effect in this study since
asymptomatic arteries are likely to have lower values for Mg in comparison to
diseased arteries, which are more likely to demonstrate more rapidly spatially
varying AWM. Nevertheless, modifications to the method for Mg calculation may be
of benefit: given the apparent sensitivity of the technique to scanning conditions,

further averaging of raw maximum gradient data may improve Mg variability.
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Chapter 3 Arterial Wall Motion (AWM) technique
accuracy assessment using a controlled validation
device

3.1 Introduction

Technique accuracy of Tissue Doppler Imaging (TDI) coupled with the Arterial Wall
Motion (AWM) software must be known in order for in vivo AWM data to be
interpreted meaningfully, including its use in the derivation of elasticity parameters
such as the elastic modulus. The in vivo reproducibility study in Chapter 2 revealed a
large number of artefact types, which introduce uncertainty in the derived AWM.
While the findings of this study were valuable, there are three main limitations of
in vivo scanning in assessing TDI/AWM technique efficacy. Firstly, there is no gold
standard in vivo for measuring wall displacement therefore while these results give
an indicator of precision, they give no indication of accuracy of the derived AWM.
Secondly, given the relatively wide variability in AWM indices for a given segment
of artery obtained in Chapter 2, it would be difficult to assess variation in technique
performance for changes in scanner acquisition parameters. Thirdly, the cine loops in
Chapter 2 often exhibited one or more artefacts. Therefore, in order to assess inherent
precision and accuracy without the complicating factors of artefacts, it is necessary to
investigate the AWM technique in the laboratory, with a device of simplified
geometry whose motion, unlike in vivo, is accurately known and directly

controllable.

Indeed Philips have performed some accuracy measurements, which are now
described'”. A device was used that consisted of two layers of agar, the first of
which was fixed above the transducer of a Philips HDI 5000 scanner, and the second
attached to a moving piston, above the first layer. This arrangement was used to
simulate the near and far artery walls observed clinically in an ultrasound image. The
rig was immersed in a water bath for acoustic coupling, and the motion of the piston
was induced by a pc driven controller and d.c motor. The motion waveforms applied
to the piston were compared to the ultrasound TDI/AWM software derived

‘dilations” or displacements. This was carried out for the available range of
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sensitivity settings on the scanner and a number of velocity scale settings in the
physiological range (0.5 cm/s to 3.3 cm/s). In the case of the HDI 5000 scanner,
Philips use the term ‘sensitivity’ as an indicator of the ensemble length delivered by
the transducer. The higher the sensitivity setting out of ‘Low’, ‘Medium’, ‘High" and

‘Maximum’, the greater the ensemble length.

Though the study was valuable as a first indication of accuracy of the AWM
technique, it has some limitations. No indicator of the piston motion accuracy is
provided in the publication. Relatively little information is provided on the
methodology, including scanner settings, and the analysis of the AWM data such as
cycle or cine loop averaging of AWM or the presence of any AWM artefacts.
Furthermore, there are no experimental uncertainties attached to the data points. The
authors provide plots of the bias of the TDI derived ‘maximum dilation’ relative to
the actual maximum dilation and the ‘standard deviation of dilation’. It is important
to note that the parameters maximum dilation and standard deviation of dilation have
not been defined in the text by the authors. As such, they may have been calculated
slightly differently from the Mx and Sd parameters used in this thesis. An aspect of
the TDI/AWM technique that has not been investigated is variation in performance
with velocity and dilation ranges of the AWM under interrogation. Furthermore,
there are a number of scanning parameters not included in the Philips study which
may in part dictate the performance of the TDI/AWM software technique, such as

Time Gain Control (TGC) and colour box size.

All the factors stated above justify a further, more detailed investigation of AWM
accuracy. Therefore the aim of this chapter is to assess accuracy of the TDI and

AWM software technique.

This necessitates the design and construction of a suitable test object. Vessel flow
phantoms do not offer the possibility of directly controllable, accurately known
AWM since the coupled fluid and solid mechanics involved are complex, even for
simple geometries such as the one used later in this thesis. The uses of vessel

mimicking flow phantoms also introduce further uncertainties of a geometric nature
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such as scan plane-vessel axis coincidence, which are discussed in Chapter 6. For
this reason a simpler device, similar to that used by Philips, with two planar sections
of tissue mimicking material (TMM) simulating the artery walls, was devised for
accuracy assessment. The device was designed, constructed and accompanying
software programmed by Mr. Steven Hammer, a research associate in the
Department of Medical Physics and Engineering at the University of Edinburgh. An
optical validation of the device for sinusoidal and physiological AWM waveforms
was performed in order to quantify the device movement accurately. Optical data
was collected by Steven Hammer, while the author performed analysis of the data.
This work, along with the methodology or TD/AWM accuracy assessment is

described in the following section.

Analysis of acquired AWM data has been divided into three main sections. Firstly, a
TDI independent assessment of the validation device motion using B-mode data from
the raw cine loops is described (Section 3.3.1). This served as a further check of
maximum dilation and allowed detection of any differential motion along the length
of the scanned TMM. Secondly, an examination of the raw AWM data is presented
(Section 3.3.2). Thirdly, a subset of the raw AWM data is used to quantify technique

accuracy (Section 3.3.3).
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3.2 Materials and methodology
3.2.1 The AWM validation device

Photographs of the AWM validation device demonstrate the two vessel mimicking
layers of polyvinyl alcohol (PVA) cryogel (Figure 3.1). The method for manufacture
of PVA cryogel with added acoustic scatterers is described in Chapter 4. Polyvinyl
alcohol cryogel was chosen over other materials with acoustic tissue equivalence
such as gelatin and agar based materials since it is robust and can tolerate the high
stresses required to attach it to the validation device securely without breaking. The
upper PVA layer, which represents the near artery wall in the ultrasound image
(Figure 3.2) was secured to the transducer (Figure 3.1c). A further layer of PVA
cryogel was placed between it and the transducer to provide a 5 mm separation
between the wall simulating layer and the transducer face. The appearance of the two
PVA layers when imaged using TDI is demonstrated (Figure 3.2). The 2D gain in

Figure 3.2 has been enhanced in order that the upper PVA layer may be visualised.

The PVA layer was coated in water-based acoustic coupling gel prior to attachment
to the transducer, to remove air from between it and the transducer. The transducer
was secured with a clamp attached to the main structure of the validation device. The
lower layer of PVA that represents the far artery wall in the resulting ultrasound
images was secured to an aluminium frame on top of a piece of acoustic absorber,
which minimised reflections from the frame and the base of the water bath it was
seated in. The aluminium frame was driven in the vertical plane, moving the lower
PVA layer relative to the upper, stationary layer attached to the transducer, thereby
simulating AWM. The frame was driven by a lead screw table coupled with a stepper
motor. The table has a 50 mm range, and was therefore easily capable of producing
displacements over the entire physiologic range of AWM. The water bath used as an
acoustic couplant was earthed to minimise electrical interference in the acquired
ultrasound signal while the stepper motor was running. The device has rubber feet
attached to its base to absorb vibrations produced by the device. A stepper motor
drive provided an interface for control of the lower PVA layer motion. This was set

to induce displacements by the motor of 1.25 um per step. A custom-written
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LabView program generated the desired AWM waveforms for testing, and converted

them into a program written using EASI code for application to the drive.

Figure 3.1: The AWM validation device (a) with only the lower, moving TMM layer
in place (b) with the transducer in place and a layer of TMM secured to it, acting as
the near artery wall (c) a close up of the transducer holder.

Stationary upper PVA layer
attached to the transducer

Lower PVA layer attached to
the moving arm of the
validation device

Figure 3.2: A raw TDI image of the AWM validation device with the two cryogel
layers in place. 2D gain has been enhanced in order to visual the near PVA layer.

An optical evaluation of the device movement using laser Doppler vibrometry was
carried out for comparison with the ultrasound derived AWM. This involved
measurement of the position of the lower moving part of the device by a reflected
laser beam. This was performed without the PVA cryogel layers in place since it did
not provide a sufficiently reflective surface for the laser beam. Optical data was
acquired for each of the AWM waveforms tested with ultrasound in this chapter. The

device provided an output in Volts that could be converted to microns, using the
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calibration of the vibrometer. For each AWM waveform to be used for TDVAWM
accuracy assessment, for ultrasound interrogation five motion sequences of
approximately five cycles were acquired. Analysis revealed the device produced
highly consistent AWM cycles. Variability in device maximum dilation was
quantified using inter- and intra-sequence (equivalent to inter-cycle) standard
deviations. Inter-sequence standard deviations were under 0.8 % of the device
maximum dilations for all motion waveforms tested. Intra-sequence standard

deviations were under 1.2 % of the maximum dilations for all waveforms tested.

3.2.2 AWM waveforms investigated

TDI/AWM software technique efficacy was investigated using two different AWM
waveform shapes; sinusoid and physiologic. Tissue Doppler data was acquired for
five sinusoidal and two physiologic device motion waveforms. Key properties of all
waveforms are summarised (Table 3.1) and temporal plots are shown (Figure 3.3).
The waveforms were chosen to cover the physiological ranges for dilation, velocity
and acceleration as well as possible within the validation device specification. The
two physiological waveforms are shown alongside two typical in vivo AWM curves
acquired in Chapter 2. The device simulated displacements and velocities are similar

to those found in vivo.

By definition, physiological AWM waveforms are the more realistic of the two
waveform shapes and therefore provide the most representative AWM in vivo
accuracy estimate. However, use of sinusoid waveforms has two advantages. Firstly,
there is value in the use of the simplified shape of the sinusoid since any distortion
by the TDI/JAWM software technique is easier to identify. Secondly, there is a lack
of flexibility and control over physiologic AWM waveform properties imposed by
the validation device software. For example, the choice of physiological AWM
maximum dilation dictates the cycle period produced by the software. For
waveforms with maximum dilations at the upper extreme of the in vivo carotid range,
this can result in AWM waveforms longer than typically found in vivo, which limits
the number of cycles of TDI data which may be acquired per cine loop using the
fixed buffer length of the HDI 5000 scanner. For example, when using waveform B,

typically only 2 - 3 AWM cycles may be captured.



Waveform Maximum Maximum Rise  Cycle
displacement, Mxo /um velocity/cms™ time/s period/s
1 248 + 1 0.32 +0.02 0.19 0.47
2 494 + 1 0.59+0.02 0.19 0.47
3 740+ 2 0.85+0.03 0.19 0.47
4 9913 1.03 £ 0.01 0.19 0.47
5 1190 + 1 1.20 £ 0.02 0.19 0.47
A 295+3 0.68 + 0.03 0.11 1.07
B 594 + 2 0.65 + 002 0.15 1.49

13

Table 3.1: Key properties of sinusoidal AWM (1 — 5) and physiologic (A — B)
waveforms applied to the validation device for accuracy assessment.
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Figure 3.3: (a) Sinusoidal (b) Physiological displacement waveforms performed by
the validation device for accuracy assessment of TDI/AWM software technique.
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3.2.3 TDI data acquisition
As in Chapter 2, TDI data was acquired using a Philips HDI 5000 scanner. The first
half of this chapter’s investigation comprised tests of AWM accuracy upon varying
maximum dilation and velocity, using the waveforms described. These were
performed using the same settings recommended by Philips and used in vivo in
Chapter 2. The colour box width was set to its minimum value of 0.7 cm to maximise
frame rate and therefore temporal resolution of the raw TDI data. In the case of 2D
gain and Time Gain Control (TGC) settings, no absolute quantitative settings are
provided by the scanner. Standardisation of TGC settings was achieved by moving
the scanner sliders to the middle of their range. The 2D gain was standardised by
reducing the gain until the near wall PVA layer was not visible. The 2D gain dial was
then wound up slowly, one click at a time, increasing the 2D gain until the near layer
just became visible. The far PVA layer produced a far stronger reflection than the
near wall and so this was easily identifiable in the resulting 2D image while
minimising spurious echoes. For each waveform tested three TDI cine loops were
acquired, each containing as much data as the scanner buffer would allow (typically
5 - 7 for the sinusoidal AWM and 2 - 4 for the longer physiological AWM cycles).

3.2.4 TDI independent verification of device motion

A further TDI independent check of device motion, in addition to the optical
measurements was carried out. In particular, actual maximum dilation by the device
was evaluated in compared to maximum dilation as evaluated optically. B-mode data
in the TDI cine loops from which TDI AWM accuracy was derived in section 3.3.3
was used to evaluate AWM. This investigation was used in particular to exclude any
gross differential motion of the PVA cryogel layer across the TDI scanned length
since, as stated in section 3.2.1, optical vibrometry measurements which evaluated
actual device motion were performed with the cryogel layer absent. The B-mode
analysis was also useful as a check to exclude any gross deviations in maximum

dilation of the device from motion cycle to motion cycle or cine loop to cine loop.

Analysis was carried out using the ultrasound image analysis software, HDILab
(Philips Medical Systems, Bothell, WA). One of the software’s tools produces plots

of lumen diameter versus time for user defined regions of interest (ROI) of the vessel
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walls, which can be exported as delimited files for analysis. Maximum dilation was
evaluated for 2 x 2 mm wide ROI positioned at the left and right extremes of the TDI
colour box length (Mxg 1grr and Mxg rigur). Overall maximum dilation Mxp
averaged over the two ROI was then calculated. Differences between Mxg_grr and
Mxg rigur were also calculated for each cycle in each cine loop. The B-mode
measurement technique resolution is limited by the image pixel size of 148 um. The
pixel size is provided by HDILab and is dependent on the image depth. Therefore,
any given dimension of maximum dilation may lie, in theory, as much as + 75 um
from the value obtained. However, this resolution of dilation was deemed sufficient
for the detection of gross differences in maximum dilation between cycles and cine

loops and differential movement along the PVA cryogel layer.

3.2.5 TDI Data analysis

Similar methods were used for AWM index extraction from raw TDI data as in
Chapter 2. This included the application of custom written Matlab code (MathWorks
Inc., Natick, MA) to calculate the characteristic indices of the TDI derived AWM
cycles. Maximum dilation, Mxtp; was derived from TDI to compare to the actual
motion of the validation device as evaluated by laser vibrometry, Mxy, to determine
technique accuracy. This was deemed to be the most important AWM parameter
given that it may be applied to derive values for several elasticity and compliance
parameters quoted in the literature. Mxyp, is equivalent to the Mx defined in Chapter
2 (see Section 2.1.1). It is renamed Mxyp; for clarity upon comparison with device

maximum dilation, Mxg,.

Standard deviation of dilation, Sd, also defined in Chapter 2, is of interest. Unlike the
scanned arteries in Chapter 2, where uniform elasticity along the scanned segment
could only be supposed, the validation device used here should demonstrate no
spatial gradients in dilation since the PVA layers are attached to rigid structures. All
points along the ‘walls’ should be moving at the same velocity and by the same
displacements at any given time, unlike an artery in vivo which may or may not
demonstrate spatial variations in elasticity and therefore AWM. Therefore, Sd
obtained here reflects distortion of the true motion of the device by the TDI/AWM

software technique. Sd is not a direct indicator of accuracy but it is a quantitative
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measure of the broadening introduced by the TDI/AWM technique. This is of interest
since such an effect will mask any genuine variations in dilation across the length of

a scanned segment of artery or phantom.

A statistical power test was performed to determine the value of one-way analysis of
variance (ANOVA). ANOVA at the 95 % confidence level identified significant
differences between technique accuracy estimations for the different AWM

waveforms.

3.3 Results and discussion

3.3.1 TDI independent verification of device motion

An example of the pseudo-M-mode data produced from the B-mode image frames by
HDILab is provided (Figure 3.4). An example of the temporal plots generated is also
demonstrated (Figure 3.5). The percentage difference between B-mode and laser
vibrometry estimated maximum dilations (cycle and loop averaged) are plotted for
each waveform (Figure 3.6). The error bars are the combined inter-cycle and inter-
loop standard deviations for both B-mode and laser data. There are two main features

of note in this graph.

Firstly, no percentage difference exceeds 20 % and most are under 5 %. This
suggests good agreement between the two techniques within the limited resolution of
the B-mode data. The limited resolution of the B-mode technique (148 um/ pixel) is
thought to be the cause of the largest differences of 20 % obtained for waveforms
1 and 2 in Figure 3.6. Maximum dilations of 297 um and 594 um were registered
using B-mode data for waveforms 1 and 2 respectively. In the case of waveform 1,
297 um is the most accurate value that could be produced given the B-mode
resolution and the actual maximum dilation of the device, as measured optically (248
um). For waveform 2 this was not the case. The closest possible B-mode value, 444
wm (= 148 um x 3), was not obtained. However, the actual maximum dilation of the
device, as measured optically (494 pm) falls within 24 pm of the mid-point between

the two closest possible B-mode values, 444 pm and 594 um (= 148 um x 4). This
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may explain why the next closet value, 594 pum, was obtained using the B-mode

measurements.

Secondly, the error bars are small, with all but two data points having errors less than
+ 0.5 %. This reflects the consistency in maximum dilation of the validation device

between motion cycles and loops.

Upper PVA layer,

dilation lower surface

Lower PVA layer,
upper surface

>

time

Figure 3.4: An example of pseudo-m-mode image generated from a 2 mm wide ROI
in the TDI scanned segment of B-mode data for waveform B.
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Figure 3.5: An example of the dilation plots for waveform B motion generated from
B-mode data for 2 x 2 mm wide ROI of the TDI scanned segment.

Evidence of differential motion across the PVA cryogel layer is quantified by
(Mxg 1grr - Mxp_rigur) (Table 3.2). The uncertainty attached to each (Mxp pgpr -
Mxg rigur) value is + 106 pum, and is calculated by combining the individual
uncertainties of = 75 pm in Mxg_pgrr and Mxg_rigur in quadrature. All but 3 of the
21 cine loops (7 waveforms x 3 loops each) demonstrated no difference between
Mxg 1grr and Mxg rigur, Within experimental error bounds. Gross differential

motion across the PVA layer can therefore be excluded.
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Figure 3.6: Percentage difference between laser vibrometry and B-mode estimates of

maximum dilation.

Cycles where

All other data

Cine | Cycles Mxg LEFT-
W ) 3
aveform loop | per loop mig—:;:T 40 | MXs_rigHT/um

. ‘ 148 + 106
5 (Sinusoid) 2 6 2 (all affected cycles)

_ _ 148 £+ 106
5 (Sinusoid) 3 6 5 (all affected cycles)
A (Physiologic) 2 3 1 148 £ 106

E % - 0+106

Table 3.2: (Mxg_rgrr - Mxg_ricut) for all acquired cine loops.

3.3.2 Qualitative assessment of TDI derived AWM accuracy
Typical examples of TDI derived AWM cycles are demonstrated for three of the

validation device motions investigated: waveform 3 (deemed representative of most

of the sinusoidal data acquired), waveform A and waveform B (Figure 3.7). The

actual motion of the validation device as measured optically is superimposed upon

the TDI derived AWM, demonstrating TDI/AWM software accuracy.
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dilation/micron

Figure 3.7: TDI derived AWM for typical (a) sinusoidal motion (waveform 3) (b)
physiological motion (waveform A) (c) physiological motion (waveform B). The
solid black line represents the actual device motion as measured by laser vibrometry.
‘I' demonstrates broadening of dilations (see 3.3.2.1). ‘II’ demonstrates spatial
bunching of dilations (see 3.3.2.2).
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3.3.2.1 Sinusoidal AWM
On the whole, the sinusoidal AWM in Figure 3.7 resembles the motion of the
validation device. However, it appears that the TDI/AWM software has
systematically under-estimated AWM amplitude. The degree of under-estimation is
quantified in the following section. Another key feature (‘I' in Figure 3.3a) of the
sinusoidal data is the ‘broadening’ of the TDI derived AWM curves. Dilations from
each scan line at a given time do not coincide precisely with one another as one
might expect, given the validation device exhibits uniform motion over the length of
the cryogel layers. For example, in the plot shown, at the peaks of the AWM cycles,
there is a range in maximum dilation of 150 - 200 wm over all scan lines. This

exceeds any differential movement estimated by the B-mode analysis in section
3.3.1.

While the plot in Figure 3.7a is typical of the derived sinusoidal AWM, some of the
TDI derived AWM for waveform 1 was somewhat different to that expected. Plots of
AWM averaged over all TDI scan lines for two cine loops, one acquired directly
after the other, demonstrate a marked difference between the two (Figure 3.8). Loop
1 exhibits a series of cycles much smaller than the 248 um expected amplitude, with
exception of the last cycle. In comparison, in loop 2 all cycles are registered and
reproduced with reasonable accuracy by the TDI/AWM software technique.
Inspection of the segmented TDI cine loops reveals red TDI pixels during the
supposed expansion phase of the AWM cycle (e.g. at point X in Figure 3.8) in the
affected cycles. This implies motion towards the transducer rather than the expected
motion away [rom the transducer represented by blue pixels, therefore a decrease in
dilation is registered before the PVA layer has reached its maximum dilation. Such

TDI behaviour is not observed in unaffected cycles in Figure 3.8.
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Figure 3.8: Mean AWM versus time demonstrates the variability in derived AWM
between two consecutively acquired cine loops for waveform 1 device motion. ‘X’ is
one of several points where instead of blue TDI pixels, indicating the expected
expansion of the device ‘walls’, red was incorrectly assigned by TDI and therefore
interpreted by the AWM software as wall contraction.

Validation device motion consistency from cycle to cycle has been proven by the
laser vibrometry measurements (see Section 3.2.1) and B-mode estimates of
maximum dilation and so variations in actual motion of the device are excluded as
the cause of the variability. The artefact therefore appears to be a result of some
limitation in TDI. The transient nature of this artefact is puzzling, given that it affects
some cine loops and not others, and some cycles and not others within a given cine
loop. Furthermore, this artefact has only occurred for sinusoidal waveform 1.
Misinterpretation of AWM data due to this artefact may be avoided by acquiring
more than one cine loop of the site under investigation and excluding affected cycles
from further analysis. Affected cycles are easily identified when adjacent to the

markedly larger unaffected cycles.

3.3.2.2 Physiological AWM

The TDI derived physiological AWM resembles the validation device motion to an
extent; the rapid rise to a peak dilation followed by a slower decay to zero dilation is
mimicked. However, there are two types of distortion introduced by the TDI/AWM
software technique. Firstly, the broadening described for the sinusoidal AWM also
occurs for the physiological curves. However, broadening appears to occur to a

greater degree here. This is illustrated by Sd values (derived as in Chapter 2)
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normalised to maximum dilation for both types of device motion and averaged over
all cycles and cine loops obtained (Table 3.3). It can be seen that the normalised

physiologic Sd values are up to eight times greater than those of the sinusoidal

waveforms.
Waveform Sd /Mx / %
1 (Sine) 10.L0+0.8
2 (Sine) 47102
3 (Sine) 42+ 0.2
4 (Sine) 3.2+0.1
5 (Sine) 33+0.2

A (Physiological) 26.5+20
B (Physiological) 124+24

Table 3.3: Cycle and loop averaged Sd values normalised to maximum dilation for
each validation device waveform.

The second type of distortion (‘II' in Figure 3.7b) shows variation in dilation
depending on the scan line location in the colour box. One can see discrete ‘bunches’
of dilations. Further examination of the raw dilation data reveals these bunches to
correspond to scan lines in the left (with dilations peaking at approximately
450 - 500 wm) and right (with dilations peaking at approximately 50 - 100 pum)
halves of the colour box. Examination of the segmented cine loops corresponding to
this AWM data reveals the TDI data responsible for the artefact (Figure 3.9). Tissue
Doppler data is shown for two image frames. The frames are taken from the rise
phases of the second and third motion cycles in Figure 3.7. The unaffected cycle (a)
demonstrates largely homogenous colour along the lower moving PVA cryogel layer.
The affected cycle (b) demonstrates a region in the lower moving wall in the right
hand quarter of the colour box which is a markedly darker blue than the rest of the

wall, representing lower estimated velocities.
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lower TDI estimated
(a) (b) velocities

Figure 3.9: Image frames from the rise phase of two waveform A physiological
motion cycles within the same cine loop, one unaffected (a) and one affected (b) by
the ‘bunching’ artefact in Figure 3.7.

Such gross differential movement of the cryogel layer across the TDI box length has
been excluded by the B-mode investigation in section 3.3.1. Furthermore, one would
expect such large differential motions to be observable by eye. However, this is not
s0. These observations and the TDI data in Figure 3.9 suggest a limitation in the TDI
estimation by the scanner rather than a validation device error. However, this type of
distortion has only been observed for the physiological waveforms (most markedly
for waveform A motion but also for waveform B motion) and was not observed in
flow phantom AWM data acquired in Chapters 5 and 6. A potential source of
distortion concerns the electromagnetic noise and the stepper motor operation by
which physiological AWM is generated by the device, which is different to that used
for sinusoidal AWM generation. Sinusoidal AWM generation by the validation
device involves the following operation of the stepper motor:

e Stepper motor switches on

® Drives at constant acceleration until maximum dilation is reached

e Stepper motor switches off

® Stepper motor switches on

* Drives at constant acceleration until original zero displacement is reached.
Physiological AWM waveforms exhibit a range of accelerations and the stepper
motor is switched on and off continuously throughout the cycle to generate these. It

is postulated that the switching on and off of the stepper motor provides a source of
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radio-frequency (RF) radiation which interferes with the genuine RF signal generated

by the device motion.

Identification of the mechanism by which the bunching artefact arises in the
physiological waveforms requires further experimental investigation which is beyond
the scope of this chapter. It is deemed therefore, given their lack of reproducibility
and lack of understanding as to why the artefact arises, that physiological waveforms
should not be used in the following quantitative assessments of TDI/AWM technique

accuracy. Instead, sinusoidal AWM alone is used for accuracy assessment.

3.3.3 Quantitative assessment of TDI derived AWM accuracy

Accuracy of the TDI/AWM software is assessed in two ways, firstly by comparison
of TDI derived maximum dilation, Mxp; with the optically measured maximum
dilation of the device, and secondly, by considering the variability associated with

Mx1pr.

3.3.3.1 Maximum dilation, Mxtp accuracy

Maximum dilations, Mxrp;, averaged over all cycles and cine loops acquired for each
sinusoidal waveform are shown, together with the percentage deviation from the
actual maximum dilation, Mx, for each AWM waveform investigated (Table 3.4).
The errors quoted for each are the combined intra-loop (or inter-cycle) and inter-loop
standard errors. The TDI derived maximum dilation, Mxp; are also plotted against

actual maximum dilation (Figure 3.10).

Waveform  Mxg /um  Mxrp/um  Mxyp — Mxo /%

1 248+3 241 +20 -3+8
2 494 + 2 432+7 -12+1
3 740 £ 1 603 £ 6 19+ 1
4 991 +3 7756 22x1
5 1140 + 1 917+ 6 23 +1

Table 3.4: Comparison of TDI derived maximum dilation, Mxp; with device
maximum dilation, Mx, for 5 sinusoidal waveforms.
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Figure 3.10: Percentage deviation in TDI derived maximum dilation, Mxrp; versus
actual maximum dilation, Mx.

Maximum dilation is underestimated for every AWM waveform tested. The degree
of underestimation appears to increase with Mx,. If one excludes the first data point,
which has a relatively high associated variability (waveform 1, Mxy = 248 um)
ANOVA demonstrates that the trend is significant (p-value < 0.005, power = 1.00).
Percentage differences are of a similar order to those measured by Bonnefous, who
obtained an accuracy of 10 - 15 % for a physiological AWM waveform with a rise
time of approximately 0.1 s and amplitude of approximately 400 um'*. The same

study also derived similar Sd values (5 - 10 %) to those quoted in section 3.3.2.2.

Two possible causes of the underestimation of dilation are observable in the
segmented TDI images. Firstly, despite the use of a scanner velocity range of
1.5 cm s which is somewhat bigger than the maximum velocities of the AWM
waveforms tested (see Table 3.1), a small amount of aliasing is observable in the
segmented TDI strips for the three largest sinusoids. An example is shown for
waveform 5 (Figure 3.11a). The aliasing does not occur in every image frame or in
every location in the TDI strip in the colour box, and it is difficult to quantify its
overall effect on the AWM accuracy. However, it will reduce the amplitude of the
derived dilations as the measured velocity is lower. The effect of any aliasing will
become more marked as the peak velocity of the AWM increases, which could

explain why the degree of underestimation by Mx increases across the sinusoidal

waveforms.
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Secondly, throughout all AWM waveforms, colour pixels of opposite colour to that
corresponding to the direction of motion can be seen. For example, during the
expansion phase of the AWM cycle the moving PVA layer appears predominantly
blue as it moves away from the transducer, but regions of red can be seen in the TDI
strip, appearing consistently along the upper edge of the TDI strip (Figure 3.11b).
These appear differently to the aliased pixels; one does not see the full range of
colours one would expect to see in an aliased colour image. It is thought that these
regions are registering velocities from outside of the PVA layer, as observed in vivo
in Section 2.3.1.4. This phenomenon is possibly due to limitations in spatial
resolution of the TDI image and inadequate tracking of the wall as it accelerates
sharply. This artefact, like aliasing, will reduce the mean estimated velocity and any

derived dilations.

(a) (b)

Figure 3.11: Segmented TDI frames showing (a) aliasing in a cine loop of waveform

5 (marked by arrow) (b) spurious colour thought to result from velocities outside the
PVA layer in a waveform 3 cine loop. Both frames are taken from the expansion
phase of the AWM.

The efficacy of mean velocity estimation by the scanner is fundamental in accurate
determination of maximum dilation. Tissue Doppler Imaging, as with colour flow
imaging provides a mean velocity estimate for a given pixel and time interval. The
results of the estimation may vary with the exact nature of filtering of the ultrasound
signal prior to estimation. Unfortunately, the exact nature of these factors is unknown
due to the proprietary nature of the ultrasound scanner. Scan line asynchronicity
already mentioned in Chapter 2 and limitations of the correction applied by the

AWM software to account for the phenomenon may also be responsible for
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maximum dilation underestimation. Beyond these hypotheses, it is difficult to
ascertain the exact mechanisms by which the inaccuracies are introduced, given the
‘black box’ proprietary nature of both the scanner and AWM software signal

processing.

Clinically, the underestimation of maximum dilation means elasticity parameters
such as the pressure-strain elastic modulus will be underestimated. This
underestimate will be especially marked for larger, relatively elastic arteries which
exhibit large dilations. For example, Long et al measured abdominal aortic dilations

using an adapted version of the TDI/AWM technique in vivo'®

. They obtained a
‘mean maximal segmental dilation’ (MMSD) (thought to be similar to the Mx
parameter defined in this thesis) of 1160 + 301 um (n = 24). There is an associated
under-estimation of maximum dilation of 23 % at this magnitude compared to an
under-estimate of -3 + 8 % for maximum dilations of 250 um. Therefore, actual
maximum dilation over all scanned subjects may be as high as 1427 pum. The
variable degree of underestimation of maximum dilation introduces a source of

variability to in vivo estimation of AWM additional to those discussed in Chapter 2.

3.3.3.2 TDI derived AWM variability

Variability in Mx+p; illustrated by the error bars in Figure 3.10 are small except for
those associated with the waveform 1 motion, which are 3 times larger than for the
other sinusoids. This difference is thought to be in part due to the small number of
cycles available for analysis. A number of cycles affected by the artefact
demonstrated in Figure 3.8, which is thought to be a TDI error, were excluded from
quantitative analysis. This left one loop of four cycles and a second loop with only
one cycle in the sample. Standard deviation in dilation, Sd are a further measure of
variability but reflect the variability or broadening over a whole AWM cycle rather
than just the estimation of maximum dilation that is discussed above. Normalised
values have been quoted for each sinusoid in Table 3.3. An increase is observed as
dilation decreases, therefore TDI derived AWM of smaller motion cycles are visibly

more broadened than AWM of larger motion cycles.
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3.3.4 Validation device limitations

The AWM validation device has succeeded to a degree in providing a measure of in
vivo TDIVJAWM software technique accuracy. The device produced precise AWM for
measurement with ultrasound, with maximum inter-sequence and intra-sequence
(equivalent to inter-cycle) standard deviations in device maximum dilation of 0.8 %
and 1.2 %. It also allowed the generation of AWM waveforms covering the entire
physiological range of velocities and displacements. However there were two main

limitations.

Firstly, on the basis of preliminary results presented here, physiological AWM
derived from the device motion using TDI was deemed too variable for use in
quantitative analysis of TDI/AWM software performance. Specifically, the reasons
for the marked bunching of dilations from different locations in the TDI scanned
segment were not fully understood and required further investigation, which was
beyond the scope of this chapter. The artefact appears to be unique to physiological
AWM generated by the validation device. Sinusoidal AWM produced by the device
and various AWM produced by the compliant wall flow phantom in Chapters 5 and 6
did not demonstrate such behaviour. Also related to physiological AWM generation,
the software accompanying the validation device was not flexible enough to generate
physiological waveforms of shorter duration than the 1.1 s and 1.5 s cycles used here
without markedly reducing maximum dilation. A shorter cycle would allow more
cycles to be captured per cine loop, and would allow for the representation of a

greater range of heart rates.

The second main limitation of the device is the scanning geometry. The current
design places the PVA layer closest to transducer approximately 5 mm from the
transducer face. A value of 10 — 15 mm would be more appropriate, increasing
attenuation of the ultrasound beam by 200 — 300 % and providing more realistic

received signal strengths.
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3.4 Conclusions

Quantitative assessment of technique accuracy has been performed on a range of
AWM dilations, velocities and accelerations for the first time. This was performed
using a custom built validation device which has been shown to produce highly
reproducible motion cycles. The TDI derived AWM index of maximum dilation, Mx,
differed from the true maximum dilation of the device by between -3 + 8 % and
-23 £+ 1 % for sinusoidal device motion. A statistically significant increase in
underestimation was found on increasing device motion amplitude. Further work is

required concerning the optimisation of scanner settings for TDI data acquisition.

Further work on the validation device is needed before physiologic motions may be
used for TDI derived AWM accuracy assessment, though this is not within the scope
of this project. One important conclusion of this study is that for the current state of
development of the TDI/AWM software technique, AWM indices cannot be blindly
calculated then used to investigate AWM phenomena or aid in patient management.
Close scrutiny is required of the segmented TDI loops to detect the presence of any

artefacts such as those described earlier that will affect the quality of the derived
AWM.
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Chapter 4 Phantom material characterisation

4.1 Introduction

The primary motivation for the development of a compliant wall vascular phantom
has been outlined in Chapter 1, that realistic AWM may be generated in the
laboratory for assessment of TDI derived AWM precision. This chapter concerns the
identification of appropriate materials for phantom construction (section 4.2), their
preparation (section 4.3) and the subsequent mechanical (section 4.4) and acoustic
characterisation (section 4.5). Desired characteristics of a material for phantom
manufacture are identified in the following section followed by a comparison with a
list of materials short-listed from the literature. Based upon this comparison the most

appropriate materials are chosen for use in a compliant wall vascular phantom.

4.2 Choice of materials

A number of options present themselves as potential tissue and vessel mimicking
materials (VMM). From the literature, a shortlist of gelatin based materials, agar
based materials, polyvinyl alcohol (PVA) cryogel, latex, silicon rubber and C-flex

was identified'®'"7

. PVA cryogel is perhaps lesser known than other VMM. It is an
alcohol-based polymer, which is moulded by heating the gel, then freezing and
thawing. The freeze-thaw cycle induces intermolecular cross-linking between
hydroxyl groups and the number and nature of the freeze-thaw cycles varies the

mechanical properties.

In order to choose the most appropriate materials from the list, a number of important
characteristics must be assessed for each material and compared (Table 4.1). These
are summarised for the materials shortlist in the previous paragraph and for vascular
tissue (Table 4.2). In vivo values for the human carotid artery and aorta are stated

where available. Each of the material characteristics is then discussed.
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Property
Geometry
Mechanical
Acoustic
Optical appearance
Stability
Durability
Ease of preparation
Availability
Safety considerations

Table 4.1: Phantom material properties for consideration.

4.2.1 Geometry

A basic requirement of the potential phantom materials is that they may be moulded
into realistic in vivo geometries. It was also judged that walled phantoms with
separate VMM and TMM would provide greater scope for investigating AWM
phenomena compared to wall-less models. Wall-less model construction is often
more straightforward than for walled models and avoids distortion of the ultrasound
beam which is known to occur if the VMM material used is highly attenuating in
comparison to the TMM used''™ (this is discussed in more detail in Section 4.2.3).
However, a walled phantom allows the investigation of the effects of varying wall
thickness together with lumen geometry. The use of a separate VMM also allows
control over longitudinal ‘tethering’, the longitudinal strain the in vivo artery is
subject to which results in retraction on removal from the body and is known to have

an effect on the pulse wave velocity®.

There are a number of ‘off the shelf’ tubing types available, including latex, silicon
rubber and C-flex, which can be used as VMM. While convenient, these provide less
opportunity for geometry variation. This is in part because the increments between
tube diameters and wall thickness commercially available are often larger than would
be of interest for this work. However, in-house manufacture of latex tubing is
possible with the appropriate facilities. The manufacture of tubing of varying wall

thickness (and therefore compliance) was described by Walker et al''’. Polyvinyl
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alcohol (PVA) cryogel and gelatin-based gels are available commercially in powder
and gel form, and powder form respectively. These may be moulded in-house, also

presenting the potential for a range of geometries''>''>'"°.

4.2.2 Mechanical properties

Ideally, the constituent phantom materials should be capable of exhibiting a range of
Young’s elastic moduli allowing the simulation of AWM in both healthy tissue and
for varying stages of disease as described in Chapter 1. A mimic is desired in
mechanical terms in order that the AWM characteristics, including displacement,
velocity and acceleration correspond as closely as possible to in vivo values (Table
4.2). Note that this is a key aim for phantom development, rather than an exact match
in Young’s modulus of human vascular tissue. While not within the scope of this
thesis, the potential to produce variable mechanical properties within a single piece
of VMM is also desired. Together with variable geometries, this capability would

allow the mechanical and geometric mimicking of stenoses and grafts.

Latex and silicon rubber tubing have relatively high Young’s moduli when compared
to the other potential mimicking materials, and coincide with moduli for human
arteries at physiologic stresses. An elastic modulus is not known for C-flex, however
preliminary testing by the author using the flow rig described in the next chapter
demonstrated undetectable AWM with off the shelf tubing sizes. A serious limitation
of all three of these tubing types is that they provide no opportunity for variation in
mechanical properties, other than varying structural stiffness by altering vessel
diameter and wall thickness. Furthermore, unless very thin walled tubes are used
they are too stiff to produce realistic AWM dilations for the pump system used in this
work. However, PVA cryogel and agar based gels and gelatin based gels can exhibit
a wide range of Young’s modulus including the lower end of the physiologic range,
depending on their concentration and in the case of PVA cryogel, the nature of the

freeze-thaw cycles it has been subjected to.
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4.2.3 Acoustic properties

The relative acoustic properties of the components of a walled phantom dictate the
nature of ultrasound beam propagation through the phantom. In particular, changes in
acoustic velocity across interfaces between TMM and VMM, and VMM and TMM
will determine the extent of reflection and refraction of the beam and any consequent
distortion of the ultrasound beam. Furthermore, differential attenuation of the
ultrasound beam can occur because of the different path lengths traversed in the
VMM, a further source of Doppler signal distortion. A typical effect is the loss of
low frequency components of the Doppler signal, which can result in the
underestimate of the mean frequency and therefore mean velocity'*. The effects of
these phenomena in terms of flow measurement have been well documented in the
literature**"* but not for Tissue Doppler Imaging (TDI) or AWM derivation in
particular, which rely on mean velocity estimates. In the absence of any data on the
subject, a similar attitude is taken as with flow measurement phantoms, that any
VMM, TMM and BMF used should preferably be matched acoustically to minimise
such distortions. Spectral variation in attenuation is another potential source of
distortion. A linear variation in attenuation with frequency is observed in tissue'**

and as such is sought in phantom materials.

Of the potential VMM, latex, silicone rubber and C-flex exhibit large attenuation at
diagnostic ultrasound frequencies, approximately an order of magnitude higher than
soft tissue and vascular tissue. In addition, silicon rubber exhibits a large disparity
between its acoustic velocity and that found in vivo (35 % lower than for typical soft
tissue). Due to their high attenuation, should a large wall thickness be desired in a
phantom to simulate a stiff artery, low signal to noise ratios will result. Higher
attenuation will increase distortion of derived AWM, as illustrated by data in section
6.1.5 and encountered in vivo in the study in Chapter 2, increase the possibility of
segmentation artefacts through inadequate wall definition. These effects are in
addition to the distortion effects described in the previous paragraph. PVA cryogel
and the agar and gelatin gels exhibit acoustic velocities close to those for typical soft
tissue and vascular tissue. Attenuation by these mimics is also much more similar to

tissue than that exhibited by latex, Silicon rubber and C-flex tubing (see Table 4.2).
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The gelatin and agar based mimicking materials can potentially be moulded for use
as TMM or VMM. Acoustic velocity and attenuation of both these materials are
controlled independently by varying the proportions of the constituents. In particular,
acoustic velocity is controlled by the proportion of alcohol. Originally, n-propanol
was employed''® but glycerol has since been adopted since it is non-flammable and

111

less volatile' . Attenuation is varied according to the proportion of microscopic

particles such as graphite''’, carborundum (SiC powder) and aluminium oxide'"".
Within this, absorption and backscatter may be controlled independently;
carborundum in particular is known to primarily affect backscatter while Aluminium

oxide primarily affects absorption'®’

. Using these constituents, the mimicking
materials have been found to simulate tissue with varying degrees of success. Typical

values are provided (Table 4.2).

The ability to control speed of sound and attenuation independently in a TMM is of
particular relevance to this work. As described in Chapter 1, there are three types of
measurements to be made on a compliant wall vascular phantom. The first two are
the assessment of AWM measurement technique efficacy and the investigation of
AWM and haemodynamic phenomena. However, prior to performing such
investigations measurements are required to characterise the response of the phantom
to varying flow conditions. While the former requires a phantom which mimics the
in vivo scanning environment (as used in Chapter 6), the latter two have no such
requirement. In fact, optimisation of TDI signal strength from the vessel wall is
desirable in order to gain the most information about the wall movement. A TMM
surrounding the VMM that matched it in velocity terms but exhibited markedly
lower attenuation would be of value. This should be achievable with a gelatin or agar

based mixture by adjusting the various components as described.

4.2.4 Optical transmission

While not within the scope of this thesis, the optical appearance of the phantom is of
interest since optical interrogation methods together with a transparent phantom
provide a strategy for ultrasound independent measurement of AWM. This is

especially helpful for investigating AWM measurement accuracy for complex
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configurations of geometry and elasticity. Uniform elasticity only can be simulated
by the fixed simple geometry of the validation device used in Chapter 3. A further
advantage of an optically transparent phantom is that the phantom behaviour may be
'eye-balled', assisting in the set-up of experiments and detection of faults such as

VMM rupture and collapse.

Each of the mimicking materials in Table 4.2 is optically opaque when prepared with
acoustic absorbers and scatterers. However, particle free gelatin TMM is transparent
and practical experience of the author with PVA cryogel has revealed that for thin
walled VMM segments (1.73 mm), the inner and outer walls are visible when an

opaque liquid such as blood mimicking fluid (BMF)'*® is pumped through it.

4.2.5 Remaining properties

Reasonable stability over time in terms of mechanical, acoustic and chemical
properties is sought with a view to minimising inter-measurement variability and the
need for frequent manufacture of phantoms. In a similar vein, durability is of
importance; the phantom should be able to withstand flows and pressures required to
produce physiologic AWM. A phantom composed of constituents that are readily

available, relatively easy to prepare and non-hazardous are also preferred.

Latex is well known to be prone to perishing over time with exposure to heat and
light and so its properties in a phantom would be expected to change over it’s
lifetime. C-flex is stable in comparison, being able to tolerate a wide temperature
range and exposure to a range of chemical agents. To the authors knowledge there
are no quantitative studies concerning acoustic and mechanical stability of PVA
cryogel, though the information sheets provided with the product state cross-linking
(and therefore an increase in elastic modulus) occurs over time in PVA samples.
Gradual cross-linking over time is also known to occur in formaldehyde/gelatin gels,
as used by Madsen, increasing its elastic modulus''’. Hall et al reported a 2.5 fold
increase in elastic modulus over a 246-day period for a gelatin-based material

130

containing 0.3 % formaldehyde by mass ~". Without the presence of formaldehyde,

in acoustic terms, de Korte et al reported increases in speed of sound and attenuation

112

at 25 MHz but only measured over the first four hours after gelling''~. There appears
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to be little information in the literature regarding longer-term acoustic stability for

such materials.

Agar based gels are often chosen as an alternative to gelatin gels given the reported
temperature instability of the latter'*’. Gelatin has a low melting point (28°C)
compared to agar (85°C). The addition of a cross-linking agent such as formaldehyde
and glutaraldehyde has been found to increase temperature stability''’. However,
both agents are toxic and the associated mechanical instability has been highlighted.
In addition, experience in the author’s laboratory has shown glutaraldehyde to cross-
link so rapidly on addition to a gelatin mixture that thorough mixing is difficult to

achieve.

In terms of durability, it is known from practical experience that the tensile strengths
of agar and gelatin based gels are much lower than that of PVA cryogel, which has
been found to be a very robust material' °. The relatively low breaking stress of agar-
based gels in particular is documented by Ramnarine et al'*’, who demonstrated the

rupture of wall-less stenosis phantoms for mean flows of around 1 ms™.

From a safety point of view, of the materials stated in Table 4.2, the constituents are
on the whole non-hazardous. Polyvinyl alcohol in particular has no recognised
hazardous effects. Exceptions are formaldehyde, whose toxicity is mentioned earlier,
and benzalkonium chloride which is classed ‘harmful’. Each agent has a number of

associated adverse effects on exposure.



98

4.2.6 Conclusion
Key disadvantages of each candidate material for use as TMM and VMM, as
discussed in the previous section, are summarised (Table 4.3). These inform the

selection of TMM and VMM materials for use in compliant wall phantom design.

Material Limitation
« Low breaking strain
Agar gels «  Optical opacity
Gelatin gels « Mechanical instability due to cross linking agents
PVA cryogel « Time consuming preparation
« Acoustic mis-match
Latex « Limited geometries available
« No variation in elastic modulus possible
- ~  Acoustic mis-match
=ipon . Limited geometries available
«__No variation in elastic modulus possible
«  Acoustic mis-match
C-flex « Limited geometries available
«__No variation in elastic modulus possible

Table 4.3: Summary of candidate TMM and VMM limitations.

4.2.6.1 Choice of VMM

Primary drawbacks of the PVA cryogel are the difficulty of manufacture (the process
taking a number of days) and the relatively high expense and limited availability
compared to materials such as gelatin and agar. However, the optical transparency at
physiologic vessel wall thickness, high breaking strains, appropriate acoustic
properties, the ability to produce variable geometries and a range of elastic moduli

make it the optimum choice for a VMM for compliant wall phantom design.

4.2.6.2 Choice of TMM

A gelatin based TMM was chosen as a medium to surround the VMM. The stated
similarities of this TMM to tissue in acoustic and mechanical terms are
advantageous, as is the potential for optical interrogation of a transparent gelatin
based TMM. Three variations on a gelatin-based recipe, A, B and C, were devised

and investigated in the following sections with three main motives in mind:
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(i) To devise a TMM with physically realistic properties in both acoustic and

mechanical terms for TDI/AWM technique precision assessment
(i)  To devise a further TMM similar in mechanical properties to the first but with
low acoustic attenuation and optical transmission, to allow phantom
characterisation and investigations of AWM and haemodynamic phenomena

by both acoustic and optical means.

(ili) To devise a TMM with greater temporal mechanical stability than the

formaldehyde gels, with the use of an alternative preservative.

Recipe A described in the following section was devised to satisfy point (i) above.
Microscopic particles as used by Teirlinck et al were used to provide attenuation and
glycerol was used to control the acoustic velocity'''. Recipe B was devised to satisfy
(i1). The omission of the microscopic particles in Recipe A provided an optically
transparent medium with reduced acoustic attenuation. Recipes B (with the
preservative CA24) and C (with the preservative formaldehyde) described in the

following section are used to investigate (iii).

The preparation of each of the materials is discussed in the next section. Some data
exists in the literature characterising mechanical and acoustic properties of PVA
cryogel and TMM of similar composition to those used in this thesis. However, it
was necessary to quantify the mechanical and acoustic properties to account for in-
house manufacture methods and in the case of TMM, variations in the basic gelatin
based recipe. Mechanical and acoustic measurements were therefore performed. The
measurements are described in the following sections (4.4 and 4.5 respectively).
Emphasis is placed upon mechanical characterisation over acoustic characterisation
given that AWM, the focus of this thesis, is directly dependent on the mechanical

properties of the materials being interrogated.
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4.3 Phantom material preparation

4.3.1 Tissue mimicking material (TMM)

The compositions of the three recipes prepared are shown (Table 4.1). All three were
based upon the Madsen recipe''’. The glycerol: water ratio in all three recipes was
left unchanged from the Madsen recipe in order to preserve the quoted speed of
sound. The gelatin: water and preservative: water concentrations were also fixed
across all three recipes in order to minimise variations in elastic modulus. Silicon
carbide and aluminium oxide particles were used to provide realistic attenuation and
backscatter in A. The same proportions of particles were used as in the Teirlinck
recipe, which with agar have been shown to produce realistic attenuation

properties'"’

. The preservative CA24 (ISP Biochema Schwaben, Memmingen,
Germany) used in Recipe A and Recipe B is a non-toxic white powder formed on
mixing chloroacetamide and sodium benzoate. Recipe ‘C’ contains formaldehyde as
a preservative and cross-linking agent. The graphite particles have been removed
from the Madsen recipe. Recipe C was intended for a comparison of mechanical

stability with recipe B.

Constituent/Recipe version A B C
Water 82.3 82.3 83.0
Gelatin 13.1 13.4 12.7
Glycerol 3.4 3.5 3.5

. 0.87 0.89 0.84
Fresarvalivg (CA24) | (CA24) | (Formaldehyde)
Scatterers (SiC 0.52 %, 0.3 pm 53 ) i
Al;03 0.92 %, 3 um Al,O3 0.86 %) '

Table 4.4: Percentage by mass contribution of constituents in three gelatin TMM
recipes, with CA24 preservative and scatterers (A), with CA24 and no scatterers (B)
and formaldehyde and no scatterers (C).

Recipe A was prepared by first dissolving and mixing the scatterers and CA24 in a
slurry of hot water and beating vigorously with a balloon whisk to ensure no

clumping of the particles. The slurry was added to a steel beaker containing the
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required volume of water in a temperature controlled water bath at 65 - 75°C. The
gelatin powder was then added gradually to the water whilst constantly stirring the
mixture vigorously using an automated stirrer. Rapid addition of the powder was
avoided to minimise clumping and premature setting of the clumps. The temperature
used while adding gelatin was employed to reduce water losses through evaporation.
The mixture was then covered and heated to greater than 90°C for thirty minutes to
encourage the gelatin to dissolve and clarify the mixture. Glycerol was added to the
mixture after the gelatin was completely dissolved and the mixture stirred for a

further 10 minutes.

The mixture was subsequently cooled to approximately 50°C, when it was placed in
a degassing vacuum chamber for five minutes to remove the large amounts of air
introduced on stirring. Previous experience in TMM preparation had shown that
setting the TMM without degassing left a number of visible air bubbles. This caused
attenuation artefacts when scanning the resulting phantom. Cooling was employed
prior to degassing to reduce losses by evaporation. After degassing, the mixture was
returned to the magnetic stirrer. This was in order to maintain the suspension of the
scattering particles which otherwise would settle out, though a reduced stirring speed
was used to avoid introduction of excessive amounts of air to the mixture. The
mixture was then cooled to 28°C, when it was poured into an appropriate mould
(described in the following sections). At this temperature the mixture is very close to
setting, and so on stopping stirring the constituents remain suspended throughout the
volume rather than sinking to the base of the container, an effect observable by eye
during the development of the TMMs. Preparing recipe ‘B’ involved simply omitting
the scatterers. The preparation of recipe ‘C’ involved adding formaldehyde with the
glycerol after the mixture had been somewhat cooled, in order to avoid evaporation

of the volatile formaldehyde.

4.3.2 Vessel-mimicking material (VMM)

A 15 % concentration of PVA cryogel in water was used to prepare VMM samples.
Preliminary ultrasound scanning revealed PVA cryogel provided no visible
backscatter except at interfaces and so had a similar appearance to water. This lack of

image contrast between wall and blood mimicking fluid (BMF) resulted in
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difficulties in segmentation of the artery wall by the AWM software. The addition of
0.75 % 400-grain Silicon Carbide (SiC) particles was found to remedy this.
Scatterers were added while heating the cryogel to 100°C and stirring the mixture

until the particles were evenly distributed throughout the volume of gel.

The moulding procedure involved heating the cryogel to 100°C for 30 - 60 minutes
in a water bath until it liquefied, allowing it to be loaded into a syringe. It was then
injected into an appropriate mould described later (Sections 4.4.1 & 5.4.1.1). Moulds
were lubricated sparingly with silicone grease. The moulds were left to stand upright
for up to 24 hours to allow air bubbles to settle. The moulds were then placed in a
thermostat-controlled freezer at —29.3°C" for 7 hours, after which they were removed
and thawed for at least 7 hours at room temperature'. The freeze-thaw cycle was then
repeated as required to achieve the desired mechanical properties. Once these were
achieved the VMM was removed from the moulds and stored in water, as

recommended by the suppliers, to prevent dehydration.

Note that freeze and thaw rates of the cryogel are known to affect the mechanical
properties of the PVA cryogel and some published work has used programmable
thermostat controlled freezers which could control freeze and thaw rates''>''®. Such
facilities were not available here, however it was deemed acceptable to assume a
constant freezer temperature and a constant ambient room temperature that provide

constant freeze and thaw rates.

" Freezer temperature averaged -29.3 + 0.5°C over 7 measurements made at time of VMM
manufacture.

' Room temperature averaged 22.3 + 0.5°C over 7 measurements made at time of VMM manufacture,
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4.4 Mechanical characterisation

4.4.1 Methodology

Different aspects of the mechanical properties of the materials, represented by the
tangent elastic modulus, E,, were assessed by tensile testing. This was carried out in
The School of Engineering and Electronics at The University of Edinburgh using an
Instron® material testing rig (Instron Corporation, Norwood, Massachusetts). A
definition of E, is provided in Appendix A. The groups of measurements are
described (Table 4.3). Mechanical testing procedures were devised with the
assistance of materials science colleagues and Dr. Tamie Poepping of the
Department of Medical Physics. The findings of each investigation have implications
for phantom preparation and experimental methodologies, in addition to providing a
measure of how well the materials mimic vascular tissue and the carotid artery in

particular. The elastic moduli of the three TMM were also compared.

Stress-strain data was collected up to either the breaking strain or 100 % strain
(whichever was reached first for a given sample) for potential further analysis.
However, only the E; at 5 % strain was used in this instance as a physiologically
representative measure of material elasticity with which to compare results. This was

evaluated as the mean gradient of a ‘best fit” line fitted to data from O to 10 % strain.

Extension rates used in all experiments were as small as logistically allowable to
obtain the best approximation of a static modulus for ease of comparison with other
static moduli in the literature. Preliminary measurements revealed no measurable
difference in behaviour in gelatin based TMM at extension rates of 5 mm/min and 15
mm/min (corresponding to strain rates of 0.5 % s and 1.4 % s™') and so the latter
faster rate was used for convenience (Appendix B). These findings were supported
by the work of te Nijenhuis et al who demonstrated near frequency independence,
and therefore strain rate independence in modulus for cyclically tested gelatin'*’. The
extent of strain rate dependence of the VMM was not known. Preliminary
measurements did not prove or disprove a difference between to the two candidate

strain rates so a slower extension rate of 5 mm/min was used.
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Batches of samples of PVA cryogel and Recipes ‘A’, ‘B’ and ‘C’ of TMM were
prepared for mechanical testing. The mimicking materials were typically prepared in
batches of eight samples each. The samples prepared were of nominal cross sectional
area 15.55 x 3.80 mm. The custom built mould consisted of a Delrin® base with
rectangular strips of the dimensions stated above machined into it, and an acrylic lid
which was screwed on top (Figure 4.1). VMM and TMM materials were injected into
the mould via the ports using a syringe, filling from the bottom upward to minimise
introduction of air bubbles. Once the material had set, the strips were removed from
the mould and divided into samples approximately 50 mm long for testing. Both
VMM and TMM samples were prone to retraction on removal from the mould. This
produced samples somewhat smaller than the mould dimensions. It was therefore
necessary to measure the sample dimensions after manufacture in order for stresses
to be accurately calculated. Sample measurements were performed using a
micrometer. TMM samples were sealed in plastic film and placed in sealed air-tight
bags. VMM samples were stored in water, as recommended by the PVA cryogel

suppliers.

e B N FRIGOOOOT SOUSGOOUSUSEE B

310 mm J: / / \
....................... ¢ 3.8 mm

°N\““ Delrin® base Acrylic lid
5 Transverse view

.................... +' ™ inection
........................ - ports

Plan view

Figure 4.1: Delrin®!acrylic mould for preparation of VMM and TMM samples for
tensile testing.
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The Instron® rig used to collect the data is a tabletop frame consisting of two
columns that support two precision ball screws (Figure 4.2). Their rotation produces
linear motion of a frame cross head in the vertical plane. A pair of grips is attached to
the crosshead and to the base of the frame. On attaching the sample to the grips and
setting the separation of the two at the zero strain sample length, the extension of the
sample was initiated at a rate chosen by the user. Once in place, the sample length
was measured and entered into the machine software in order that strain can be
calculated. Sample lengths typically measured 15 - 20 mm. The extension was
applied through a PC interface, which also records extension and force data. From
this data, stresses and strains were derived using the sample dimensions, which were

entered by the user into the machine software.

Figure 4.2: The Instron tabletop materials testing rig (a) overall set up (b) a close-up
view demonstrating the grips for sample attachment.

Raw data files containing sample dimensions, force and extension data were obtained
from the INSTRON software. These were then processed using custom-written
MATLAB code (MathWorks Inc., Natick, MA) to obtain the E, averaged over each
batch.
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4.4.2 Results & discussion

4.4.2.1 Linearity

Stress-strain data is shown for VMM and each TMM recipe over the whole strain
range gathered of 0 — 100 %, with the region for moduli evaluation (0 — 10 % strain)
magnified in the windows below (Figure 4.3). Each of the four graphs has a linear
best-fit curve superimposed. The ease of fit has not been quantified using the p-value
or R* parameter since preliminary linear regression testing (using MINITAB
software) revealed these parameters to be relatively insensitive indicators of the

linearity of this data. Note that the gradient of the fit is equivalent to E,.

Visual inspection of the entire strain range for VMM suggests a non-linear stress-
strain relation, however if one examines the physiologic vascular range (< 10 %
strain) a linear trend fits the data well. A linear trend fits the TMM data well
compared to the VMM over the entire strain range for all recipes. However,
comparison of moduli at 5 % and 50 % demonstrates decreases in moduli of 29 %,
21 % and 4.6 % for recipes A, B and C respectively (Table 4.6). The decrease is most
likely due to the transformation of the material from elastic to plastic prior to

breaking.

The degree of linearity exhibited by a material has implications for the choice of
elastic modulus to use. For linearly elastic materials, the secant and the tangent
modulus are equivalent. However, if one cannot assume material linearity the tangent
modulus of elasticity provides a more representative measure of the behaviour of a
material at a given strain level. Presence or absence of linearity may also have
implications for phantom measurement reproducibility. While an increasing stress-
strain gradient with increasing strain more closely resembles in vivo tissue behaviour,
the phantom-generated wall distension will depend on baseline strain levels of the
VMM and TMM at phantom construction. Given the small in vivo strain range
required to be mimicked (0 — 10 % at most) and the results of the investigation
above, the effects of VMM or TMM non-linearity are deemed small. Nevertheless, to
minimise any variations in modulus due to variations in baseline VMM strain in

particular, phantom construction was standardised as much as practicably possible to
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allow measurement reproducibility between phantoms. VMM longitudinal and radial

strain was standardised and this is described in the next chapter.
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Figure 4.3: Stress-strain data and best fit lines for (a) TMM (b) VMM. Each show
fits over (i) the entire strain range measured and (ii) over 0 - 10 % strain.

E: /kPa
Material 5% 50 %
VMM 137.3+9.7 157.2+26.7
TMM (A) 22.7+0.8 16.1£2.0
TMM (B) 27714 21821
TMM (C) 28.1+12 26.8+20

Table 4.6: Tangent moduli of elasticity, E, at 5 % & 50 % strain for VMM and

TMM.
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4.4.2.2 Inter-batch and intra-batch variability
Intra-batch variability and inter-batch variability is demonstrated for each material
batch and is measured in terms of standard deviation, SDinua-bateh and SDiner-baeh Of Eq
(Table 4.7). The corrected overall standard deviation, SDgyeray Was calculated from
intra-batch and inter-batch standard deviations (Table 4.8). The SDgyeran are used to
calculate coefficients of variation (CoV), which are equal to the SDgyeran of the

results expressed as a percentage of the mean value of the modulus.

VMM TMM
Batch Ei/kPa  SDinra-batch Batch Ei/kPa  SDintra-batch
1 141.7 14.5 1 27.8 1.8
2 143.1 18.1 2 28.6 2.4
3 1271 16.8 3 27.8 1.3
SDinter-batch 2.1 SDinter-batch 0.5

Table 4.7: Intra-batch & Inter-batch variability in tangent modulus of elasticity, E, at
5 % strain demonstrated by the respective standard deviations, SDipra-baen and
SD; nter-batch-

VMM TMM
Ei mean/kPa SDgwera’kPa CoV/% E;mean/kPa SDowea'kPa CoV/%
137.3 9.7 7.1 28.1 1.2 4.3

Table 4.8: Combined inter-batch and intra-batch variability, SDgyeran in tangent
modulus of elasticity at 5% strain.

It can be seen that overall the VMM tangent modulus is more variable, with a CoV
0.6 times bigger than that of the TMM. The dominant component of VMM modulus
variability is the intra-batch variability. Possible reasons for the greater variability
than TMM are insufficient mixing of the molten gel prior to mould injection, and
non-standardised pre-stress conditions. Prior to testing, the sample was clamped in
the Instron grips and then the grip separation adjusted until the sample appeared by
eye, to be at zero strain. Given the VMM modulus is non-linear, slight deviations
from zero strain prior to sample extension could result in differing modulus values at
a given strain level. Such an effect would be marked for VMM compared to TMM

given the relatively linear response of the gelatin based TMM.
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The inherent variability in VMM and TMM properties has implications for the
comparison of AWM data derived from different batches or samples within a batch
of VMM or TMM. One must take account of the uncertainty introduced by elastic
moduli variability when comparing AWM derived from different phantoms. Dilation
amplitude is inversely proportional to the wall elastic modulus (see Equation 5.3 in
Chapter 5) and so the quantified variability will in part determine the smallest

resolvable difference in AWM between phantoms.

4.4.2.3 Temporal Stability

A marked difference can be seen between recipes A and B TMM and Recipe C
TMM. While recipe A and recipe B moduli increase by factors of 0.49 and 0.31 over
an approximate period of 30 days, recipe C experiences an increase by a factor of
3.56 over the same interval. The increase in modulus over time in formaldehyde gels
is in agreement with work published in the literature'*’. The difference in stability
may be attributed to the different preservatives used in the two recipes. The
implication of these results is that recipes A and B (containing CA24 preservative
rather than formaldehyde) will allow greater consistency on comparing AWM

derived from phantoms of different ages.

The variation in E; at 5 % strain with sample age is demonstrated for the mimicking
materials listed in Table 4.4 (Figure 4.4, Figure 4.5). The error bars represent the
inter-batch standard deviation. It can be seen in Figure 4.5 that the VMM sees an
increase in E, for each of the three surrounding media (by factors of 0.38, 0.32 and
0.40 over a one month period for VMM in water, in recipe B TMM and in recipe C
TMM respectively). This increase in modulus is due to the gradual cross-linking of
the VMM at room temperature, as described in material data sheets provided by the
supplier. This must be taken account of when comparing AWM derived from
different phantoms and comparing results from the same phantom taken at different
times. When intra-batch variability is taken into account, there is no measurable
difference between VMM aging when placed in different materials. Therefore, it can
be concluded that if any osmotic processes take place between VMM and TMM

when placed in a phantom, they have no measurable effect on VMM properties.
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Figure 4.4: Variation in TMM tangent modulus, E, with sample age for recipes A, B
and C. Data points represent the average over batches of typically eight samples.
Error bars represent + 1 SD of the intra-batch moduli.
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Figure 4.5: Variation in VMM tangent modulus, E,, with sample age for VMM stored
in water, encased in TMM (recipe B) and encased in TMM (recipe C). Data points
represent the average over batches of typically eight samples. Error bars represent
+ | SD of the intra-batch moduli.

4.4.2.4 Variation in VMM with number of freeze-thaw cycles

Variation in VMM tangent modulus with freeze-thaw cycle is demonstrated for 5 %
strain (Table 4.9, Figure 4.6). An increase in modulus with freeze-thaw cycle number
is observable. Moduli values obtained ranged from 57.0 + 6.2 kPa to
330.0 + 21.1 kPa, increasing with the number of freeze thaw cycles. Modulus values

for two and three freeze thaw cycles overlap when the associated uncertainty is taken
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into account. There is also coincidence in the moduli of seven freeze-thaw cycle
cryogel and ten freeze-thaw cycle cryogel batches. The overlap in modulus values
has implications for future work, which may involve comparisons of separate
segments of VMM with different elastic moduli, and single segments with variations
in elastic moduli. Sections of VMM of different freeze-thaw cycles may have the
same E, and therefore produce the same amplitude AWM. This limits the differences
in AWM that can be produced by varying the freeze-thaw cycle number. The plateau
effect in Figure 4.6 for freeze-thaw cycles greater than seven is possibly a result of
intermolecular cross-linking saturation of the cryogel. This effect has been observed

115

elsewhere ” and places an upper limit on elastic moduli available for a given

concentration of cryogel.

Freeze-thaw cycles E; /kPa

1 57.0+6.2

2 122.4 +8.4
3 137.4 £9.7
4 176.8 £ 16.8
8 233.2+14.8
7 3334 £31.7
10 330.0 £21.1

Table 4.9: Variation in VMM tangent modulus, E,, with freeze-thaw cycle for 5 %
strain. Values represent the average over batches of typically eight samples. Quoted
errors represent = 1 SD of the intra-batch moduli.

In-house methods have been used to generate a range of elastic moduli that are at the
lower end of the physiologic range for healthy arteries. Moduli observed in fibrous

and calcified tissue are not achieved.
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Figure 4.6: Variation in VMM tangent modulus, E,, with freeze-thaw cycle for 5 %
strain. Data points represent the average over batches of typically eight samples.

4.4.2.5 Comparison of TMM recipes

The elastic moduli in Table 4.6 for recently prepared samples of the three TMM
recipes are similar, falling within 20 % of each other. However, recipe C was tested
2 - 3 days sooner after preparation than the other recipes. The difference in modulus
between the three tested at precisely the same age is therefore likely to be larger,
taking into account the marked increase in modulus with age that has been known to
occur in formaldehyde gels. As such, it can be concluded CA24 does not induce
intermolecular cross-linking as formaldehyde does and therefore results in less

elastic gels.

A 2-sample t-test was carried out on recipe A and recipe B data to test the effect of
ultrasonic scatterers and absorbers on the elastic modulus. The null hypothesis of no
difference between recipe A and recipe B, i.e. that the added particles have no effect
on the TMM modulus, was tested. This resulted in a p-value of less than 0.001 at a
confidence level of 95 % (test power = 0.99). One can conclude therefore, that the
scatterers decrease the TMM modulus, by some 18 %. Other work in the field has
found the addition of particles to have some effect on the mechanical
properties''*'*. Hall et al in particular measured an effect opposite to that obtained
here, though different particles and a different preservative was used in this case. On
addition of graphite particles to a gelatin based TMM containing formaldehyde he

found the elastic modulus to increase by approximately 12 %.
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The elastic modulus of breast fat is stated in Table 4.1. It is used as an approximation
of the elasticity of tissue surrounding the carotid artery and is compared to the
measured TMM to assess how realistic the mimicking materials are. Recipe A falls
within the range, while recipes B and C fall 15.4 % and 17.1 % above the upper limit

measured by Krouskop et "

4.5 Acoustic characterisation

4.5.1 Background

Both the speed of sound and attenuation characteristics were investigated for
polyvinyl alcohol VMM and recipes A, B and C TMM. A number of techniques are
available for assessment of these properties as described by Dunn and Goss'!
however, in this case the insertion method using a Scanning Acoustic Macroscope
(SAM) was employed. The basic principle of measurement involves the comparison
of two reflected ultrasound signals. A transducer emits an ultrasound pulse that is
reflected at a target and received by the transducer. The first ‘reference’ signal passes
through a homogenous coupling material alone (of which the speed of sound is
known at the measurement temperature) and the second passes along the same path
but a sample of the material for testing is placed within the beam path. The second
sample signal experiences a change in amplitude and a shift in time of flight

compared to the reference signal and these differences are used to determine the

relative attenuation and speed of sound of the sample material.

4.5.2 Methodology
The experimental set-up using the SAM system (Ultrasonic Sciences Limited, Fleet,
UK) used is shown (Figure 4.1) and has previously been used by Browne, who

42 However, in brief,

provides a detailed description of data acquisition and analysis
a focussed broadband transducer provides ultrasound pulses centred on a 7MHz
frequency. The water bath provides a coupling medium between the transducer and
the reflecting target positioned at the focal length. The transducer is secured to a 2D
micro-manipulating scanner, driven by a stepper motor and controlled by an
analogue and digital input/output board coupled with a PC. This allows raster scans

of the reflector and/or the sample over an area selected by the user. In-house
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MATLAB code (MathWorks Inc., Natick, MA) has been written by colleagues to
process the reference and sample radio-frequency (r.f) data sets. This requires the
input of acquisition and sample parameters such as transducer central frequency, area
scanned and sample thickness. The code allows the selection of a region of interest
(ROI) from the total sample area scanned, generating 2D plots of speed of sound and

attenuation in addition to overall values for the ROI.

Degassed water was placed in the tank at least three hours prior to measurement to
allow the set up to reach thermal equilibrium with its surroundings. Immediately
prior to measurement, the submerged transducer face was inspected for artefact
inducing air bubbles, any of which were removed by syringing water across it. The
temperature of the water was noted and monitored throughout data acquisition.
Temperatures during acquisition averaged 20.3 °C and all fell within 0.6 °C of the
mean. In addition, prior to data acquisition, fine adjustments were made to ensure the
target and transducer were coaxial, so that the ultrasound path lengths would be

uniform across the area to be scanned.

E Master system controller

1 Pulser/Receiver

—

2D scanning by
stepper motor

¥t

Analogue to digital converter

Transducer P :
- input of data
acquisition
Degassed parameters
water T - image display
- data analysis
Sample |

Steel reflector

Figure 4.7: Experimental set-up for acoustic property measurements using a
Scanning Acoustic Macroscope (SAM).
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4.5.3 Results & discussion

4.5.3.1 Acoustic velocity

The following speeds were calculated for the scanned materials (Table 4.10). All
have similar values to one another. PVA cryogel is the lowest at 1546 m s and when
measurement uncertainty is taken into account, agrees with the range
1530-1545 m s given by Surry (Table 4.2). On comparison to tissue, VMM
compares favourably to general soft tissue (1540 m s™, 0.4 % difference) and the
calibrated speed of sound in ultrasound scanners, which takes the same value. The
VMM velocity is some 3 % larger than values quoted for aorta (mean value
1501 m s™, range of 1492-1534 m s 1%). The three TMM results agree well with
existing TMM data. Tissue mimicking material results are all higher than the in vivo
tissue values previously quoted; 1 % higher than the typical soft tissue value of
1540 m s™" and 6 % higher than the speed of sound for fat of 1476 m s™ quoted by

Bullen et al'*.

Material c/ms’
VMM 1546 +9
TMM (A) 1550 +3
TMM (B) 1562 +9
TMM (C) 1555+2

Table 4.10: Measured speed of sound in material samples. Quoted errors combine *1
SD of the intra-sample and inter-sample means.

4.5.3.2 Attenuation

Attenuation coefficients at 5 MHz and 12 MHz are shown for the scanned materials
(Table 4.11). Results for VMM are at the lower extreme of attenuation values
obtained from soft tissues and are 1.5 times bigger than the values quoted earlier for
2 freeze-thaw cycle 10 % concentration PVA cryogel in Table 4.2. Some differences
are to be expected since manufacturing methods and PV A cryogel concentration used
here differ from those used to produce the published values. Furthermore, the greater

attenuation measured here is to be expected, given that the referenced values are for
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PVA cryogel alone, whilst here silicon carbide particles were added to increase

backscatter.

Material o/f @ 5 MHz /dBcm™ MHz' o/f @ 12 MHz /dB cm™ MHz™

VMM 0.33 +0.04 0.27 £0.05
TMM (A) 0.50 +0.00 0.47 £0.00
TMM (B) 0.16 +0.01 0.18 + 0.01

TMM (C)* 0.07 0.19

Table 4.11: Attenuation coefficients for VMM & TMM at 5 MHz & 12 MHz.

Values measured for recipe A TMM are found to fall within the physiological range,
and are similar to values obtained in different recipes by Teirlinck et al and Madsen
et al'®"'"'. As discussed in section 4.2.4 recipes B and C TMM were designed with
the intention of maximising the ultrasound signal received at the transducer, to allow
for the most accurate characterisation of arterial wall motion (AWM) rather than
faithfully recreate the physiologic scanning environment. The values obtained here
satisfy this aim, with attenuation values ranging from 0.07 - 0.18 dB cm™ MHz' at
the frequencies investigated, up to 86 % lower than the attenuation measured in

recipe A where attenuating particles are present.

# Measurements were conducted on a single sample therefore no standard deviation was calculable as
an indicator of uncertainty.
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4.6 Summary & conclusion

Materials and manufacturing methods have been selected for use as TMM and
VMM. Key properties of the materials are summarised (Table 4.12). Each material is

discussed in turn.

Material E./kPa %‘chgggfo/': s | S B MR
VMM | 57+62-330+21.0 | +32 | 15469 | 0.33+0.04
TMM (A) 227+08 +49 | 1550£3 | 0.50+0.00
TMM (B) 277+14 + 31 1562+9 | 0.16 0.01
TMM (C) 281 +1.2 +356 | 1555 £ 2 0.07

Table 4.12: Physical properties summary for VMM and TMM.

Polyvinyl alcohol (PVA) cryogel has been selected as an appropriate VMM for a
vascular compliant wall flow phantom. In-house manufacturing methods have been
established, producing VMM with elastic moduli that can be varied according to the
nature of the freeze-thaw cycles and fall at the lower extreme of the healthy human
physiological range. The ability to vary VMM elasticity presents the opportunity for
construction of phantoms with non-uniform elasticity. The upper limit of this range
could be increased by using a more concentrated solution of PVA cryogel and
possibly (with adequate temperature control) with the use of different freeze and
thaw rates. The upper physiologic range of Young’s moduli values stated in Table
4.2 is not covered by the VMM values generated here. This is not considered a
limiting factor since as stated earlier, the ultimate aim of compliant wall phantom
development is that physiologic AWM may be generated, which does not necessarily
require the higher in vivo values of Young’s modulus stated. For the flow generation
rig used in this thesis, realistic AWM amplitudes were still found to be possible using

the VMM manufactured by the methods described in this chapter.

In practice the VMM was confirmed to be very robust in comparison to gelatine and
agar based mimicking materials in the literature, withstanding strains greater than

200 % before breaking. Acoustic attenuation at Tissue Doppler Imaging (TDI)
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frequencies used by the AWM technique was found to fall within the physiologic
range of soft tissue and the speed of sound through the VMM was also found to be
close to that of soft tissue in general. This is far superior to the acoustic properties of
other vessel mimicking materials in the literature such as latex and C-flex. Work in
the subsequent chapter also revealed that for thin-walled VMM tubes, both the inner
and outer wall was visible by eye when embedded in non-scattering TMM and
opaque BMF was pumped through it. This presents the opportunity for optical
interrogation of the phantom AWM.

Three different recipes of a tissue mimicking material (TMM), all of which were
gelatin based, were investigated. The use of CA24 preservative was found to provide
greater mechanical stability over time, exhibiting a mean increase in tangent elastic
modulus by a factor of 0.37 compared to 3.56 for formaldehyde over the first 30 days
after preparation. Methodologies for two versions of the TMM containing CA24
preservative were established. CA24 proved an adequate preservative, with phantoms
showing no sign of degradation over several months. It does not initiate cross-linking
as with other preservatives mentioned but the moduli obtained are similar to
subcutaneous fat and are therefore deemed appropriate for use in vascular flow

phantoms.

The first TMM recipe (recipe A) behaved similarly to soft tissue in mechanical,
acoustic velocity and attenuation terms. The second (recipe B) was found to have
similar characteristics to A in all but attenuation terms, which was intentionally
lower due to the absence of attenuating particles. A difference in tangent elastic
modulus between the two at 5 % strain of 22 % was found. Potential future work
could decrease this difference by adjusting gelatin concentrations in the recipes. The
two versions provide both an ultrasonically realistic scanning environment and an
environment suitable for optical interrogation (which when scanned also provides the
strongest possible signal from the vessel wall embedded in it). With further
modifications to the recipes, the elastic modulus of A and B could be matched. This
would allow direct comparison of ultrasound measurements made on a phantom

having realistic attenuation properties (using recipe A), with gold standard optical
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measurements made on a phantom of the same mechanical properties (using recipe
B). This would be a useful capability for TD/AWM technique validation. In
practice, the reported temperature instability of gelatin gels was not a problem. It
dictated the temperature to which the TMM had to be cooled before it could be
poured (ensuring attenuating particles did not settle out). Otherwise, there was no
problem in conducting experimental work with the resultant phantoms, experimental
measurements being conducted in a laboratory some 8 degrees lower than the

melting point. No deterioration was observed in the TMM in this respect.
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Chapter 5 Compliant wall flow phantom design &
characterisation

5.1 Introduction

As discussed in Chapter 1, a compliant wall flow phantom is of use in order to
simulate physiologic carotid AWM. This allows the evaluation of AWM
interrogation techniques and the investigation of variations in AWM with flow, wall
geometry and wall elasticity. Such investigations are of value in the identification of
potential diagnostic AWM indicators.
The specific aims of the work contained in this chapter were as follows:
® To identify a compliant wall flow phantom design which is capable of
physiologically realistic AWM waveforms (in terms of dilation, velocity and
acceleration) and to characterise the flow conditions required to do so.
® To find practicable methods for phantom preparation and construction which

allow standardisation of phantom characteristics (this includes the

preparation of the individual components of vessel, tissue and blood-

mimicking materials)
Compliant wall phantom designs in the literature are considered and from this
discussion a basic phantom design is decided upon (Section 5.2). A number of key
phantom design requirements, governed by the nature of in vivo geometry and AWM
are then described (Section 5.3). Construction of the phantom and methodology for
flow generation is described (Section 5.4). This section includes consideration of a
quality control (Q.C) issue; specifically variations in wall thickness of manufactured
VMM and its effect on AWM. Characterisation of the phantom’s behaviour on
variation in applied flow and outflow impedance is then investigated, primarily in
order to ascertain how physiologic AWM could be generated (Sections 5.5 and 5.6).
The results of section 5.6 are compared with physiologic data gathered in the in vivo

reproducibility study described in Chapter 2.
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5.2 Choice of AWM phantom design

The nature of the AWM software imposes a restraint on any AWM phantom design
for investigations of technique precision. Phantoms testing the efficacy of TDI alone
do not require a specific geometry and several mechanisms have been used to
generate known velocities for validation studies, including rotating tissue mimicking
material discs'* and radially distending foam cylinders viewed axially to imitate the
left ventricle'**. However, operation of the AWM software requires two reflecting
planes, which represent the near and far artery walls and exhibit relative motion to
one another. The two planes are segmented by the software, and it uses the
associated velocity data provided by TDI to derive their AWM. In the study in
Chapter 3, the reflecting planes were generated by the two PVA layers attached to
the transducer and the validation device. This simplified geometry was appropriate
for TDI/AWM technique accuracy measurement. However, technique precision is
thought to vary with beam-vessel geometry parameters such as vessel depth and scan
plane-vessel axis coincidence. Variations in such parameters were not possible with
the simplified geometry of the device used in Chapter 3. To investigate these
parameters fully, a geometry similar to that encountered in vivo must be simulated,
i.e. a cylinder capable of expansion and contraction at realistic dilations, velocities

and accelerations.

Of the few examples in the literature, vessel mimick AWM has been achieved in two
main ways; with the application of pulsatile flow through a vessel open at both

91,105,145,14
ends 8

and with the injection of fluid into a vessel closed at one end 118,
The latter strategy has the advantages of being a simpler experiment to set up. A
column of fluid separated by a valve from the vessel, or a syringe connected to it
may be used to apply pressure to the vessel. The pressure applied may be quantified
using a manometer. However, flow phantoms offer the possibility of intra-lumen
pressure variation and therefore AWM by varying the size and shape of applied
flows waveforms. Furthermore, flow phantoms offer the potential of varying

downstream resistance, thereby simulating different locations in the circulatory

system. The flow phantom is therefore deemed more versatile with the potential for
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generating more realistic AWM than phantoms with a tube sealed at one end. Flow
phantoms also allow the investigation of flow phenomena in addition to AWM
studies. These features justified the design a compliant wall flow phantom in this

chapter. Phantom design requirements are discussed in the next section.

5.3 Phantom design requirements

Material requirements of the phantom components of TMM and VMM have already
been discussed in the previous chapter. However, it is also necessary to consider
geometric and AWM specifications of the phantom design to mimic the in vivo case,
which include the following:

e VMM wall thickness, h and diameter, D

e AWM dilation, velocity and acceleration magnitude

* AWM rise time and cycle duration

Arterial wall motion characteristics are illustrated in the diagram (Figure 5.1).
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Figure 5.1: An illustration of AWM characteristics.
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It is desirable that phantom design should be adaptable to generate both common
carotid artery (CCA) and internal carotid artery (ICA) AWM. However, in the first
instance, the generation of CCA AWM was focussed upon for simplicity. It is
anticipated that the generation and measurement of ICA AWM will be more difficult
for two reasons:

(i) A smaller VMM geometry is required for manufacture
(i)  Smaller AWM, as shown in Chapter 3, are associated with greater inter-
measurement variability using the TDI/AWM technique.

The following design requirements are therefore discussed only in terms of the CCA

properties.

5.3.1 VMM wall thickness, h, and diameter, D

As stated in Chapter 1, the elastic properties of the artery are dominated by the
properties of the media. Therefore, data in the literature of carotid intima-media
thickness (IMT) provides a range of wall thickness to aspire to in the compliant wall
phantom. Howard et al measured IMT over a 13, 870 sample of four race-gender
groups of the general population in the U.S*. They obtained median values for the
four groups in the range 0.5 — 1 mm. Fifth percentile IMT values were as low as
0.31 mm and ninety-five percentile values were as high as 2.51 mm. The wall
thickness used in the compliant wall phantom should fall within this range. Ideally,
one should be able to produce a range of values to simulate aging and different levels

of arteriosclerosis and atherosclerosis in particular.

Data acquired in vivo in Chapter 2 is used to provide typical values of CCA lumen
diameters upon which to base VMM geometry. Lumen diameters were derived from
the B-mode images and averaged over all the arteries scanned giving a mean

diameter + 1 SD of 5.8 + 0.5 mm.



5.3.2 AWM dilation, velocity and acceleration magnitude

The data acquired in Chapter 2 was used to provide typical in vivo values for
maximum dilation, maximum velocity and maximum acceleration (Table 5.1).
Matlab code (MathWorks Inc., Natick, MA) adapted from that used in Chapter 2 was
used to extract these indices. Indices for each of the artery segments were averaged

over data acquisition sessions and observers.

Max dilation | Max velocity | Max acceleration
/ um /cms /cm s®
Mean 426 0.686 18.8
Mean — 2SD 216 0.373 10.4
Mean + 2SD 636 0.998 27.2

Table 5.1: Observer and data acquisition session averaged AWM indices for 12
asymptomatic CCA segments scanned using the TDI/AWM software technique.

5.3.3 AWM rise time and cycle duration

The rapid rise of dilation to a maximum is characteristic of physiologic AWM, as
was seen in Chapter 2. Phantom rise times similar to those found in vivo were
sought. Data acquired in Chapter 2 were used to provide an indicator of in vivo
values (Table 5.2). Typical AWM cycle lengths in the same data are also provided.

From these values, a flow cycle length of 1 s was chosen for use in all subsequent

experiments.
AWM rise time/s | AWM cycle length/s
Mean 0.14 0.95
Mean — 2SD 0.08 0.89
Mean + 2SD 0.20 1.11

Table 5.2: Observer and data acquisition session averaged temporal AWM
parameters for 12 asymptomatic CCA segments scanned using the TDI/AWM
software technique.
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5.4 Phantom design & flow generation

The basic construction of the compliant wall phantom comprises of a length of vessel
mimicking material (VMM) attached to inlet and outlet tubes within a Perspex tank
(320 x 110 x 100 mm) embedded in tissue mimicking material recipe B (TMM) as
described and justified in Chapter 4. Preparation of segments of VMM is described

in the next section.

5.4.1 Vessel mimicking material (VMM)

5.4.1.1 VMM segment manufacture

Moulds were designed and prepared with the assistance of Mr. Robert Hogg of the
School of Engineering and Electronics workshop at The University of Edinburgh. To
prepare segments of VMM, the polyvinyl alcohol (PVA) cryogel was injected into an
annular mould via an injection port (Figure 5.2) after heating a vial of the cryogel for
up to one hour in a water bath, as described in the previous chapter. The basic mould
design consisted of a rod centred within a tube. The rods were greased sparingly
prior to cryogel injection to aid removal of the VMM. Several variations upon this
basic design were tested before producing VMM for phantom construction. Design

features investigated were the mould material, geometry and sealing mechanism.

Central stainless steel
rod, O.D 6.0 mm

Stainless steel tube,

Variable [.D 9.46 mm

length, L
Injection port

‘O’ ring rubber
& tape

Figure 5.2: A PVA cryogel VMM mould in cross section.
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Two mould geometries were tested. Both used a tube of inner diameter 9.46 mm but
with two different rod diameters (6.0 mm and 8.0 mm) with the aim of producing
VMM of two different wall thickness (1.73 mm and 0.73 mm). In practice, the
viscous PVA gel demonstrated considerable resistance to injection into the narrow
air cavity of the mould, partly as it cooled and thickened rapidly after leaving the
syringe. This was especially so in the case of the 0.73 mm wide air cavity and the
resulting VMM were relatively fragile and difficult to remove from the mould
without tearing them. Consequently, in the experiments that follow, only 1.73 mm

thick VMM was used.

Three different mould materials were tested; acrylic, polycarbonate plastic and
stainless steel. The plastics had the advantage of being transparent. This allowed
viewing of the progress of the cryogel along the tube as it was injected. The mould
could also be checked for air bubbles prior to freezing. Stainless steel moulds had the
advantages of superior mechanical strength, lower susceptibility to chemical attack
by the PVA cryogel and greater machined precision than the plastic pieces. The latter
two properties of the mould material proved to be the most critical; the plastic
moulds were found to craze after only a couple of uses, and so for the experiments

described later, VMM was prepared using stainless steel moulds.

Two different methods for centring the rod within the tubes and sealing the mould at
either end were also tested, the first using flanges of the mould material and the
second using a combination ‘0’ ring rubber and tape wrapped around the rod to
ensure a snug fit. The use of flanges was found to precipitate warping and even
rupture of the stainless steel tubing as they restricted contraction and expansion of
the PVA cryogel and tube over the wide temperature ranges necessary to form the
VMM (-29.3°C to 100°C). Given the small separation of the rod and tube, even small
deviations in the position of the rod relative to the tube induced by warping in either
component, was found to create non-uniform wall thickness in the manufactured
VMM. Such effects were found to be less marked where ‘0’ ring rubber was used
and so this design feature was used when preparing the VMM for experiments in this

chapter.
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Three different mould lengths were tested (20 cm, 30 cm and 50 ¢cm). The 50 cm
length was found to produce more variable wall thickness VMM along its length
compared to the shorter lengths since any warping in the components would produce
greater deviations in wall thickness over the longer mould. Therefore this length was
abandoned in favour of the shorter lengths. The issue of variations in wall thickness

is investigated in the next section.

5.4.1.2 Wall thickness variability & AWM

Arterial wall motion is dependant on the geometrical parameters of vessel radius and
wall thickness, amongst other factors and this has important implications for
phantom Q.C. For a material of a given Young’s elastic modulus, E, AWM is
proportional to the square of the radius of the vessel, R, and the inverse of the wall
thickness, h. Such effects are due to associated changes in structural stiffness. They
are illustrated quantitatively if one substitutes the Moens-Korteweg equation defining
pulse wave velocity, co, (Equation 5.1) into an equation defining wall excursion, 2&,
derived by Womersley for an elastic tube with very stiff longitudinal tethering

(Equation 5.2) to obtain Equation 5.3°,

b
g, = [Ech sz] (Equation 5.1)

2&=R(1- oz(Pe"“' ch (Equation 5.2)

& =R? (1 - (Pe Ach] (Equation 5.3)

E. is the circumferential elastic modulus of the wall, p is the density of the fluid, G is

Poisson’s ratio and Pe'® is the variation of pressure with time at a single location

which has an angular cycle frequency of ®. Thus, smaller radii, thick walled, tubes

distend less than thin walled tubes subjected to the same pressure and flow

conditions.
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Figure 5.3: An illustration defining the angular co-ordinate, 6 in relation to VMM
cross-sectional geometry. Variations in wall thickness were measured over 12 values
of 0 in the range 0 - 360°.

Such a source of variation in AWM is of interest in terms of inter-measurement
variability. It was desired that VMM wall thickness be consistent between phantoms
and within the same phantom. This includes consistency with variation in 6 for a
given VMM cross-section in a given phantom (Figure 5.3). Such an aspect is
particularly important since the TDI/AWM software technique does not obtain data
for motion over all 0, rather it only interrogates AWM in one direction, that of
8 = 0°. Therefore, if there is a range in h in a given cross section, the technique will

generate AWM which reflects only h in the beam plane.

An additional motivation for Q.C of h concerns the development of more complex
wall phantoms with deliberate variations in h, in addition to other geometrical
properties and elasticity. Before one can interpret results acquired from such a
phantom, any uncertainty in h must be quantified and controlled. Only then can one
be confident that the observed AWM characteristics are due to deliberate variations
in the vessel properties rather than uncertainties due to variations introduced by the

manufacturing process.

The effect of non-uniform h on AWM within a given cross section was investigated
briefly for symmetric and asymmetric VMM samples. The samples were connected
into a flow circuit and immersed in a water/glycerol mixed to achieve tissue

equivalence in terms of speed of sound. A sinusoidal flow of BMF was applied to
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the VMM segments. B-mode cine loops of the VMM cross-section in the middle of
the segment were acquired. Two images showing inner wall maximum and minimum
dilations were selected from each cine loop. These were manually segmented using
custom-written Matlab code (MathWorks Inc., Natick, MA). The code superimposes
the maximum dilation wall position onto the minimum dilation wall position
enabling the symmetry of the AWM to be visualised (Figure 5.4). The variation in
AWM at different positions on the VMM circumference is quantified using the
standard deviation in displacement measured over twelve different 6 values in the

range 0 - 360°.

4

5

y position/mm

y pcsitic?nfmm

5 X positponfmm

Figure 5.4: Manually segmented minimum (solid blue) and maximum (red dashed)
inner wall positions and cross sectional B-mode views for VMM segments with (a) a
symmetrical wall and (b) an asymmetrical wall.

Note, in the case of the asymmetric wall, the AWM is also asymmetric and the
largest dilations occurring in the regions of lowest structural stiffness; those areas

which have the smallest wall thickness. As one might expect, for the VMM with
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radially symmetrical walls, the associated AWM is largely symmetric. The mean
dilations for the symmetric and asymmetric segments were calculated as
0.63 £ 0.09 mm and 0.68 + 0.25 mm respectively. The standard deviation in each is
quoted as the uncertainty. Thus, the variability in dilation over the range of ©

illustrates the variability induced by non-uniform wall thickness.

A particular problem in manufacturing VMM already alluded to is the production of
a uniform wall thickness segments. Should the central rod of the mould not be
centred correctly on freezing the cryogel, due to incorrect positioning or
imperfections in the rod or tube, VMM of asymmetric wall thickness could be
produced, as in the example in Figure 5.4b. Variations in wall thickness are thought
to be the main source of variability in AWM symmetry, given that phantom housing
is fixed and that sufficient mixing of the TMM and VMM mixtures prior to setting
excludes local variations in elasticity. For this reason a Q.C procedure was

introduced to minimise variability in AWM due to wall thickness.

The Q.C procedure involved cutting two 2 mm cross-section slices (one from each
end) from a VMM segment. The slices were placed on the sample platform of an
Intel® Play™ QX3™ Computer Microscope. JPEG images of the slices were
acquired and saved for analysis by Image Pro Plus image analysis software (Media
Cybernetics, USA). The package allowed the manual segmentation of the inner and
outer wall and the calculation of the wall thickness using a calibration image of a
distance scale. It derived the mean, minimum and maximum wall thickness over the
VMM slice circumference. The range in wall thickness over the circumference in a
given slice could then be calculated as a percentage of the mean wall thickness. This
was averaged over the two slices measured per VMM segment. For a batch of twelve
VMM segments the stainless steel mould with flanges produced a mean range in wall
thickness per segment of 26 *+ 8 % about the mean wall thickness. For a batch of ten
VMM segments made using a mould with ‘0’ rings to centre the rods, a mean range
in wall thickness per segment of 18 + 6 % about the mean wall thickness was
obtained. These values demonstrate the superior precision in VMM manufacture with

the use of ‘0’ rings compared to the flanges. Using the ‘0’ ring mould design, a
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ceiling of 16 % variation in wall thickness about the mean was set, such that VMM
cross sections exceeding this variability would not be used for phantom construction.
Similarly, wall thickness variability was compared for sections cut from opposite
ends of a VMM segment. If the wall thickness variability differed by more than 3 %,
a given segment was rejected on grounds that the wall thickness was not consistent
across the length to be used in the phantom. The acceptance levels chosen were a
compromise between the consistency that was practically achievable and the
maintenance of reasonable consistency in wall thickness between samples and within

samples.

5.4.2 Blood-mimicking fluid (BMF)
Blood-mimicking fluid was manufactured according to a standard technique

described by Ramnarine et al'*’

. The constituent proportions are shown (Table 5.3).
As in the case of TMM, the relative amounts of water and glycerol control the
acoustic velocity. Orgasol particles (2001UDNAT1 Orgasol, ELF Atochem, Paris,
France) act as scatterers, Sigma D4876 dextran 185000D provides the appropriate
viscosity and ICI synperonic-N acts to prevent aggregation of the orgasol particles.
In between uses, the BMF was kept in a sealed container to avoid evaporation of
water from the mixture and any associated changes in properties. If the BMF was left
to stand for prolonged periods it was magnetically stirred prior to use to redistribute
settled orgasol particles, and filtered to remove clumps using a precision 32 um sieve

(100BBW.032, Endecotts Ltd., London, UK).

Constituent % by mass
Water 83.86
Glycerol 10.06
Dextran 3.36
5um Orgasol 1.82
Synperonic-N surfactant 0.90

Table 5.3: BMF constituents by percentage mass' "'
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5.4.3 Phantom & flow rig construction
As for the in vivo case, the VMM is subjected to longitudinal tension by extending it
over the length of the phantom case. The human large and medium sized arteries
exhibit retractions of 10 — 40 % while the carotid arteries in particular exhibit
retractions of around 18 — 25 % on excision from the body'*®. For each phantom, an
approximate extension of 25 % was applied to the VMM. Typically, VMM segment
lengths in the range 100 — 150 mm were used. The VMM was secured onto inlet and
outlet tubes of the tank using plastic couplings and cable ties then filled with water.
This prevented dehydration of the PVA cryogel and provided a baseline distending
pressure at which to set the VMM wall on addition of the TMM. Care was taken to
ensure no torsional or shear forces were applied to the VMM upon attachment to the
couplings and attachment of the couplings to the phantom housing, so that the VMM
was extended solely in the longitudinal direction. The VMM is covered by 20 mm of
TMM, a depth at which the common carotid artery is typically found. A specimen
model with scatter-less TMM, forming part of the flow circuit is shown (Figure 5.5).

Gear _
pump \ o Beake.ar'
~ containing
™ 5 BMF
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Reference
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Figure 5.5: A specimen phantom with a vessel of uniform elasticity connected into a
flow circuit.

Prior to pouring the TMM, a number of hollow plastic rods (2.46 mm outer diameter)

were inserted across the width of the tank, at right angles to the VMM and in the
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horizontal plane. These produced bright focal areas of reflected ultrasound upon
scanning when placed in TMM. They were placed at predetermined locations along

the length of the tank in order to guide measurement locations.

On construction and setting of the phantom, it was connected at the inflow with
750 mm of 9.5 mm inside diameter PVC tubing (Nalge Europe, Hereford, UK) and at
the outflow with tubing of the same dimensions. Both inflow and outflow tubes were
bound to 500 mm long stainless steel rods, which were secured at the height of the
tank inlet and outlet. These held the non-rigid tubing straight, thereby minimising
non-axial flow. This was desired in order to standardise incoming flow profiles and
outflow resistance. The inflow tube was connected to a magnetically driven gear
pump head (Micropump Ltd., Cambridgeshire, UK), which is coupled with a D.C
servo motor (McLennan Servo Supplies Ltd., Surrey, UK), capable of generating
volume flows of 0.0095 - 0.32 Ipm. For all measurements, the pump and motor
assembly were positioned at the same height relative to the flow rig in order to
further standardise flow conditions. The motor is controlled using a servo amplifier
(Aerotech Ltd., Berkshire, UK), interfaced with a PC and controlled by a LabView
program (National Instruments Corporation, Austin, Texas) written in-house by Dr.
Jacinta Browne. The software allows selection of a volume flow waveform using
either customised text files as input, or one of a number of simple waveform types
such as sinusoids and saw tooth waveforms. These text files dictate the variation in
voltage input applied to the pump motor. The outflow from the phantom carries BMF
back to the beaker which acts as a BMF reservoir. The flow rig layout is shown
(Figure 5.5).
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5.5 Variations in AWM with applied flow waveform shape: A
pilot study

5.5.1 Background

This and the next section establish how physiological AWM may be generated by the

compliant wall phantom. In broad terms, AWM generated by the phantom is

dependent on its mechanical impedance and the flow and pressure field

characteristics.

The underlying theory relating AWM to flow is less than straightforward, flow
dictates the nature of AWM indirectly; flow is driven by the spatial pressure gradient
across the length of the vessel. This in turn is related to the temporal pressure
gradient, which in turn dictates the AWM generated. Flow, pressure, pressure
gradients and therefore AWM will also vary from the waveforms applied by the
pump depending on the mechanical impedance of the VMM and the rest of the flow
circuit. In simple terms, the mechanical impedance can be described as the frequency
dependent resistance of a vessel to flow; and is dependent on geometry and
mechanical properties of a flow circuit. The presence of pulsatile physiologic flow
rather than the simple cases of constant or sinusoidal flow considerably complicates
the mathematics involved. A further complication is the nature of wave reflections
superimposed on the forward travelling pressure wave, dictated by changes in
mechanical impedance in the flow circuit. A full explanation with the accompanying
mathematics is beyond the scope of this work. The reader is referred to
‘MacDonald’s Blood flow in arteries’ for detailed discussions of both the pressure-

flow relationship and mechanical impedance'**'*°,

Given the complexity of the relationship between flow and AWM, a heuristic
approach is taken to the generation of physiological AWM characteristics. Flow rig
geometry is fixed for all but one set of experiments carried out in this chapter.
Instead, investigations focus upon the effect of variations in applied flow.
Furthermore, given the complexity of the flow—AWM-phantom interaction,

explanations of the phenomena observed in the following sections are restricted to
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qualitative descriptions and are greatly simplified. Of the few compliant wall flow
phantoms in the literature none have undergone such characterisation as performed

here.

5.5.2 Methodology

An AWM phantom was constructed and connected to form a flow circuit as
described in Section 5.4. Four different volume flow waveforms of varying shape
were applied; sinusoidal, saw tooth, square wave and in vivo measured carotid
volume flow (Figure 5.6). The carotid flow waveform was obtained from a study by
Holdsworth et al which evaluated the mean common carotid volume flow over 17
individuals using pulsed Doppler ultrasound and Womersley’s analytical solution for
velocity profiles in pulsatile flow conditions'®'. Note that except in the case of the
carotid flow, peak flow and minimum flow are the same for each of the flow curves.
Tissue Doppler acquisition settings used in this and the following section are
provided (Table 5.4). While there has not been scope to perform a quantitative
examination of TDI/AWM precision across the range of settings available,
experience gained from the studies in chapters 2 and 3 revealed settings providing
optimum AWM reproducibility. Cine loops of 3 - 5 flow cycles for each volume flow
waveform were captured and transferred to a PC for extraction of AWM data and
analysis. AWM rise time, AWM FWHM, maximum dilation, maximum velocity and
maximum acceleration are extracted from the AWM data and compared for the

different flow shapes.

It was thought advantageous to make pressure measurements in the phantom.
Pressure variation at a given point in the phantom is directly related to AWM, and so
access to pressure data was thought to be helpful in interpreting AWM obtained for
different flows. Attempts were made to make pressure measurements at points within
the vessel mimick upon the application of pulsatile flow. This involved inserting a 40
mm long catheter into the VMM through the open surface of the phantom TMM with
the aid of a needle. Pressure from inside the VMM was transmitted by the catheter to
a transducer, which in turn was connected to a S & W Medico Teknik Tri-scope
meter (Albertslund, Denmark). The signal from the transducer was recorded by a pc

which was connected to the meter. The meter had two channels allowing
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which was connected to the meter. The meter had two channels allowing
measurement at two sites within the phantom. This allowed simultaneous
measurement of pressure and potentially, the evaluation of pulse wave velocity.
However, the set up was difficult and time consuming to perform. A primary
limitation was the slipping of the catheter, either further into the VMM such that the
open end rested on the bottom of the VMM, or out of the VMM altogether, leaking
BMF into the TMM. Either way, transmission of pressure along the catheter to the
transducer was impeded, invalidating any resulting pressure measurements. The
insertion of the needle and the catheter into the VMM could also sometimes result in
separation of the VMM from the TMM, resulting in spurious AWM. For these

reasons the pressure measurements were abandoned.

Parameter Setting

* Probe L12-5 linear array

* Sensitivity Medium

* Line density A

* Dynamic motion differentiator (DMD) Off

* Colour gain Saturated (> 85 %)

Velocity Scale 15¢cms’

2D Gain Minimum required for clear wall
definition

Frame Rate Optimisation (FRO) Maximum

Time Gain Control (TGC) Mid range

Colour Box Dimensions 0.7 cm long x 1.0 cm deep

Table 5.4: TDI acquisition settings.
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Figure 5.6: Volume flow waveform shapes generated at the pump head.

5.5.3 Results and discussion

Mean AWM waveforms resulting from the different flow shapes are demonstrated
(Figure 5.7). Three features of the waveforms of particular interest are their
magnitude, their shape and the extent of inward collapse of the walls beyond their
resting position, demonstrated by negative AWM in Figure 5.7 and negative values
for the AWM index, minimum dilation. Maximum and minimum cycle averaged
dilations are provided (Table 5.5); it can be seen that sinusoidal flow provided the
largest dilations followed by square wave, saw tooth and carotid flow. Sinusoidal and
square wave flow generated AWM exhibited minimum dilations close to zero.
Carotid flow demonstrated a markedly lower minimum dilation, which can also be

seen in the temporal AWM plots (Figure 5.7).
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Figure 5.7: Mean AWM waveforms resulting from sinusoid, saw-tooth, square wave
and carotid volume flow.
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Flow waveform Mx/um Min/um
Sinusoidal 1495 + 3 -7+£12
Square wave 1139 + 46 4+3

Saw tooth 1017 £ 105 -93 + 86
In vivo carotid 191 + 15 51615

Table 5.5: Maximum and minimum cycle-averaged dilations for the four flow
waveform shapes.

Sinusoidal flow was found to produce waveforms that most closely match the flow
profile shape. The remaining AWM profiles bear little resemblance to the
corresponding flow profiles. Also of note, every AWM waveform demonstrates
some degree of high frequency oscillation in wall position superimposed on the basic
cyclic motion. However, on visual inspection, these are far more marked in saw-
tooth, square wave and carotid volume flow generated AWM in comparison to the
sinusoid generated AWM. There are a number of reasons why these differences are
observed. To understand these requires a consideration of the variations in pressure
and flow as flow-pressure cycles propagate through the phantom, towards and away
from the point of data acquisition. A qualitative explanation of flow and pressure

propagation is provided in Appendix C and is applied to the results obtained here.

A comparison of sinusoidal and carotid flow generated AWM provides an
illustration of the phenomena which determine the nature of the generated AWM.
While the carotid flow primary peak is 1.8 times larger than the sinusoid, it is
significantly narrower with a width of approximately 0.16 s compared to 1 s for the
sinusoidal flow waveform. The rise times of carotid and sinusoidal flow are also
markedly different, that of carotid flow being 0.24 of the sinusoidal rise time.
Therefore, when subjected to carotid flow, the VMM is subject to higher temporal
flow and pressure gradients. As the rise phase of the flow and pressure cycles
approach the point of AWM measurement, this may explain why applied carotid
flow produces greater negative dilations. It is thought the larger pressure gradients
applied after the flow peak has passed the point of AWM measurement accelerate the
contracting VMM walls such that they overshoot their resting position and exhibit
negative dilations. It is thought the short duration of the rise phase flow and pressure

peaks compared to the other cycles, in addition to the overshoot of the VMM walls
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are responsible for the smaller maximum dilation observed for carotid flow AWM. It

is postulated that despite the larger temporal pressure gradients associated with the

rise phase of the carotid flow cycle, due to BMF inertia, the short duration of the rise

time outweighs this and so the carotid flow generates smaller dilations than

sinusoidal flow.

A number of conclusions were drawn from the preliminary observations described

here that assisted in the further investigation of phantom behaviour that follows in

Section 5.6:

Smaller flow pulse heights should be used to generate AWM of a realistic
size given the large magnitude of AWM produced here.

Wider flow peaks should be used to avoid inward collapse of the vessel wall,
which is not typically observed in the carotid arteries. The phenomenon was
investigated further with flow curves of varying width but fixed rise times
and minimum and maximum flow.

To prevent retrograde flow in the vessel (which does not typically occur in
vivo in a carotid artery) minimum flow was doubled for all subsequent flow
waveforms.

Flow waveform shapes with discontinuities in flow were avoided. This had
the aim of minimising the short-lived small amplitude oscillations observed
largely in saw-tooth, square wave and carotid flow generated AWM, a further
phantom AWM characteristic which is not exhibited in vivo.

Output impedance has not been considered in this study. However, in vivo
this dictates pressure and AWM, both directly and indirectly (through wave
reflection). Flow rig impedance is grossly simplified compared to that in vivo,
therefore an heuristic approach is taken to its investigation in the following

section.
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5.6 Variations in AWM with characteristics of a generic flow
waveform & outflow impedance

5.6.1 Methodology

Based upon the results of the pilot study described in the previous section, a generic
flow waveform was employed to investigate the effect of variation in three flow
characteristics; rise time, tgpeak, peak flow, Qpeak, and full width half maximum
(FWHM) (Figure 5.8). The flow waveform text files used to apply flow were
constructed using a custom written MATLAB program (MathWorks Inc., Natick,
MA), which combined the rise and fall of two sine waves of varying frequency and
magnitude with a region of uniform flow between the two. The program allowed
peak flow, minimum flow, rise time and full width half maximum to be selected by
the user. This simple method of waveform generation was preferred to the use of
more complex equations, such as that of damped simple harmonic motion where it is
often difficult to vary one flow characteristic without at the same time changing
another. All flow waveforms used have a non-zero offset to maintain forward flow at
all points in the flow cycle, as in the carotid arteries. The cycle frequency was set to

1 Hz to mimic a typical cardiac cycle length.

Qpeak
Q/ml s’
Qpeak}"r 2
Qmin
<+—r = :
ta, & » time/s

FWHM

Figure 5.8: A schematic diagram of an applied flow cycle demonstrating rise time,
tQpeaks peak flow, Qpeak, and full width half maximum, FWHM.
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PafsiahE _ F{apge Defagit
investigated selection
Minimum applied flow, Quin/ Ml s = 6.7
Peak applied flow, Qpeax/ Ml s™ 8.0-11.4 10.0
Mean applied flow, Qmean/ Ml s™ 7.7-10.2 9.2
Flow rise time, tqpear/ S 0.025-0.25 0.025
FWHM/ s 0.25-0.90 0.75
Outflow impedance E.TJ%Z %:; E?Emrrr? Ilg Tube A

Table 5.6: Ranges and default values of the flow characteristics & output impedance
used.

Ranges in flow parameters for investigation are detailed in Table 5.6. The values
were chosen according to the criteria described below. Values of tgpex Were varied
with the aim of generating AWM skewed towards the start of the dilation cycle. A
lower limit was placed on tgpea such that the initial rise of the flow curve could
easily be resolved by the pump controller software. Preliminary rough measurements
revealed an appropriate working range for Qpek, which produced realistic wall
displacements and velocities without damaging the phantom. The application of too
large a volume flow curve results in separation of the VMM from the TMM and
irreversible collapse of the VMM. The minimum value for Qpeak Was chosen, partly
through trial and error, such that the AWM dilations generated could be derived with
a reasonable degree of reproducibility, since as shown in Chapter 3, TDI/AWM
software technique reproducibility deteriorates as wall velocity and dilation decrease.
Upon varying each of the above parameters over the ranges described, the remaining
flow parameters were kept constant to allow meaningful comparison of results. A
default set of flow parameter values was chosen which was known to produce

reproducible AWM waveforms within the physiological range (Table 5.6).

In order to investigate the effects on changing outflow impedance two different
outflow tubes, tube A and tube B, were in turn attached to the phantom. For each set
up the same flow was applied to the phantom and TDI data acquired. Tube A is the
default choice described in Section 5.4.3. It has an inner diameter of 9.6 mm. Tube

B, made of the same material, has a smaller inner diameter of 6.4 mm. Both have a
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wall thickness of 1.6 mm. The same TDI acquisitions parameters as used in the pilot

study in Section 5.5 were used here.

5.6.2 Results and discussion

5.6.2.1 Variation in flow rise time

AWM dilation, velocity and acceleration waveform shape

The AWM waveforms resulting from variations in flow rise time are demonstrated
(Figure 5.9a), along with in vivo AWM, velocity and acceleration waveforms
acquired for a common carotid artery in Chapter 2 for comparison (Figure 5.10). The
AWM dilation waveforms all adopt the same basic shape of a rapid rise phase
followed by a second smaller peak in dilation before dropping off to zero. While the
corresponding velocity and acceleration waveforms demonstrate basic oscillatory
patterns similar to that observed in vivo, of a large peak followed by a number of
smaller oscillations (Figure 5.9b,c) the second peak in dilation of the amplitude

exhibited here is not typically observed in vivo.

An additional feature of the AWM curves, superimposed on the basic oscillation
pattern is the presence of higher frequency oscillations of the order of 20Hz. These
are not present in AWM waveforms derived in vivo. One possible cause of this is the
presence of multiple pressure reflections between the two ends of the VMM segment,
resulting from the mismatch in mechanical impedance between the VMM segment
and the rigid acrylic tubing it is attached to. The plausibility of this explanation can

be explored by considering the propagation of the incident flow/pressure waveform.

By Fourier theory, one can interpret the incident 1 s flow (and therefore pressure)
waveform in Figure 5.8 to be composed of a number of higher frequency sinusoids.
Therefore, one can consider the transmission of these components of the overall
incident waveform separately, acting as multiple sources of reflected waves. The
time scale of these reflections can be approximated using the pulse wave velocity, ¢y
of the VMM material, which is defined by the Moens-Korteweg equation (Equation
5.1).
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Figure 5.9: AWM (a) dilations (b) velocities and (c) accelerations resulting from
variations in rise time.



145

700
600 —
E 500 // ‘\
G
= 400
g 300 / \
(

< 200

100
\

1.2

1
08 1)

0.6

a4 H
0.2 — — o
0 \V f:\ T 1
-0.2OM;>V/MMO
'0.4 ¥

-0.6

AWM velocity/cm s

time/s
40

30

20| —
!

10 \
0 \ a R
1000

/0.2 \/ 0.4 0.6 0.8 1.0

20| |

AWM acceleration/cm s

-30

time/s

Figure 5.10: AWM dilations, velocities and accelerations derived from in vivo TDI
scanning of an asymptomatic common carotid artery in Chapter 2.

Using the modulus obtained in the previous chapter for PVA cryogel subjected to 2
freeze-thaw cycles (122 * 8 kPa), along with the VMM geometry stated earlier, a
value for ¢o of 5.8 + 0.2 m s was obtained. It will therefore take 0.034 s for an
incoming pressure wave to traverse a typical VMM length of 10 ¢cm from the point of

TDI data acquisition to the end of the VMM segment, be reflected and travel back to
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the point of data acquisition (a total path length of 20 cm). Reflections will also
occur at the interface between the VMM and the inflow tubing of the phantom.
Depending on damping by the VMM, there may be several reflection events before

the initial component of the incident pressure wave is completely attenuated.

It is apparent that the traverse times of the reflected pressure waves are much smaller
than the 1 s flow cycle length. Therefore reflected pressure pulses will arrive at the
point of measurement while the incident overall pressure pulse that generated it is
still passing. This is consistent with the observed high frequency oscillations that are

superimposed on the fundamental low frequency AWM waveform shape.

5.6.2.1.1 Maximum dilation, velocity and acceleration

Variations in maximum dilation, velocity and acceleration are demonstrated (Figure
5.11). Maximum dilations fall within the upper half of the physiologic range and
appear to increase with flow rise time. Arterial wall motion for all flow waveforms
except that with a rise time of 0.25 s exhibit maximum velocities in the lower half of

the physiologic range. Maximum accelerations span the physiologic range.

5.6.2.1.2 AWM rise time, tawmpeak

As a characteristic of physiologic AWM with which a match is desired (see 5.3.3), it
is of interest to observe the variation in tawmpeak With topeax (Figure 5.12). The in vivo
tawMpeak Tange is superimposed on the phantom results. For larger tqpeax values (0.25
s and 0.50 s) tawmpeax are equal to the tgpex. However, as topeax decreases the
correspondence between the two rise times decreases. This is illustrated in Figure

5.12 as the deviation from the line representing equality between the two parameters.

A possible reason for the decrease in equality between AWM rise time and flow rise
time is the distortion of the flow waveform in travelling from the pump to the point
of measurement. The 750 mm of PVC tubing and the 25 mm of VMM the waveform
must traverse to the point of data acquisition may remove the high frequency
components of the flow and pressure cycles, which are responsible for the rapid rise

time in the composite flow and pressure waveforms.
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5.6.2.2 Variation in peak flow

The AWM dilations, velocity and acceleration resulting from flow waveforms with
three different peak flows (Figure 5.13), and variations in maximum dilation,
velocity and acceleration for all peak flow data (Figure 5.14), are demonstrated. It
can be seen that maximum dilation increases as peak flow increases. Maximum

dilation, velocity and acceleration all span the physiologic range.

The behaviour described above may be explained by the progressively larger peak
pressures that result from increasing peak flow. As peak flow increases, the
corresponding temporal pressure gradients at a given location increase. Since each
flow has the same rise time, when this is combined with the increasing temporal
pressure gradient, peak pressure also increases, distending the walls to a greater

extent.
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5.6.2.3 Variation in flow full width half maximum (FWHM)
The AWM dilations, velocity and acceleration resulting from flow waveforms with
three different FWHM (Figure 5.15) are demonstrated, as are variations in maximum
dilation, velocity and acceleration are plotted for all flow waveforms tested (Figure
5.16). In qualitative terms, variations in AWM shape are apparent in Figure 5.15,
with the second maxima or node in dilation being much higher for a high FWHM.
Trends in maximum dilation, velocity and acceleration are less clear for this data
compared to previous sections however, all the derived maximum dilations fall
within the physiologic range, as do all maximum velocities, though they are limited
to the lower half of the physiologic range. Conversely, maximum accelerations for
every data point except for 0.5 s FWHM lie above the physiologic range by up to

15.0 % of the physiologic maximum.

The decrease in maximum dilation for a flow waveform of FWHM 0.90 s seen in
Figure 5.16a may be a result of the increasingly steep fall off in flow as FWHM
increases. As postulated in Section 0, the steep negative flow gradient (and therefore
pressure) causes the vessel walls to reach higher negative velocities in the last 0.1 s
of the flow cycles (see region ‘B’ in Figure 5.15). This phenomena can be seen in the
first cycle in Figure 5.15b, which is typical of the data. A comparison of minimum
velocities in this region of the AWM cycle between data generated by a 0.5 s FWHM
and a 0.90 s FWHM is illustrative (Table 5.7). The lower velocities exhibited by the
0.90 s FWHM mean that subsequent incoming flow cycles expend more energy in
slowing the collapsing walls to their resting position before the vessel walls can enter
the expansion phase of the AWM cycle. This results in the lower maximum dilation
in the following cycle for the 0.90 s FWHM flow.

Flow FWHM/s  Secondary minimum velocity/ cm s™

0.5 -0.12 +£0.03
0.90 -0.32 £0.02

Table 5.7: A comparison of AWM secondary minimum velocities in the last 0.1 s of
the AWM cycle generated by 0.50 s FWHM and 0.90 s FWHM flow.
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Another interesting feature of these AWM curves is that as the width of the flow
peak decreases, the extent of negative AWM dilations increases, as postulated in
Section 5.5. After the initial primary peak of maximum dilation, the negative
velocities experienced by the walls in the contraction phase of the AWM cycle at
approximately 0.2 - 0.5 s in the AWM cycle (labelled ‘A’ in Figure 5.15) for 0.25 s
FWHM and 0.50 s FWHM flows are greater in magnitude than those experienced by
those subjected to 0.90 s FWHM flow (Table 5.8). This effect is observable in Figure
5.15. Thus, for these examples, the vessel walls have not reached zero velocity when
they reach zero displacement after the initial dilation peak and so they produce

negative dilations.

FWHM/s Primary minimum velocity/ cm s~

0.25 -0.33£0.01
0.50 -0.28 £0.01
0.90 -0.18 +£0.01

Table 5.8: A comparison of AWM primary minimum velocities generated by flow of
0.25, 0.50 and 0.90 s flow cycles.

5.6.2.4 Variation in phantom output impedance

The AWM dilations, velocities and accelerations are demonstrated for the two
different output impedances created by tube A and tube B (Figure 5.17). Variations
in maximum dilation, velocity and acceleration are plotted for the same data (Figure
5.18). Of interest is the significant change in shape of the AWM dilation curves on
increasing output impedance (that is, swapping tube A for tube B). The high
frequency oscillations superimposed on the basic AWM dilation shape observed in
previous figures remain. However, the labelled secondary maximum or node seen in
previous AWM curves disappears. Instead, an AWM curve that rises rapidly to a
peak then falls off more gradually to zero dilation is observed. This AWM shape
more closely resembles physiologic AWM. Preliminary in vivo observations of
AWM (including those described in Chapter 2) suggest the secondary maximum in
the AWM obtained with output impedance A is much more exaggerated than any

secondary dilation maxima that would be observed in vivo.
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Increasing output impedance is also found to increase maximum dilation. This
increase can be explained in qualitative terms by the higher pressures generated in

the phantom in order to maintain the same flow rate generated by the pump through
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the higher impedance outflow tubing. Maximum dilations for both output
impedances lie within the physiologic range. Maximum velocity and acceleration
both decrease with increasing output impedance. The maximum velocities fall within
the physiologic range as do the maximum accelerations. The decreases in maximum
velocity and acceleration with increasing output impedance are coupled with an

increase in AWM rise time (Figure 5.19).
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Figure 5.19: AWM rise time variation with phantom output impedance.
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5.7 Summary and conclusion

A compliant wall vascular phantom has been designed which can generate AWM
waveforms sharing a number of features with in vivo common carotid artery AWM
waveforms. Derived maximum dilations, velocities and accelerations fell within the
physiologic range. These parameters were varied upon altering the inputted flow. A
summary of the ranges obtained in the data described is provided (Table 5.9). The
basic AWM waveform shape was altered on varying outflow impedance and the
applied flow FWHM. Both these parameters acted to vary the relative height of the
second node in dilation, a feature common to all the AWM waveforms gathered. One
limitation in the phantom was the range of rise times observed on application of the
described flow waveforms. AWM rise times were limited to the upper half of the
physiologic range derived from Chapter 2. The use of a shorter inlet tube may
minimise the distortions of the flow and pressure waveforms described in section

5.6.2.1 and allow the shorter physiological AWM rise times to be mimicked.

AWM characteristic Phantom Range In vivorange
Maximum dilation/ um 295 - 686 216 - 636
Maximum velocity/ cm s'x10° 0.31-0.98 0.373 - 0.998
Maximum acceleration/ cm s?x10° 11.9-39.7 10.4-27.2
Rise time/ s 0.15-0.25 0.08 - 0.20

Table 5.9: Summary of maximum dilations, maximum velocities, maximum
accelerations and rise times obtained using the phantom compared to the in vivo
values.

A further limitation of the derived AWM waveforms was the presence of high
frequency small amplitude oscillations superimposed on the basic waveform shape,
observable in Figure 5.7, Figure 5.9, Figure 5.13, Figure 5.15 and Figure 5.17. These
are not observed in vivo. It is thought these are due to reflected pressure-flow cycles
within the VMM length. The timescale for pulse propagation derived from the VMM
pulse wave velocity, compared with the incident overall flow cycle length are
consistent with this. Two approaches could be employed to minimise the reflections.
Firstly, the change in mechanical impedance across the VMM-phantom housing

interface could be minimised. This could be achieved by using less rigid tubing on
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the phantom housing, or by allowing the VMM segment to taper before attaching it
to the phantom housing. The latter option gradually increases mechanical impedance
along the VMM length such that it is more closely matched to the outflow tubing
impedance at their interface. Secondly, the reflections could be damped out by
insertion of a damping material at the interface between the VMM and phantom
housing. This idea was devised by a research student in the Department of Medical

Physics at the University of Edinburgh and initial results were promising.

A further area of interest is the required flow waveforms to produce the AWM
characteristics described in Table 5.6. Mean applied flows fell in the range
7.7 - 102 ml s’ Comparison with an in vivo value, 6.2 ml s reveals the values
employed here are somewhat higher than that found in vivo"!. From this comparison
it is deduced that in fact the outflow impedances employed here are lower than found
in vivo downstream of the carotid arteries, since while greater mean flows are applied
to the phantom than found physiologically, only similar magnitude dilations to those

physiologically occurring are produced.

In practical terms, the phantom is relatively easy to manufacture. Tissue mimicking
material manufacture requires readily available materials and while PVA cryogel is a
relatively specialist material, it is required in small volumes only. Care was required
in VMM manufacture to ensure only segments with adequately symmetric wall
thickness were used to prepare phantoms. The phantom design was subjected to rapid
rise times as low as 0.025 s and flow pulse heights (Qpeax — Qmin) Of up to 4.7 ml s!
without separation of the VMM from the TMM or rupture of the VMM. This
corresponded to maximum wall dilations greater than maximum dilations observed
in vivo in Chapter 2. A cautious approach was employed, and so it is likely that

higher peak flows could be applied, resulting in larger dilations and wall velocities.
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Given the scope for moulding the VMM and TMM, it is possible that geometries of
vessels could be varied to mimic lumen diameters of all arteries in the circulatory
system and not just the carotid arteries. However, work here encountered difficulties
in preparing VMM with thinner walls at the lower end of the physiologic scale.
Furthermore, current mould design is limited to the dimensions of steel rod and
tubing that are mass-produced since cost of custom geometries is high. The work
detailed here used only uniform elasticity and geometry VMM, however, there is
scope to introduce non-uniformities. Indeed, the former has been demonstrated in the
literature''>''®. Therefore, together with the data relating freeze-thaw cycles with
elastic modulus in Chapter 4, a range of disease levels could be simulated using the

phantom designed here.
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Chapter 6 Evaluation of Arterial Wall Motion (AWM)
precision with varying acquisition geometries

6.1 Introduction

Previous chapters have described TDI/AWM data acquisition under what was
thought to be optimal scanning geometries: the vessel depth was fixed and aligned
normal to the ultrasound beam in the depth plane of the image and the transducer was
aligned exactly with the vessel central axis. A further variable in scanning set-up is
the pressure exerted by the transducer upon the vessel. This is not a geometrical
parameter but is thought to affect AWM precision. In the previous chapters, no
pressure was exerted on the VMM by the transducer. In clinical practise, the
scanning environment described above is often not the case, and deviations from
these conditions will affect TDI/AWM technique performance. Main implications for

TDI and B-mode data quality upon varying each set-up parameter are outlined below
(Table 6.1).

Parameter Effect of variation

Vessel depth Varies image clarity & signal strength at transducer

Beam-vessel Varies image clarity and signal strength as extent of beam
angle reflected in the direction of the transducer varies.
Beam-vessel Varies image clarity, signal strength and the component of
axis alignment the AWM velocity detected at the transducer.

Transducer Query direct effect on AWM and indirect effect of potential
pressure variations in flow impedance by compression of the vessel.

Table 6.1: Variations in scanning geometry & transducer pressure and their main
effects.

This chapter explores the consequences for AWM of these effects upon variation in
the parameters, using the compliant wall vascular flow phantom designed in the
previous chapters with recipe A TMM (see sections 4.3.3.1 and 5.4) to simulate the
attenuation of the ultrasound beam provided by soft tissue. No direct measure of
AWM accuracy was possible with such a phantom since AWM is indirectly
controlled using the applied volume flow, however assessments of precision could

still be made. Specifically, the AWM obtained for varying geometries could be
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compared to AWM measured using the reference optimal scanning geometry as

described above.

6.2 Method

The same generic set up, flow generation and scanning methods were used as
described in previous chapters. The same scanner settings described in Chapter 5
were employed, based upon experience of TDI/AWM technique performance in
previous work. Pulsatile volume flow was applied to the compliant wall phantom
(Figure 6.1). As in the previous chapter, a short flow rise time was employed
followed by a region of uniform flow. This and a baseline flow of 6.7 ml g
compared to the peak flow of 10 ml s prevented wall collapse and retrograde flow.

Each of the four geometrical factors was varied in turn while the others were fixed.

o S |

0 T T T T
0 0.2 6 0.8 1

0.4 0.
time/s

Figure 6.1: Volume flow, Q applied at the pump for variable geometry precision
measurements.

In each study three TDI loops were acquired for each geometry setting. For example,
in investigating the effects of vessel depth, three loops were acquired for each vessel
depth. Maximum dilation over all cardiac cycles per loop was calculated, excluding
those AWM cycles that had clearly not been registered correctly by the TDIV/AWM
technique (see Section 3.3). Maximum dilation, Mx for each cine loop was averaged
over the three loops acquired. Intra- and inter-loop standard errors were calculated
and plotted with all data. Maximum dilations obtained for each scan plane, beam-
vessel angle, vessel depth and transducer pressure were normalised to the value

obtained at the reference geometry. The reference scanning geometry and range of
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values for each scanning parameter are provided (Table 6.2). The experimental set up
for the reference scanning geometry is also illustrated (Figure 6.2). All data were
acquired within the same session to minimise inter-measurement variability. This can
be introduced by variations in VMM and TMM elastic properties, BMF viscosity,

human error in configuring the scanner and incorrect set up of flow and measurement

geometry.

Parameter Reference Geometry Range tested

Depth/ mm 20 20, 26, 32, 44
Transducer — vessel

angle/ ® 1 1, 54, 11.9,.17.5,:24.1
Scan plane — vessel axis

coincidence 0 0,0.5,1.0,2.0

(mm from the vessel axis)

Transducer pressure contact Contact, moderate, high

Table 6.2: Reference scanning geometry and range of geometry tested.
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Figure 6.2: Reference measurement geometry.

6.2.1 Depth variation
Uniform thickness TMM slabs were placed on top of the phantom to vary vessel
depth.
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6.2.2 Transducer-vessel angle variation
A variation in transducer-vessel angle was introduced using wedges of TMM made
from the same batch employed to prepare the phantom TMM. The angled wedges
were placed on top of the section of phantom to be scanned. The transducer was
placed on top of the wedges and aligned with the angled surface in the vertical plane
(Figure 6.3). Wedges of nominal angles 5°, 10°, 20° and 30° were manufactured by
pouring TMM into angled moulds. This was not a precise technique and
subsequently acquired greyscale images of the vessels were used to calculate the
transducer-vessel angles more accurately using the tangent trigonometric rule in
custom written Matlab code (MathWorks, Natick, MA) (Figure 6.4). For one
particular wedge angle (nominal angle 20°), the TMM wedge was removed, leaving
water between the transducer and the top of the phantom. Therefore, the same
transducer-vessel angle was still imposed but the attenuating affect of the TMM was

removed.
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Figure 6.3: Transducer — vessel angle variation measurement geometry.
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Figure 6.4: Calculation of the transducer-vessel angle.

6.2.3 Scan plane variation

In order to assess variation in AWM precision with scan plane coincidence, the
transducer was first aligned with the central plane of the vessel. It was then moved
through increments of 0.5 mm, 1 mm and 2 mm from the vessel central axis in both
transverse directions using a micromanipulator (Figure 6.5). The central axis was
located by aligning the transducer by eye, then fine adjusting its position to obtain a
B-mode image with the strongest possible reflections of the vessel walls along the

length of the imaged segment.

Vesssl Transducer

central
axis

Vessel
mimick

“—— Scan planes interrogated at central axis,
0.5 mm, 1 mm & 2 mm from central axis

Figure 6.5: Scan plane variation measurement geometries.

6.2.4 Transducer pressure variation

Facilities for measuring pressure applied by the transducer to the vessel were not
readily available. In addition, without values for typical clinically applied pressures
results in SI units of Pascals have limited meaning. For these reasons, and as a first

investigation into the effects of varying transducer pressure, a semi-quantitative yet
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clinically relevant method was used to denote the force applied. Tissue Doppler data
was collected for three pressure levels. These were classed as ‘contact pressure’ (as
for all other phantom experiments, where the transducer merely makes contact with
the TMM), ‘moderate’ and ‘high’. The latter was limited to avoid damage to the
phantom whilst exceeding any pressure that might be applied clinically by a
sonographer. Pressure was increased by moving the clamp holding the transducer
progressively lower down the clamp stand towards the vessel, further into the TMM
surface. The clamp and transducer was moved 3 mm then 4.5 mm into the TMM
surface to exert ‘moderate’ and high’ pressures on the vessel. For each pressure level
the minimum diameter of the vessel was measured, providing a further semi-

quantitative indication of the pressure applied.

6.3 Results & Discussion

6.3.1 Variation in AWM precision with vessel depth

Dilation envelopes, that is, the minimum and maximum dilations for each time
frame, are shown for two depths (Figure 6.6). Visual inspection reveals an increase
in dilation envelope, which is reflected by increases in normalised standard deviation
of dilation, SA(N) (Figure 6.7). A decrease in normalised maximum dilation, Mx(N)
with vessel depth is also demonstrated (Figure 6.8). However, two of the data points
(depths 26 mm and 44 mm) have a large inter-loop variation as demonstrated by the
error bars. For the first of these depths in particular, the wide variation is largely
attributable to a single loop where 462 um was obtained compared to 410 pm and
426 pm. There is no obvious reason why this has occurred since at the time of data
collection, the three loops were acquired consecutively and there are no marked
differences on visual inspection of the images. The results obtained were double
checked by generating the excel AWM data a second time and re-running the Matlab

AWM analysis code, only to produce the same values.
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Figure 6.6: TDI derived AWM envelopes for vessel depths of (a) 20 mm (red
dashed) and (b) 44 mm (blue solid).
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Figure 6.7: Variation in normalised standard deviation of dilation, Sd(N) with vessel
depth.
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Figure 6.8: Variation in normalised maximum dilation, Mx(N) with vessel depth.
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Aside from the points of wider variability, the increase in Sd and decrease in Mx
with depth are of interest. These are thought to be manifestations of a reduced signal
to noise ratio. Progressively less ultrasound reaches the vessel walls, and less is
reflected back to the transducer as depth increases due to greater attenuation by the
TMM. Noise is visible on the segmented TDI images as pixels opposite in colour to
those surrounding it and becomes more noticeable as depth increases (Figure 6.9).
The scanner misinterprets these pixels as phantom motion at lower velocities than the
true phantom motion, resulting in lower derived AWM dilations and an increased
spread in AWM due to the random nature of the noise. The influence of noise in this
way is exacerbated by the application of saturated colour gain, a setting for

TDI/AWM acquisition recommended by the software developers.

Figure 6.9: Segmented TDI frames during wall contraction for vessel depths of (a) 20
mm and (b) 44 mm. Note the presence of adjacent blue and red pixels particularly
apparent in (b) indicating the presence of noise.

In addition to the influence of TDI noise, the greater heterogeneity observed in
dilations from a vessel depth of 44 mm may also be attributed to the decrease in
frame rate of 16.1 % from 62 Hz to 52 Hz. The decreased frame rate may increase
any scan line asynchronisation effects. Mx is also affected as the decreased frame
rate lessens the ability of the scanner to resolve the continuously changing velocities

exhibited by the VMM.

To conclude, maximum dilation is systematically underestimated at depths greater
than typical for a common carotid artery. This has important implications for the
application of TDI/AWM to investigate internal carotid artery AWM in addition to
other arterial sites deeper than 20 mm such as the abdominal aorta. Furthermore, the
discrepancies between actual dilation and AWM/TDI derived dilation revealed here

would likely be greater for internal carotid arteries given that they move with lower
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velocity and dilation ranges than common carotid arteries, especially those which are

diseased.

6.3.2 Variation in AWM precision with transducer-vessel angle

From inspection of the AWM curves for 1° and 24.1° wedges, one can see the
increase in heterogeneity of dilation, similar to that obtained on varying vessel depth
(Figure 6.10). This effect is illustrated by a plot of Sd(N) against transducer-vessel
angle where the standard deviation increases from 0.03 £ 0.01 to 0.15 + 0.01 across
the range of angles for which data was acquired (Figure 6.11). Also, in common with
depth variation, one finds a decrease in Mx(N) with transducer - vessel angle by a

factor of 0.22 (Figure 6.12).

time/s

Figure 6.10: TDI derived AWM envelopes for transducer-vessel angles of (a) 1° (red
dashed) and (b) 24.1° (blue solid).
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Figure 6.11: Variation in normalised standard deviation of dilation, SA(N) with
transducer-vessel angle.
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Figure 6.12: Variation in normalised maximum dilation, Mx(N) with transducer-
vessel angle.

The observed changes can be attributed in part to the progressively lower component
of the wall velocity detected by the ultrasound beam. This varies as the cosine of the
wall speed and so one would expect a drop by a factor of 0.09 for a transducer-vessel
angle increase from 0° to 24.1° (compared to the observed drop in Mx of 0.22). The
observed drop-off in Mx may be due to a reduced signal to noise ratio, as an
increasing amount of the ultrasound beam is reflected away from the transducer
compared to normal beam incidence. A comparison of results for the transducer-
vessel angle of 17.5° with and without a TMM wedge was of value. Only a 2 %
difference was found between the Mx values at this angle, suggesting that the
transducer-vessel angle was the controlling factor rather than the additional

attenuation introduced by the presence of the TMM wedge.

As with the other geometrical parameters considered there are clinical implications
of this source of variability. Internal carotids are often tortuous, especially
immediately prior to entering the skull, and especially so if diseased. The transducer-
artery angle may also vary across the field of view resulting in spatial gradients,

which may be misinterpreted as a change in strain and therefore elasticity.

6.3.3 Variation in AWM precision with scan plane variation

B-mode images of the varying scan planes and the derived AWM curves are shown
for three different scan planes (Figure 6.13,Figure 6.14). The resultant variation in
Mx is demonstrated (Figure 6.15). Mx decreases with distance from the vessel

central axis, on average by 0.34 * 0.02 of Mx at the central axis on moving 2 mm
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from the central axis. The main reason for the decrease in Mx relates to the motion of
the vessel wall off its central axis. Arterial wall motion is predominantly radial (as
demonstrated in Chapter 5). Therefore, the further the transducer from the vessel
central axis, the smaller the component of wall velocity will be detected.
Furthermore, as the transducer moves off the vessel central axis the reflections back
to the transducer decrease as the reflecting planes of the vessel walls are no longer
normal to the beam. The decrease in backscatter intensity results in a smaller signal
to noise ratio, compounding the decreased component of velocity detected. The non-
normal beam incidence also creates less well-defined B-mode images of the vessel

wall, which can hinder wall segmentation.

Figure 6.13: B-mode images of scan planes for (a) scan plane coincidence with the
central vessel axis (b) 0.5 mm from the vessel central axis (¢) 2 mm from the vessel
central axis.

Given the observed effects, clinical scanning should optimise scan plane-vessel axis
coincidence in order to measure the maximum component of radial motion and gain
the strongest possible ultrasound reflections from the vessel walls. The differences in
scan plane location for data gathered here is perceptible by eye (Figure 6.13). The
central axis image is noticeably brighter and has the most well defined images of the
vessel, therefore imprecision due to this geometrical factor should be relatively easy
to minimise. Furthermore, spurious AWM spatial gradients resulting from partial
alignment of the transducer with the central axis can be avoided. Chapter 2 provides
an in vivo example, where the derived AWM could potentially be misinterpreted as

implying variable elasticity.
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Figure 6.14: TDI derived AWM envelopes for (a) the vessel central axis (red dash)
(b) 0.5 mm off the vessel central axis (blue solid) (c) 2 mm from the vessel central

axis (green solid).
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Figure 6.15: Normalised maximum dilation, Mx(N) variation with scan plane.

6.3.4 Variation in AWM precision with exerted transducer pressure

Vessel diameters (measured with no applied flow) for the different exerted pressures
were 5.2 mm (contact pressure), 4.6 mm (medium pressure) and 4.1 mm (high
pressure), decreasing as the pressure exerted increased. Dilations obtained for vessel
diameters 5.2 mm and 4.1 mm are shown (Figure 6.16). Heterogeneity of the AWM

curves illustrated by Sd(N) decreases as pressure increases, while at the same time

Mx(N) increases (Figure 6.17, Figure 6.18).
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Figure 6.16: TDI derived AWM envelopes for vessel diameters of (a) 5.2mm
(contact pressure-red dash) and (b) 4.1mm (high pressure-blue solid).
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Figure 6.17: Variation in normalised standard deviation, SA(N) of dilation with
exerted transducer pressure.
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Figure 6.18: Variation in normalised maximum dilation, Mx(N) with exerted
transducer pressure.

It is difficult to ascertain the mechanisms varying Mx without further investigation.
One possibility however, is that the changes observed with increasing pressure

applied by the transducer result from a change in mechanical impedance of the
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vessel. More specifically, an increase in input impedance may be responsible for the
observed increase in Mx. Input impedance provides a measure of resistance to flow
at a given point and is defined as the ratio of pressure, P generating volume flow, Q
at a particular point in a vessel. Input impedance increases as diameter decreases and
results in an increase in pressure pulse height, the distending pressure responsible for
AWM, resulting in an increase in maximum dilation'*. To achieve these dilations,

the wall velocity range over the course of one flow cycle must also increase.

To summarise, measured AWM appears to vary with the pressure exerted by the
transducer on the vessel walls. Ideally, therefore, this quantity should be
standardised, to minimise variability between TDI/AWM acquisitions. This may be
achieved by minimising pressure exerted by the transducer on the skin such that the
transducer merely makes contact with the skin. In practise, this may not be
straightforward. A problem arising in the Chapter 2 in vivo study was the presence of
the jugular vein overlying the artery. This introduced motion artefacts as it and
carotid artery moved over each other during scanning. To eliminate this movement
greater pressure was exerted using the transducer. In light of the results obtained
here, caution must be exercised in comparing AWM from these affected artery

segments with others.
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6.4 Summary & conclusions

To summarise, variations in AWM were found for each of the four transducer-vessel
geometry factors investigated. Maximum dilation deviated from values obtained for
reference scanning geometries by factors of -0.07 + 0.03 (for a vessel depth of
44 mm), -0.34 + 0.02 (for AWM data acquired with a scan plane 2 mm from the
vessel central axis), -0.22 *+ 0.03 (for a transducer-vessel angle of 24.1°) and

+0.20 £ 0.03 (for a high transducer exerted pressure).

The implications for clinical and in vitro application of the TDI/AWM technique are
two-fold. Firstly, where possible, deviations from the reference scan geometry should
be minimised. The scope for this in vivo may be limited given the nature of the
carotid circulation, in which healthy and diseased states can be tortuous, exhibit a
range of variable skin-vessel angles and vessel depths. There is also likely to be
variability in the pressure exerted by the transducer on the region scanned. To the

authors knowledge there are no published investigations of this parameter.

Secondly, where deviations from reference scan conditions have been minimised,
interpretations of AWM data must account for these factors before making inferences
about the overall elastic properties of a scanned segment of artery wall or the spatial
distribution of the elastic properties across a scanned segment. Furthermore, there
must be an awareness of these factors in comparing AWM from different arterial

sites and different individuals.
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Chapter 7 Conclusion and future work

The evaluation of arterial wall motion (AWM) has potential value in the assessment
of elasticity of the vessel wall and staging of disease. A relatively new technique has
been identified which derives AWM from Tissue Doppler Imaging (TDI) velocity
estimates using a prototype software developed by Philips Research France. Data
concerning technique accuracy and precision in the literature is limited. Therefore,
the overall aim of this thesis was to undertake a deeper study of the TD/AWM
software technique performance for the assessment of arterial disease. Individual
chapter aims have been described in Section 1.6 and the achievement of these aims,

chapter by chapter, is described in the succeeding paragraphs.

The first known in vivo reproducibility study of the carotid arteries using the
TDIVAWM software technique is presented in Chapter 2. Examination of the TDI
cine loops revealed several AWM artefact types and sources of variability. The high
inter-loop variability obtained upon ‘blind’ acquisition of the TDI data emphasises
the need for careful review of TDI and AWM data at the time of acquisition. This
enables identification of artefacts and allows for repeat acquisitions. In this way,
artefact incidence may be minimised, and provide superior AWM index

reproducibility to that obtained here.

A detailed assessment of TDI/AWM technique accuracy is provided in Chapter 3.
Accuracy was assessed using an in-house validation device based upon a moving
plate arrangement. The TDI/AWM software technique systematically underestimated
maximum dilation for sinusoidal device motion, increasingly so as AWM amplitude
increased. At the same time AWM precision increased. Underestimation of
maximum dilation will contribute to the underestimation of the elasticity of the
vessel wall in vivo. Raw TDI data derived from physiologic motion was found to be
affected by an artefact of unknown cause not observed in any other AWM data, in
vivo or in vitro. This rendered AWM data variable to an unacceptable degree for
quantitative accuracy assessment. Further investigation is required to remedy this

problem.
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In order to assess AWM precision upon varying beam vessel geometry, a compliant
wall flow phantom was designed and characterised in Chapters 4 and 5. There are no
other detailed characterisations of AWM phantoms in the literature. The VMM and
TMM employed were characterised mechanically, revealing elastic moduli at the
lower end of the in vivo range, and acoustically demonstrating good matches with
tissue. The resulting phantom provided AWM dilations, velocities and accelerations
within the physiological range, satisfying the primary aim of Chapters 4 and 5. Two
main limitations in the phantom generated AWM were observed and these provide
scope for future work. Firstly, the phantom was unable to generate the AWM rise
times observed at the lower extreme of the physiologic range. Secondly, high
frequency oscillations in dilation of the order of 25 Hz were observed in phantom

generated AWM, which are not observed in vivo.

The compliant wall flow phantom was employed to investigate the effects of
variations in beam-vessel geometry in Chapter 6. This has not been investigated in
the literature. Vessel depth, scan plane-vessel axis coincidence, beam-vessel angle
and transducer pressure were all found to have a marked effect on AWM precision.
Chapter 2 revealed that deviations from optimum scanning geometry are common on
application of the TDI/AWM technique in vivo. This is especially so in the case of
internal carotid arteries in particular. Therefore, the effects of these variations in
technique precision are unavoidable, but must be taken into account when comparing
AWM acquired from different arterial segments and even different AWM loops from
the same segment, since obscrver variability can result in variations in geometry

between scans.

Potential improvements to the work performed here have been discussed separately
in each chapter. In broader terms though, there is scope for further investigations
with the TDI/AWM software technique. In this thesis, before any other work, it was
necessary to assess the ability of the TDI/AWM software to evaluate maximum
dilation of the scanned segment overall, for the special, simplified case of uniform

elasticity along the scanned segment. However, this particular AWM technique is set



178
apart from others in the literature by its ability to measure AWM over a segment of
artery rather than a single point. This allows identification of spatial variations in
strain and elasticity along the scanned segment, which is of particular value in the
investigation of plaque motion relative to the artery wall. Suitable representative
indices of relative motion, such as the Mg index defined in Chapter 2, should be
identified. It would also be of value to evaluate the accuracy and precision of the
TDI/AWM software technique to resolve relative motion of adjacent segments of
vessel walls in the laboratory, to give some indicator of in vivo efficacy. This could
be implemented using non-uniform elasticity VMM segments in the compliant wall

flow phantom designed in this thesis.
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Appendix A: Measures of arterial stiffness

There are a large number of parameters, of varying complexity which all give some
measure of the arteries biomechanical properties. Given the complex nature of the
artery wall; its lack of homogeneity, viscoelastic characteristics, and variations in
structure with site and age these parameters vary in their ability to accurately express
the biomechanical behaviour of the artery. An overview of the range of parameters is
provided, while a more comprehensive list is provided by O’Rourke et al”’.

The most fundamental index of elasticity which may be applied to arteries, Young’s
modulus (E) is an expression of the strain exhibited by a material, € when subjected
to a given stress, 6 (Equation A.1). Blood pressure provides the tensile stress in this

context.

E=9
£ (Equation A.1)

For a material with linear elastic properties, E equals the gradient of the stress-strain
curve before the elastic limit is reached. However, vascular tissue does not behave
linearly and so the tangent modulus, E, is a more appropriate measure (Equation
A.2). This is also a ratio of stress to strain but applies to a specific strain or stress
level and equals the gradient of a tangent to the stress strain curve at that point.
Given the viscous characteristics exhibited by the artery; quoted elastic moduli must

also be quoted with the applied distension rate.

E: = (50./58) Equation A.2

Conventional elasticity measurements involve extension in 1D. However this is not
the case for the approximately cylindrical geometry of the artery and one may only
be able to measure a change in radius. The definitions of E and E, can be adapted to
take account of this, approximating an artery to an isotropic and applying the

definition derived by Love'>* (Equation A.3).
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2
E,. =2(-0 (% Jﬁ;} (Equation A.3)

The previous measures are indicators of material elasticity alone. There are a number
of measures which express the overall stiffness, since vessel elasticity is in part
dictated by wall thickness and vessel radius. The elastic pressure strain modulus (E,)

was introduced by Peterson et al'*”.

_DAP

E,
AD

(Equation A.4)

Where the pulse pressure AP is the difference between systolic and diastolic
pressures Psy and Pg,. Distensibility (DC) and compliance (CC) are similar in
definition”’. Distension and pressure measurements made in vitro then later in vivo

revealed that the logarithm of Pgy/Py;, varied linearly with the changes in diameter.

In order to have a linear ‘stiffness’ scale the stiffness parameter B was devised'>*'™.
In{P, /P,
ﬂ - ( .r_u/ a‘m) (Equation AS)

(D 5VS = D dia )/ D dia

Another approach in characterising the biomechanical properties of the artery is to
consider the wall dilation as a wave propagating along the length of the artery
resulting from the fluid pressure wave initiated at the left ventricle of the heart. The
speed of the pulse propagation, the pulse wave velocity, cy is a function of the

artery’s ‘stiffness’ and is given by the equation below.

, Eh
= [ Equation A.6
Cy 2Ro(1-0%) (Equation )

This is a corrected form of the Moens-Korteweg equation where R is the vessel
radius and h is the wall thickness. The corrected form takes into account the fact that

artery wall thickness changes with wall distension using the correction factor (1-6°)°.
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Appendix B: Calculation of probability of significant
results upon multiple tests of AWM index agreement.

P(0) - Probability of zero significant results at the 95 % confidence level

P(1) - Probability of one significant result at the 95 % confidence level

P(>2) - Probability of two or more significant results at the 95 % confidence level
Assuming a binomial distribution,

P(0) = 0.95'° = 0.44

P(1) = 16 x 0.95" x 0.05 = 0.37

P(>2)=1-(P(0)+P(1))=1-0.81=0.19

Therefore, there is a probability of 0.19 of obtaining 2 or more significant results at

the 95 % confidence level.
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Appendix C Preliminary measurements to detect
strain rate dependence of tangent modulus of
elasticity, E; in VMM and TMM (Chapter 4)

E, at 5% strain was compared for sample extension at two strain rates, 0.5 % s
(Smm/min) and 1.4 % s"'(15mm/min) for 30 day old samples of recipe C TMM

Mean E, values #+ 1 standard error are quoted for each strain rate.

Parameter Value

TMM | n 20 @ each strain rate
Mean E; @0.5 % s ' /kPa 131.1+2
E,@1.4%s ' /kPa 131.1 +3
Difference in E; 0

VMM [ n 9 @ each strain rate
Mean E; @0.5 % s ' /kPa 200.0 +9
E:@1.4%s ' /kPa 182.1 +2
Difference in E; 17.9

Table C.1: Comparison of TMM and VMM E, values obtained at two prospective
strain rates.
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Appendix D: A qualitative explanation of pressure
and flow propagation in the compliant wall phantom

Propagation towards and away from a point of AWM measurement ‘a’ is considered
(Figure D.1, Table D.1). Implicit in this explanation is the treatment of the flow-
pressure cycles as travelling waves. As a flow-pressure cycle approaches, pressure,
flow and the spatial pressure gradient (P, - P,)/(b- a) (or dP/dx where the separation,
x of the two points is very small) increases, and as the cycle propagates away from
‘a’ the same parameters experience decreases (flow is directly related to the spatial
pressure gradient). The variation in pressure will be accompanied by similar changes
in dilation, the walls distending as the pressure cycle approaches and contracting as it
retreats. Note that these changes do not occur simultaneously, since there are phase
differences between velocity and pressure. Furthermore, reflected waves and
distortion of the flow and pressure waveforms with propagation are not taken into
account here. However, this simplified description will aid in identifying

mechanisms by which AWM varies with applied flow.

location ‘a’ )
\‘ location ‘b’

dp/dx

Figure D.1: Schematic plots of pressure at locations ‘a’ and ‘b’ (p, and pp), and
pressure gradient variations (dp/dx) between the two.
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Qa Pa AWMa (Pb — Pa)
Flow cycle approachesa T 7T T T
Flow cycle passes a & 4 & !

Table D.1: Variation of flow, Q, and pressure, p, at location ‘a’ in the phantom on
the approach and retreat of a single flow cycle transmitted from the pump. ps
represents the pressure a short distance, x downstream from point ‘a’. ‘T’ implies an
increase and ‘J’ implies a decrease.
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