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Summary

The aim of this thesis was to investigate the feasibility of quantitative arterial tissue
characterization from ultrasonic puls-echo measurements, acquired with an intravascular
ultrasonic catheter (30 MEHz). Two major complications, that arise in an attemypt to perform
quantitative tissue characterization were investigated. These complicadons were the angle
dependence of the backscatter intensity and the effect of the presence of blood in-vivo on
the image quality.

The study consisted of three parts. The first part (Chapter II) deals with the quantitative
effect on the backscatier power of the angle of incidence of the ulirasonic beam with respect
to the arterial wall. In the second part of the study (Chapters IIl and IV) the acoustical
behaviour of blood was investigated. Finally in the third part (Chapter V) the backscatter
behaviour of both arterial tssues and blood was simulated on the basis of general acoustic
theory. Before these subjects are reported, a short survey on the morphology of the arterial
wall and the properties of blood is given in the introduction (Chapter I).

In Chapter II it is shown that variation in the angle of incidence causes grey-level
variations in the B-mode picture of the arterial wall, which are not directly related to the
underlying morphology. Angle variations are likely to occur during in-vivo applicaton of
the intravascular ulirasonic imaging catheter, e.g. if the catheter i excenmically positioned
in the artery, if the cross-section of the artery has a non-circular shape or if the artery is
curved. The angle dependent backscatter from the arterial wall complicates visual
interpretation of the B-mode image. Moreover, it has great effect on guantitative
characterisation methods, such as backscatter power analysis.

The quantitative effect of the angle of incidence on the backscatter power was investigated
in-vitro. In this study a distinction was made between the angle variation in the plane
perpendicular to the long axis of the artery (so-called tangential plane), and the angle
variation in the plane through the long axis of the artery (axial plane). In-vimro
measurements on 13 specimens of the iliac artery showed that each tissue type of the
arterial wall has its own specific angle dependent behaviour.

Both the elastic and the muscular media showed anisotropy in their angle dependent
scattering: the change of backscatter power with the angle of incidence was stronger in
the tangential plane than in the axial plane. A change In the tangential plane in the angle
of incidence of 10 degrees (with respect to perpendicular incidence), caused approximately
a 2 dB decrease in backscatter power from the muscular media, and approximately 7 dB
in backscatter power from the elastic media. For 2 10 degrees change in the axial plane,
the respective decreases were 0 dB and 3 dB approximately. The anisotropic behaviour
of the muscular media can be explained by the orientation of the smooth muscle celis
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observed in histologic sections of the muscular media. An explanation for the anisotropic
nature of the elastic media based on the histologically observed structure of the tissue is
not available.

Both loose and dense collagen lesions in the intima did not display anisowepy in their angle
dependent backscatter behaviour. In both directions a decrease in backscatter power of
approximately 3 dB was observed. This anisotropic behaviour agrees with the observed
histology of collagen lesions, which showed randomly oriented collagen fibers.

Also the angle dependent backscatter power of the adventitia and the external elastic lamina
was measured. The spread in the measurements on these tissues was relatively large. For
the adventitia this can be explained by its inhomogeneous siructure.

From each backscatier power versus angle curve tissue pararneters were estimated. One
of these is the so-called directivity parameter, which is a measure of the rate of angle
dependence of the backscatter power. The second parameter is the maximum backscaiter
power, which represents the backscatier power at perpendicular incidence on the tissue
Iayer. Because the directivity parameier is sensitive 1o the direction of the angle variation
(tangential or axial plane), from the measurements two directivity parameters were deduced:
the tangential and the axial directivity parameter. The measurement results strongly suggest
that quantitative arterial tissue characterization is possible using the three parameters:
tangential directivity, axial directivity and maximum power.

In Chapter I the effect of the high echogenicity of blood on the visealization of the
luminal border using a 30 MHz intravascular ultrasonic imaging device is demonstrated.
Also a survey from literature of the acoustic properties of blood is given. Hematocrit, red
bicod cell aggregation, deformation and orientation of red blood cells, are known to have
influence on the backscatter properties of blood in the frequency range of 1-15 MHz. The
relatively high echogenicity of blood with respect to the echogenicity of tissue observed
at 30 MHz, is not reported at these lower frequencies. Furthermore, it is known that in the
low frequency range (1-15 MHz) blood echogenicity is influenced by the local shear rate:
a decreasing shear rate results in an increased echogenicity. Because red bloed cells
aggregate at decreasing shear rate and the aggregates disperse when the shear rate increases,
it is assumed that the shear rate dependent state of aggregation causes the observed changes
in echogenicity.

The echogenicity of blood, imaged with an intravascular ulirasomic imaging device
(30 MHz), was measured during the cardiac cycle in three patients. Cyclic changes of the
blood echogenicity synchronous with the changes in blood pressure were observed. The
results suggest that these varations were related to changes in the state of red blood cell
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ageregation, which are induced by the varying shear rate during the cardiac cycle.

In Chapter IV a study on the acoustic properties of blood at high frequencies (20-40 MHz)
for varying aggregation conditicns is reported. Several blood samples were prepared either
to enhance aggregation (Rouleaux enlarged blood samples) or to suppress aggregation
(Rouleaux suppressed blood samples) of red blood cells. On these samples a series of
experiments was conducted at varying shear rate. Shear rate was varied using a specially
developped measurement device based on a Couette Viscometer, In this device the shear
rate is approximately constant within the acoustic measurement volume, which is not the
case in the conventional tbe flow measurements performed by others.

Obtained quantitative acoustical parameters were the integrated backscatter power and the
speciral spectral slope of the backscatter power in the frequency range of 20 to 40 MHz.
A decrease of approximately 13 dB in the integrated backscatter power of whole blood
was observed when the shear rate was increased from 0.7 s to 200 s™. The spectral slope
increased from I to 3, when the shear rate was increased from 03 s to 10 5. For the
rouleaux enlarged blood samples approximately the same change in integrated backscatter
power and slope was observed, though higher shear rates appeared to be necessary to
effectuate these changes. The integrated backscatter power and spectral slope of rouleaux
suppressed blood were not affected by changes in the shear rate.

The results of this study show that the shear rate, which is known to influence the state
of aggregation, has significant influence on the backscatier properties of blood at 30 MHz.
The changes with shear rate of the integrated backscatter power and the spectral slope of
whole blood and rouleaux enlarged blood suggest that at small shear rates (< 0.3 §7)
aggregates are fully developed. Then between 0.3 57" and 200 s aggregates are broken and
only single red blood cells are present at shear rates higher than 200 s7.

The measured spectral slope indicates thar a further increase of the acoustical frequency
will enhance blood echogenicity and thus probably aggravate the problem of discriminating
arterial wall and lumen.

In Chapter V a mathematical model describing the acoustical backscatter behaviour of
arterial tissue and blood at high frequency (30 MHz) is introduced. Both arterial tissue and
aggregated blood were considered to consist of a distribution of cylindrical scatterers in
3D space. The properties of this distribution of scatterers are described by several
parameters, 1.¢. the average distance and the spread in the distance between the scatterers,
the average size and the spread in the size of the cylinders, and finally the average
orientation and the spread in the orientation of the cylinders. Also the properties of a
focussed transducer were incorporated in the model. From the angle dependent measurement
of the reflection against a plane reflector, the parameters describing the transducer properties
were obtained.



First the influence of the model parameters on the simulated backscatter pressure was
studied by repeated calculations for varying parameter values. It is shown that the angle
dependent backscatter pressure of a distribution of irregularly spaced scatterers was hardly
affected by the spacing of the scatterers but was mainly determined by the size and
orientation of the scatterers.

Next, simulation results of the angle dependence of backscatier pressure from tissue
mimicking scattering media are reported. The muscular media was thought of as an imegular
distribution of cylindrical scatterers aligned in the same direction. The dimensions and the
spacing of the cylinders were set equal to the dimensions and spacing of the smooth muscle
cells observed in histological sections of the muscular media. The simulated angle
dependence of the backscatter pressure from this tissue mimicking distribution of cylindrical
scatterers corresponded well to the experimental results of Chapter Ii. Dense and loose
collagen lesions were assumed to be a distribution of irregularly spaced thin cylinders
(fibers) with random orientation in a plane parallel to the artenial wall. The rate of angle
dependence of the backscatter pressure was mainly determined by the length of the
cylinders. For an average cylinder length of 120 pm the results of the simulations are in
good concordance with the experimental results. Finally, the backscatter measurements on
blood were simulated. Aggregated red blood cells in blood were represented by a
distribution of irregularly spaced cylinders oriented perpendicular to the incident pressure
beam. Aggregation of blood cells was simulated by an increase of the average cylinder
length with a proportional decrease of the number of cylinders. The simulated aggregation
had the same effect on the calculated backscatter power as the decrease of shear rate on
the measured backscatter power in the experiments reported in Chapter IV.



I INTRODUCTION

With the rapid pregress in interventional radiology and cardiology and in particular, the
introduction of therapeutic techniques such as mechanical atherectomy and laser angioplasty,
there is an increased demand for methods that enable visualisation of the morphology of
the arterial wall. Damage to the arterial wall must be avoided and this requires knowledge
of the locaton, geometry, and composition of an obstruction.,

Initial reports on high-frequency intravascular ultrasonic catheters have demonstrated that
the location and geometry of lesions can be determined by these techniques [1]. It was
suggested [7] that the proximity of the region of interest (arterial wall and possible lesions),
the fluid filled acoustic path between transducer and region of interest and the applied high
frequency allow greater opportunities for tissue characterization than in traditional trans-
thoracic echocardiography. The aim of the study of this thesis was to assess the feasibility
of quantitative arterial tissue characterization. Two major complicating features were
encountered in an attempt to perform quantitative arterial tissue characterization, The first
of the encountered difficulties is the effect of the angle of incidence of the ultrasonic beam
on the tissue. The second difficulty is the presence of blood, which shows high backscatter
intensity at the applied high frequency (30 MHz) and thus limits the visualization of the
arterial wail.

This thesis describes studies on these complicating features. In Chapter I an in-vitro study
on the angle dependent behaviour of backscatter from arterial tissues is reported. Chapter
Il gives a survey of literature on the acoustic properties of blood and in-vivo observations
of cyclic changes during the cardiac cycle of the backscatter intensity from blood are
reported. In Chapter IV an in-vitro study on the backscatter behaviour of blood under
varigus flow conditions is described. Finally, in Chapter V the acoustic wave theory is
applied in order to get better ingight in the acoustic behaviour of arterial tissue and blood
and to understand more precisely the results of the experimental studies.

Before going into detailed description and discussion of experiments and modelling, some
useful back-ground information on the morphology of the arterial wall, the atherosclerotic
process and on the properties of blood are given in the following paragraphs of this Chapter.



I. Introduction

L1 Anatomy of the arterial wall and atherosclerosis
L.1.1 The arterial wall

Histologic studies [3][4]{6](8] have shown that the arterial vessel wall consists of three
layers: tunica intima (innermost layer), tunica media (middle layer), tunica adventitia
(outermost layer). Basically two types of arteries are differentiated in the human vasculature:
muscular and elastic arteries, with the main difference found in the composition of the
media.

Intima

The intima is composed of a single layer of endoihelial cells, a thin (about 80 nm thick)
basal lamina and a subendothelial layer. The polygonal endothelial cells are only 0.2-0.5 um
thick and tend to be elongated in the direction of the blood flow, The subendothelial layer
is composed of collageneous bundles, elastic fibrls, a few longitudinally oriented smooth
muscle cells and perhaps some fibroblasts. The thickness of the subendothelial layer
increases with age (see paragraph 1.1.2).

Media of the muscular artery

In the muscular artery the media predominantly consists of circularly and concentrically
arranged smooth muscle cells, which are 25-80 pm long and 1-8 pm in diameter. Only a
few elastin fibers as well as some connective tissue may be present [6]. In the smailest
vessels the media is only 3 10 4 cell layers thick, while in the larger vessels the thickness
is up to 40 cell layers.

Media of the elastic artery

The elastic media may be up to 500 pm thick and is formed of numerous and distinct
concentric elastic lamellae (up to 2.5 pm thick), which are spaced 6 to 18 pm apart. The
lamellae are extensively fenestrated and interconnected by branches so that they form a
three-dimensional network. The main component of the elastic lamellae is the protein
elastin. The elastic lameliae have spirally arranged smooth muscle cells with surrounding
collagen sandwiched in between. The pitch of these spirally arranged cells may be different
for each concentric layer. The volume concentration of smooth muscle cells is less in the
elastic media than in the media of the muscular artery and their shape is more irregular
with multiple cellular extensions.



LI Anatomy of arterial wall and atherosclerosis

Adventitia

The thickness of the adventitia varies considerably depending on the type and location of
the blood vessel. Generally, for elastic arteries it constitutes only 10 % of the vascular wall,
while in muscular arteries this might be up to 50 %. The adventitia contains of dense
fibroelastic tissue. Arterioles, venules, blood capillaries and lymphatic vessels, coliectively
refered to as "vasa vasorum”, and also nerves are found in the adventitia.

Elastic laminae

The intima is separated from the underlaying layer (media) by the internal elastic lamina,
and the media is separated from the adventitia by the external elastic lamina. In the
muscular arteries the internal and external elastic lamina are present as solitary features,
while in elastic arteries they are the first and last of the concentrically arranged elastic
lamellae in the elastic media.

L.1.2 Atherosclerosis

With age, diffuse concentric thickening of the intimal layer occurs. This development is
induced by the migration of smooth muscle cells from the media through the natural
occurring orifices in the internal elastic lamina into the subendothelial spaces. Diffuse
intimal thickening involves the arteries of all humans and is considered a normal
development, which is not related to the development of atherosclerotic lesions [6].
Clinically important are advanced lesions (also called atherosclerotic lesions), which project
eccentrically and considerably above the intimal surface. An atherosclerotic lesion is either
a fibrous collagen-rich lesion or presents as a lesion including an atheroma surrounded by
a collagen-rich fibrous cap [6]. The atheroma contains cell debris, fatty materials,
cholesterol esters and possibly calcium. Although this description suggests that an
atherosclerotic lesion has a characteristic morphologic appearance, the contrary is true. A
large variety in morphology exists: from atherosclerotic lesions consisting of more than
one atheroma with fibrous tissue in between to lesions mainly consisting of fibrous
materials [5],



I. Introduction

L.2 Composition of blood [2]

Blood consist of bicod plasma, in which blood cells and chyomicrons (fluid particles) are
suspended.

Blood plasma is a watery solution with inorganic and organic constituents and proteins
soived in it. One of these proteins, i.e. fibrinogen, is involved in the coagulation process.
Chymicrons are telatively small fluid particles (0.2-0.5 pm), which are responsible for the
transport of fat.

Three different kind of blood cells are present in blood: bicod platelets or Trombocytes,
white blood cells or Leukocytes and red blood cells or Erythrocytes (Table I.1).

The red blood cell (RBC) or Erythrocyte has the shape of a biconcave disk, of which the
Giameter is approximately 8 pm, and its thickness varies from 1 to 3 pm. The RBC consists
of 4 thin membrane filled with a saturized haemoglobin solution in water (34 gram/rol).
Haemoglobin is responsible for the oxygen transport.

The white blood cell or Leucocyte is roughly spherically shaped and has a diameter of
7 to 22 pm. They are important in prohibiting infections.

Blood platelets or Trombocytes are rounded or oval cells of 2 to 4 pm. They are important
for the ending of haemorhage.

In whole blood the blood cell concentrations are: 0.2-0.5 - 10"° m™ Trombocytes,
5-10 - 10" m™ Leucocytes and 4-5 - 10" m™® Erythrocytes. The commonly used measure
of red blood cell concentration is the Hematocrit, which is the volume percentage of red

Table X.1 Ceoncentration, shape and size of blood cells [2].

Exythreocytes 4-5 - 10% biconcave,

or red bloecd cells diameter = 7-8 um,
{RBC) thickness= 1-3 um
Leucocytes 5-10 - 10° roughly spherical,
or white bloecd cells 7-22 um
Trombocytes or 0.2~0.5 - 10" rounded or oval,
prlatelets 2~4 pm




1.2 Composition of blood

blood cells in the suspension. In healthy patients the Hematocrit varies between 35% and
45%.

Because of their low concentration, it is assumed that leucocytes do not contribute to the
acoustic scattering of hlood. Although, platelet concentration is very high, their influence
on acoustic Scattering is also neglected because they have smaller dimensions than
erythrocytes. As a consequence, only erythrocytes are assumed to be responsible for the
acoustic scattering properties of blood.
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Abstract

The quantitative effect of the angle of incidence on the backscatter power was investigated
in-vitro. In this study a distinction was made between the angle variation in the plane
perpendicular to the long axis of the artery (so-called tangential plane), and the angle
variation in the plane through the long axis of the artery (axial plane). In-vitro
measurements on 13 specimens of the iliac artery showed that each tissue type of the
arterial wall has its own specific angle dependent behaviour.

Both the elastic and the muscular media showed anisotropy in their angle dependent
scattering: the change of backscatter power with the angle of incidence was Stronger in
the tangential plane than in the axial plane. The anisotropic behaviour of the muscular
media can be explained by the orientation of the smooth muscle cells observedin histologic
sections of the muscular media. An explanation for the anisotropic nature of the elastic
media based on the histologically observed structure of the tissue is not available,
Both loose and dense collagen lesions in the intima did not display anisotropy in their angle
dependent backscatter behaviour. This isotropic behaviour agrees with the observed
histology of collagen lesions, which showed randomly oriented collagen fibers.

Also the angle dependent backscatter power of the adventitia and the external elastic lamina
was measured. The spread in the measurements on these fissues was relatively large. For
the adventitia this can be explained by its inhomogeneous structure.

From each backscatter power versus angle curve tissue parameters were estimated, One
of these is the so-called directivity parameter, which is a measure of the rate of angle
dependence of the backscaiter power, The second parameter s the maximum backscatter
power, which represents the backscaiter power at perpendicular incidence on the tissue
layer. Because the directivity parameter is sensitive to the direction of the angle variation
{tangential or axial plane), from the measurements two directivity parameters were
deduced: the tangential and the axial directivity parameter. The measurement results
strongly suggesi that quantitative arterial tissue characterization is possible using the three
parameters: tangential directivity, axial directivity and maximum power.

11


HYPERLINK "/pubmed/2053208"Angle-dependent backscatter from the arterial wall.
de Kroon MG, van der Wal LF, Gussenhoven WJ, Bom N.
Ultrasound Med Biol. 1991;17(2):121-6.
PMID:
2053208
[PubMed - indexed for MEDLINE] 


HYPERLINK "/pubmed/1919069"Backscatter directivity and integrated backscatter power of arterial tissue.
de Kroon MG, van der Wal LF, Gussenhoven WJ, Rijsterborgh H, Bom N.
Int J Card Imaging. 1991;6(3-4):265-75.
PMID:
1919069
[PubMed - indexed for MEDLINE] 



I Angular deperndence of backscatter from arterial tissue

I1.1 Introduction

Initial reports on high-frequency intravascular ultrasonic imaging devices have clearly
demonstrated that the location and geometry of lesions can be determined by these
technigues [2}[16]. Forthermore, it appeared to be possible to discriminate between muscular
and elastic arteries as well as to assess the composition of the atherosclerotic lesion by
qualitative evaluation of the B-mode echo images [7][8][91120]. Studies on quantitative
arterial tissue characterization have been reported [17]{18], although the significance of
the findings has not generally been appreciated in the context of intra-arterial echographic
imaging.

To illustrate this point, an intravascular ultrasonic imaging device (30 MHz, [2]) was used
to scan two arterial tissue specimens {muscular and elastic) in-vitro, at two different radial
positions of the catheter. The images, shown in Figure IL 1, show striking contrasts: besides
the expecied increase in echogenicity as the iransducer approaches the wall, some regions
within the wall exhibit bands of excess or deficient echogenicity depending on the angle
of incidence.

A likely explanation to this phenomenon is the presence of reflective structures in the
arterial wall resulting in a variable echogenicity dependent on the angle of incidence.

For an excentric position of the catheter, for a non-circular shape of the arterial cross-
section or in a bended or widened artery, the incident beam is likely to be not perpendicular
to the surfaces of the tissue layers in the arterial wall (Figure I1.2). Variation in the angle
of incidence causes grey-level variations in the B-mode picture, which are not directly
related to the underlying morphology. This phenomenon complicates visual evaluation of
the B-mode image. Moreover, the angle dependence greatly affects quantitative
characterisation methods, such as backscatter power analysis [11][17][19].

Picano et al. [18] investigated the influence of the angle of incidence on the backscatter
properties of human arterial specimens with various degrees of atherosclerotic involvement
in the frequency range of 2-10 MHz. His study was limited to the variation in the
backscatter coefficient in relation to one-dimensional changes in the angle of incidence,
and so anisotropy of the arterial tissue was not investigated. Since histological studies have
shown that most tissue types have anisotropic morphology, also an anisotropic angle
dependent scattering is likely to occur.

The aim of the present study is to examine in-vitro the extent to which the backscatter
power from different tissue types is affected by the angle of incidence in two dimensions

12




IL1 Introduction

Figure I1.1 B-mode images of in-vitro experiments on a muscular (A) and an elastic (B)
artery. The right panels give the results on the same tissue sample as the left panels, albeit
with the catheter moved out of the center of the artery.

and to investigate reproducibility of this phenomenon. The results have a bearing not only
on quantitative tissue identification, but also on the optimal design of the intra-arterial
ultrasonic catheter,

11.2 Materials and Methods

Arterial specimens

Thirteen specimens (coming from 13 persons) of the iliac artery (length approximately
10 cm) were removed at autopsy, isolated from redundant surrounding tissues, and stored
at -20°C. No significant effect of freezing on the echographic response was found by

13



IT Anguiar dependence of backscatter from arterial tissue

arterial wall

’— catheter

lesion

lumen

arterfal wall
pulse direction
catheter

Figure 1.2 Geometries for which the incident beam is not always perpendicular to the
tissue layers in the arterial wall; A) artery with atherosclerotic lesion, B) bended artery.

Gussenhoven et al. [9]. At the time of examination the specimens were thawed,
longitudinally cut, opened and mounted on a sample holder. The experiments were
performed at oo temperature with the specimens placed in saline solution {(0.9%).

Scanning

Line scans both parallel {axial scan) and perpendicular (tangential scan) to the long axis
of the artery were performed on the arterial specimens using an vltrasonic microscope [22].
The distance between subsequent recordings during a line scan was 50 pm. The ultrasonic
microscope was equipped with a revolving transducer holder, allowing systematic variation
in the angle of incidence. Only the angle in the scanning plane, defined by the propagation
direction of the emitted pulse and the scanning direction, was varied. Thus, in subsequent
axial (a) scans the angle 6, was varied, whereas the angle 6, was varied during tangential
(t) scanning (Figure 11.3). The region of interest in the tissue is positioned at the center
of rotation of the revolving transducer holder. With this experimental set-up, the location
of the examined region in the tissue and the distance between transducer and region of
interest are independent of the actual angle of incidence. Initially a B-mode picture of the
whole tissue specimen at perpendicular incidence is produced, which enables to select a
region of interest for measuring at varying angle of incidence.

Transducer

A broadband focussed PVDF transducer (Fulmer 27 MHz; focal length 6 mm; diameter
3 mm), mounted on the ultrasonic microscope, was used. The focal point of the transducer
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I1.2 Materials and methods
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Figure I1.3 Experimental set-up. The artery is longitudinally cut and openedflat. Line scans
with varying angle of incidence (0) were performed in axial and tangential direction,

was positioned at the center of rotation and at the region of interest. The transducer was
excited with a single sided negative going spike produced by a high frequency pulse
generator {Avtech Electrosystems, AVG-2-C),

Microscopic examination

Following ultrasonic examination, pieces of the arteries containing the examined regions
were excised, fixed in 10% buffered formalin for 12 hours and subsequently processed for
routine paratfin embedding. From the embedded samples several transverse sections (5 ym
thick) were cut, ensuring that they were perpendicular to the long axis of the artery. Of
two arteries (one muscular, one clastic) also several sections paraliel to the long axis were
cut in order to visualize the anisotropic nature of the various layers. The histological
sections were stained by the haematoxylin azophloxine technique and with Verhoeff’s
elastin Van Gieson.

Data acquisition

The full rf-signals were digitized with a sampling frequency of 400 MHz, using a high-
speed A/D-converter {LeCroy 9450). Scanning was controlled over RS232 interface with
& Burleigh inchworm 3-axis positioning system. A dc-motor with gear head and rotation
table provided rotation of the transducer holder. The de-motor was controlled by an IBM
compatible 286 computer, The host computer (UNIX systermn) coordinated linear scan
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motion, rotation and data-acquisition. Acquired data were transfered to the hard disk of
the host computer.

Signal Processing
Backscatter power from several regions of the artery was obtained according to the method
described by Lizzi et al. [12]. In short this method is as follows.

In the B-mode image of a line scan a region of interest of approximately 100 time samples
(i.e. 0,25 ps.) and 50 subsequent traces, i.e. 2.5 mm, in the focal zone was selected. The
power spectra of the subsequent traces in this region of interest were calculated, averaged
and normalized with tespect to a reference spectrum, i.e. the power spectrum of the
reflection from a flat metal surface in the focus of the transducer, The average normalized
power spectrum was integrated within the relevant frequency interval, which is resiricted
by the bandwidth of the emitted pulse (1-70 MHz, -20 dB level of reference spectrum).

The integrated backscatter power was calculated in corresponding regions of subsequent
measuretnents at various angles of incidence. Of each tissue specimen !-4 different regions
of interest were selected in each available tissue type. The resulting backscatter power
versus angle curves visualize the directivity of the backscatter power of the specific tissue
type. Because of the Gaussian appearance of these curves, a Gaussian function was fitted
to the experimental data:

P(e *) = PO P -a,0"-8y" (IL1)
In this equation 6, is the angle between the normal on the scan direction and the normal
on the tissue specimen and 0" is the angle position of the transducer with respect to the
normal on the scan direction (Figure IL4). P, is the power at normal incidence, at which
8" = 8,. The parameters Py, a, and 0, were estimated using the least squares method applied
to the logaritmic transform of equation (I1.1) (Appendix G). The parameter a, is a measure
of the directivity of the backscatter power and, as such, is a characteristic property of each
tissue type. Theoretically the directivity parameter ranges from zero to infinity when going
from omnidirectional to maximally directive. In practice the upper limit of the directivity
parameter depends on the transducer characteristics (aperture angle) and can be determined
by measuring the angle dependent reflection from a flat plate in focus. The directivity
parameter a, will be expressed in units dB/degree?.

For convenient comparison of the angle dependent power curves, the power data were
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scan direction

transducer

Figure 114 Definition of angles 0, 0, and .

normalized with respect to the power at normal incidence P,, and the angles were calculated
with tespect to the normal on the tissue:

Prm(6)= P(O)/F,

0 =0"-6

(IL.2)

where P"* is the normalized power and © is the angle between the direction of the incident
beam and the normal on the tissue (Figure 1L4.).

Statistical analysis

Of each tissue specimen a number of paired data series (8;, P;} were obtained. To each of
these series the Gaussian relation of equation (IL.1) was fitted. Including stochastic erros,
the following relationship between P; and 6, was assumed:

log(P) = log(fi6)) + _Qt(p) + g (II.IS)

In this equation the function f represents the Gaussian relation of equation (IL1), 8, is
the stochastic effect of the specimen and g represents the experimental error, It is to be
realised that the experimental error contains two independent components, g and g,
(e=g,rg,): the variation g, due to fluctuations caused by clectronic and acoustic noise in

17
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the experimental devices (pulser, transducer, pre-amplifier and receiver) and by
measurement errors, and the variation (g,) generated by the ’small scale’ inhomogenities
of the tissue”.

From repeated measurements on one tissue specimen after repositioning the tissue specimen
the variance of £ was estimated. From repeated measurements at a fixed position on one
tissue specimen the variance of g, was estimated.

In order to investigate the validity of the model, the deviations of the observed data from
the Gaussian model were compared te the experimental error applying a F-test. Also a F-test
was applied to investigate whether the noise level of the measurement devices was small
compared to the total experimental error (g, compared to £).

If it turns out that the model provides a good approximation of the data (good in
comparison with the experimental error) further statistical analysis may be carried out on
the four parameters: a, ,,, (tangential directivity), a, ,,;, (axial directivity), Py ..., (tangential
maximum power) P, .., (axial maximum power). In order to investigate whether there exist
differences between different tissue types with respect to each of these four parameters,
inorthogonal® variance analyses were carried out on the basis of observations from 13
tissue specimens (from 13 different persons) of which 6 different tissue types were
examined.

11.3 Results

I1.3.1 Qualitative evaluatien

Histological examination showed that 4 of the 13 specimens were elastic arteries, and 9
were muscular arteries. The 4 elastic arteries had no atherosclerotic lesion, Of the 9

muscular arteries 3 showed an advanced atherosclerotic lesion, which precluded to perform
measurements in layers below the lesion. Because of the inhomogeneous composition of

Y When a measurement at a specific position on one tissue specimen is repeated after removing and
repositioning the same tissue specimen, there will be a deviation in the exact position of the region of interest
with respect to the first measurement, This position inaccuracy causes deviations in the measurements due Lo
the 'small scale’ inhomogenities in tissue.

¥ Inorthogonality is due to the fact that the number of particular examined tissue types and the number of
measurements per tissue type was not the same for cach tissue specimen,
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I1.3 Results

Figure I1.5 B-mode image from a tangential scan of the muscular arterial wall.
M = muscular media, A = adventitia, C = collagen cap, N = ’necrotic’ atheroma?

the atheroma of the advanced lesions, quantitative analysis of the acoustic behaviour of”
this tissue type proved very difficult. A major problem was to define criteria for selection
of regions of interest. As a consequence measurements were restricted to the following
tissue types: muscular and elastic media, adventitia, the elastic lamina and collagen lesions.
In the histologic sections loose and dense collagen lesions were distinguished.

* Note that the picture is not displayed isometrically, which strongly cxaggerates the irregularisy of the surface,
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IT Angular deperdence of backscatter from arterial tissue

Figure IL6 Subregion of the image of Figure 11.5 scanned at four different angles of
incidence in the tangential plane. A region of interest in the media is indicated.
M = muscular media, A = adventitia, I = intima.

An example of a B-mode picture of a muscular artery scanned in tangential direction is
shown in Figure 1.5, A subregion of the tissue specimen was scanned at various angles
of incidence. The B-mode pictures resulting from scans at four different angles of incidence
(0, 6, 12 and 18 degrees) are shown in Figure IL6, A decrease in grey-level in the media
with increasing angle in tangential direction is observed. Results of measurements with
angle variations in the axial plane on the same arterial specimen are shown in Figure 11,7.
Although the appearance of the B-mode picture changes with the axial angle of incidence,
the average grey-level of the media seems to remain constant. The corresponding histologic
sections, cut respectively perpendicular and parallel to the long axis of the artery, are shown
in Figure IL.8, In the tangential histologic section the long smooth muscle cells in the media
can be seen. In the axial histologic section these cells are cut perpendicular to their long
axis and small circular cross-sections of the cells are apparent.
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Figure 11.7 The same tissue specimen as in Figure I1.6, however scanned at four different
angles of incidence in the axial plane. A region of interest in the media is indicated. M
= muscular media, A = adventitia, I = intima.

IL3.2 Quantitative results

To illustrate the effect of the angle of incidence on the measured backscatter power,
backscatter power versus angle curves of one measurement on a muscular media, an elastic
media and a dense collagen lesion will be shown, Of the other tissue types (loose collagen
lesion, external elastic lamina and adventitia) only the parameters a, and P, estimated
according to equation (IL1) will be given.

Muscular media

The normalized power versus angle curves in tangential and axial direction of one specimen
of the muscular media are shown in Figure 11.9. A change in the angle of incidence from
0 to 10 degrees in the tangential direction resulted in an almost 2 dB reduction in
backscatter power from the muscular media, whereas in the axial direction no change in
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Figure IL8 Histologic sections of the ultrasonically examined muscular media of Figure 11.6
and Figure I1.7. A) tangential section (perpendicular to long axis of artery), B) axial section
{along long axis).

backscatier power was observed. The Gaussian curve fitted to the experimental data
according to equation (IL.1) is also shown in Figure IL9. The assumed Gaussian curve
appears to give an adequate description of the angle dependence.

Elastic media

Figure H.10 shows the same results for measurements on the media of an elastic artery,
It can be seen that the backscatter of this artery had higher directivity in both scan planes
than the backscatter of the muscular artery. A 5 dB decrease in backscatter power was
observed at an angle of incidence of 10 degrees in tangential direction. In the axial direction
a change of 10 degrees resuited in a reduction of 3 dB in backscatter power. Again the
angle dependence was anisotropic: in the axial direction the decrease in backscatter was
less than in the tangential direction.

Collagen lesion

Finally, the power versus angle curves of one specimen of an intimal lesion are shown in
Figure I1.11. The histologic sections of this specimen indicated that the lesion mainly
consisted of dense collagen fibers, randomly oriented. This tissue type behaved moderately

22




11.3 Results
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Figure 119 Normalised power versus angle curves of one specimen of the muscular media
scanned in the tangential and in the axial plane.
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Figure 1110 Normalised power versus angle curves of one specimen of the elastic media
scanned in the tangential and in the axial plane.
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Figure I1.11 Normalised power versus angle curves of a dense collagen lesion of one
specimen from a tangential and an axial scan.

directive, i.e. the decrease in power was almost 3 dB for an angle variation of 10 degrees
in both tangential and axial directions. No anisotropy was observed.

These observations were confirmed by measurements on other tissue specimens of the same
tissue types.

Directivity and maximum power

For each measurement series of each tissue type in each tissue specimen a least squares
fit to the Gaussian cwve (equation {IL.1)) was calculated. The calculated directivity
parameter a, and maximum power P, of all measurements on various tissue types arc
presented in Figure IL12 and Figure I1.13 respectively. In these plots the calculated
parameter in the tangential direction is on the horizontal axis and the corresponding axial
parameter on the vertical axis. Besides the results of measurements on the muscular media,
elastic media and dense collagen lesions, also results of loose collagen lesions, of the
external elastic lamina and of the adventitia are shown. Note that all measurements are
shown in these figures, including repeated measurements on one tissue type within one
tissue specimen,
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II Angular dependence of backscatter from arterial tissue

Angle dependence of the reflection from a flat plate in the focus of the transducer was also
measured. The flat plate had a directivity parameter of approximately 0.14 dB/degree?,
which is much larger than the directivity parameter of any arterial tissue.

From Figure II.12 it follows that the muscular media, elastic media and intima had distinct
angular behaviour. No difference in the angle dependence between the dense and loose
collagen lesions was observed. The angular behaviour of the adventitia and external elastic
lamina could barely be discriminated from the angular behaviour of the intima. A large
spread in results from the adventitia and the external elastic Jamina is apparent.

It is found that the maximum power of the tissues was hardly influenced by the scan
direction (Figure I1.13). This is to be expected, as maximum power is the power at normal
incidence and normal incidence in tangential and axial directions is, by definition, the same.
The maximum power of the loose collagen lesion was the lowest, followed by the muscular
media, adventitia, dense collagen lesion, elastic media, and the external elastic lamina,
which had the highest maximum power. Regions of different tissue types overlap one
another except for the loose collagen lesion, which had a distinctly lower maximum power
than all the other dssue types.

Statistical analysis

Applying the method of analysis of variance (ANCVA) showed that the variation of g,,
due to noise and measurement error is small compared to the total variation of the
experimental error £ (P<0.001). This implies that the measurement accuracy is good enough
for the purpose of this study.

Moreover it appeared that the differences between the measured values of log(P) and the
estimated values based on the model were of the same order of magnimude as the variation
due to the experimental error £ (P>0.5). This implies that the model gives a adequate
description of the relation between log(P) and the angle . This result justifies to apply
further statistical analysis to the four parameters of the model: a, ., (tangential directivity),
A, 4 (axial directivity), Py, (tangential maximum power) Py ., (axial maximum power).
From the repeated measurements at a fixed position on a tissue specimen it was calculated
that the standard deviation due to noise and measurement error and due to the curve fitting
procedure equals 2.5-10* dB/degree® for the estimated directivity parameter and 0.023 dB
for the estimated maximum power. The results of the ANOVA on these parameters were
as follows (sec also Table II.1).
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Table II.l1 Effect of tissue specimen, tissue type and the interaction between
specimen and tissue cn the parameters of the model.

tissue large (P<0.01) large (P<0.02)
specimen

tissue tvpe very large (P<0.0001) very large (P<0.0001)
interaction not significant large (P<0.01)

For the directivity parameters a,,,,, and a ., it was found that:

- The effect of specimen was large with respect to the experimental error (P<0.01).

- There was no statistical evidence for the existence of interaction between tissve type and
tissue specimen.

- The effect of tissue type was very large with respect to the experimental error (P<0.0001).

For the maximum powers Py, and Py, it was found that:

- The effect of specimen was large with respect to the experimental error (P<0.01).

- Interaction between tissue type and tssue specimen was significant (P<0.01).

- The effect of tissue type was very large with respect to the experimental error (P<0.0001).

These results indicate that the four model parameters constitute a basis for characterization
of tissue types. Although there existed effects of tissue specimen (person), these were smail
compared to the differences between tissue types®.

To illustrate the spread in the data between measurements on different specimens, the mean
values of the parameters were calculated from multple measurements on each specimen
per tissue type. Because the maximum power in tangential direction is, by definition, equal
to the maximum power in axial direction, which is strongly supported by the observations
(Figure I1.13), the mean value of the maximum power is calculated from both the measured
tangential and axial maximum powers. Figure I1.14 gives the mean values of each specimen
of the tangental and axial directivity and the maximum power per tissue type.

 Separate one-way analysis for cach tissue type showed that the cffect of specimen is different for different
tissue types.
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Figure I1.14 Mean values per specimen of tangential and axial directivity and maxinum

power.
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14 Discussion

I1.4 Discussion

Angle dependent behaviour of backscatter has also been reported in studies on myocardial
tissue characterisation [13][15]. Picano et al. [18] specifically measured the angle
dependence of the backscatter coefficient of human arterial samples with various degrees
of atherosclerctic involvement at 2-1C¢ MHz. This study however does not provide a
compilete picture of the influence of the angle of incidence because it was Hmited to the
variation in the backscatter coefficient in relation to one-dimensicnal changes in the angle
of incidence. In contrast, the experimental set-up used in the present study does provide
the possibility to systematically study anisotropic materials at a variety of angles and
orientations.

The data shown in Figure 11.12 and Figure 11.13 illustrate that each tissue type has its own
characteristic angle dependent behaviour. In most cases the directivity parameter is larger
than zero, which means that in the frequency range of interest (1-70 MHz) the arterial tissue
does not behave like a Rayleigh scattering medium. As the directivity parameter of a flat
-plate is much larger, the tissue cannot be seen as a plane reflector. Probably the size of
the scattering structures is in the order of magnitude of one wavelength, being 50 pm at
the main frequency (30 MHz). As the axial directivity parameter of the muscular media
is about zero, this tssue is likely to consist of structures of which the axial dimensions
are much smaller than the wavelength,

Both the elastic and the muscular media have an anisotropic scattering nature. The
anisotropic behaviour of the muscular media can be explained by the orientation of the
smooth muscle cells in these layers. According to histologic studies, smocoth muscle cells
in the media are circularly oriented [10]{21] (Figure I1.8). This histologic information is
in agreement with the observed anisotropy of the angle dependent backscatter.

Gussenhoven et zl. {9] have reported that the echogenicity of an elastic media is higher
than that of a muscular media. They hypothesized that elastic lamellae”, which are only
present in an elastic media and not in muscular media, are responsible for this increase
in echogenicity. Uptill now, an anisotropic arrangement of these lamellae in the elastic
media has not been observed during histologic studies. In the elastic media the muscle cells

% Elastic lamellac are sheetlike structures, that are parallel to the vessel wall. In the clastic media lamellac
arc present alternating with sheets of muscle cells. The lamellae are cxtensively fenestrated and interconnected
by branches.
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packed between the ¢lastic lamellae have circular orientation. Maybe the explanation for
the angle dependent backscatter of the elastic media and its anisoiropic nature has to be
found in the combination of the compiex structure of the elastic lamellae with the circularly
arranged muscle cells,

The collagen lesions in the intima do not display scattering anisotropy. It is assumed that
thickening of the intima is a rather chaotic process, which does not lead to 2 dominant
orientation of structures. This agrees with the observed histology of collagen lesions.

In contrast with the directivity parameter, the maximum power discriminates between loose
and dense collagen lesions. A possible explanation is the difference in density of the
collagen fibers, which might affect the maximum power but not the directivity.

The large spread in measured directivity and maxirmum power of the adventitia is probably
due to its predominantly inhomogenous morphology (see Chapter 1.1). The large spread
in the measurements from the external elastic lamina is possibly due to its complex
fenesirated structure [6]. Another explanation may be the difficultics encountered in the
selection of a representative region of interest. Finally, the large shape irregularities might
have caused the large spread. These shape irregularities in this originally rather plane
structure arise after excision out of the body. More measurements on the external elastic
lamina are necessary to achieve a satisfactory picture of the acoustic behaviour of this tissue

type.

The region of interest has a certain depth with respect to the surface of the tissue. The
presence of intervening tissue might infiuence the results, for instance if attenuation of the
intervening tissue is angle dependent. This effect is expected to be relatively small for
measurements on intima and media, because in these cases the intervening tissue is of
minimal thickness. For the measurements on the external elastic lamina and adventitia this
effect remains to be investigated. Possibly this effect causes the large spread in the
measureméents on these tissue types.

Variation of the angle of incidence with 10 degrees resulis in a decrease in backscatter
power of 0 to almost 9 dB, depending on the tissue type. Superimposing this variation in
backscatter power on the backscatter power at perpendicular incidence (Figure I1.13)
indicates that discrimination of different tissue types is not possible by considering
backscatier power alone, when angle variations of this size actually occur in clinical
situations.
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Although the angle dependent behaviour of the backscatiered signal complicates the subject
of tssue characterisation, it also may open new perspectives as a2 means to differentiate
tissue types in the arterial wall. The results of Figure 1114 suggest that discrimination
between tissue types is possible, using both the directivity parameters and the maximum
power. The elastic media and muscular media can be discriminated from each other and
from other tissue types using the directivity parameters alone. Any overlap between
adventitiz and the muscular media 1s compensated for by the discrimination supplied by
the maximum power. Loose and dense collagen lesions can be discriminated from one
another using the maximum power. Obviously it seems impossible to distinguish between
dense collagen lesion and adventiia. Generally, however, these structures can easily be
recognized given their anatomic location. These results are that promising that it seems
worthwhile to perform additional measurements, especially on the intima, external elastic
lamina and adventitia, to confirm these findings.

It should be kept in mind that the present conclusions are based on in-vitro measurements.
It is not necessary that similar conclusions apply to in-vivo measurements. Detailed
histological investigations of the structure of the arterial wall in-vivo have established that
the orientation of the smooth muscle cells in the media depends on the functional state of
the vessel [6]{21]). The principal orientation is perpendicular to the long axis, but a spiral
structure with a 45 degrees pitch may also be present. Thus, in-vivo observations might
detect another angle dependent behaviour.

For in-vivo application of the proposed discrimination procedure, the in-vivo measurement
equipment has to be adapted. One can think of several changes in the measurement
equipment that enable acquisition of angle dependent data. One possibility is to add two
acoustic elements to the present one in the tp of the catheter, which are tilted with a fixed
angle with respect to the original element. One of these elements has to be tilted in the
tangential plane, the other in the axial plane. Another possibility is to perform a 2D Fourier
transformation on the data in the region of interest. Yaremko [24] has shown that the 2D
Fourier transformed data of a B-mode image can give information on the directivity of
scattering. However, this method demands a wide aperture angle of the applied acoustic
element [1](14] and averaging of at least 10 statistically independent data sets is nescessary.
Both mentioned techniques to obtain angle information in-vivo need further research to
assess their feasibility.

31



IT Angular dependence of backscatter from arterial tissue

I1.5 Conclusion

From the resuits presented above it is concluded that the response of the arterial wall to
ultrasound is highly angle dependent. These results reflect the morphology of the tissues.
Although the angle dependent behaviour of backscattered signal complicates quantitative
tissue characterisation, it may also offer new means to differentiate tissues in the arterial
wall.

The direcdvity parameter and maximum power seem (o be appropriate differentiatng
parameters for various tissue fypes in the arterial wall.
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I BACKSCATTER BEHAVICUR OF HUMAN BLOOD: CHANGES IN ECHOGENICITY DURING
THE CARDIAC CYCLE

As partly been published m:
De Kroon MG M., Slager CJ., Gussenhoven W.J,, Serruys P.W., Roelandt JR.T.C., Bom N.; Cyclic changes
of blood echogenicity in high-frequency ultrasound. Ultrasound Med Biol 17: 723-728, 1991.

Abstract

The effect of the high echogenicity of blood on the visualization of the luminal border using
a 30 MHz intravascular ultrasonic imaging device is demonstrated. Also a survey from
literature of the acoustic properties of blood is given. Hematocrit, red blood cell
aggregation, deformation and orientation of red blood cells, are known to have influence
on the backscatter properties of blood in the frequency range of 1-15 MHz. The relatively
high echogenicity of blood with respect to the echogenicity of tissue observed ar 30 MHz,
is not reported at these lower frequencies. Furthermore, it is known that in the low
[frequency range (1-15 MHz) blood echogenicity is influenced by the local shear rate: a
decreasing shear rate resulis in an increased echogenicity, Because red blood cells
aggregate at decreasing shear rate and the aggregates disperse when the shear rate
increases, it Is assumed that the shear rate dependent state of aggregation causes the
observed changes in echogeniciry.

The echogenicity of blood, imaged with an intravascular ultrasonic imaging device
(30 MHz), was measured during the cardiac cycle in three patients. Cyclic changes of the
blood echogenicity synchronous with the changes in blood pressure were observed. The
results suggest that these variations were related to changes in the stare of red blood cell
aggregation, which are induced by the varying shear rate during the cardiac cycle.

IFL.1 Introduction

The resolution of intravascular ultrasound imaging devices has recently been improved by
the increase of the frequency from 20 MHz to 30 MHz {5]. However with the increase of
the frequency the echogenicity of blood increased with respect to the tssue echogenicity
[5] and thus the visualization of the luminal border is limited [17][18]. This is ilustrated
in Figure IT1.1, which shows two cross-sectional images of a human superficial femoral
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artery obtained in-vivo with a 30 MHz intravascular imaging device (DUMED, Rotterdam,
The Netherlands). In Figure IILIA the lumen is filled with blood, while the image in
Figure IT1. 1B was taken after saline was injected in the artery. The intima, which can clearly
be observed in the saline-filled artery, cannot be discriminated from the blood in the
blood-filled artery. To enhance discrimination between lumen and arterial wall in the images
of the 30 MHz ultrasound imaging device, investigation of the backscatter properties of
human blood at high frequency might be useful.

Figure I11.1 Cross-sectional images of human superficial femoral artery in-vivo obtained
with a 30 MHz intravascular imaging device. A) lumen filled with blood, B) lumen filled
with saline solution. Bright spot with shadow is caused by guidewire.

Since it is commoniy assumed that red biocd cells (RBCs) are responsible for the acoustic
scatter properties of blood, it is desirable to study the behaviour of RBCs under various
flow conditions. In the past several measurement techniques have been used to assess the
behaviour of RBCs under various flow conditions. Among these, the most important
measurement techniques are viscosity measurement [8][11][30][33], optical measurement
techniques (light reflection measurements [6][9][20][45], light ransmission measurements
[31][32}, viewing and fiiming the motons of the individual RBCs using a microscope
[14][24]{28]30][32][35] and laser-doppler technique [1]{2]} and finally acoustic backscatter
measurements [31[361[381[39][411[43](47][48][49]. The relevant results on blood properties
cbtained with these techniques will be summarized in paragraph 1.2
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1 Introduction

Studies so far only deal with the acoustic properties of blood under stationary flow
conditions. In-vivo, blood flow is pulsatile and backscatter behaviour of blood may change
during the cardiac cycle. The study reported in paragraph IIL.3 demonstrates the changes
during the cardiac cycle in acoustic behaviour of flowing blood in-vive at high frequency
(20 - 40 MHz). In the last paragraph a simplified mathematical description of sound
scattering is given, which may explain the observed increased echogenicity of blood with
Tespect to tissue for increased frequency.

Ii1.2 Behaviour of bleod under various flow conditions

Red blood cell aggregation

Aggregation of RBCs is a process, where red blood cells stick to each other due to the
presence of certain macromolecules in plasma [7][25][34]. These macromolecules
{(fibrinogen and vy-globulin} adhere to the surface of the RBCs, thus acting as bridging
molecules. In static blood (shear rate is zero), the aggregation is maximal, so large,
branching networks are formed [29]. Applying shear stress causes these complex aggregates
to disperse into smaller unbranched aggregates, called rouleaux. An equilibrium between
the adhering forces between RBCs and shear forces results in an average rouleaun size. At
high shear rates only single RBCs are present. According to Goldsmith [13] rouleaux and
also single RBCs tend to align to the applied shear stress.

It has been shown [20][48] that, besides shear rate and fibrinogen concentration, also
temperature, acid number, osmotic pressure and Hematocrit influence the state of
aggregation. Increasing temperature or increasing IHematocrit enhances aggregation. Also
the aggregate size increases with increasing acid number. And if osmotic pressure is too
low, no aggregation takes place.

Transit times between different states of aggregation are characterized by the half-time of
aggregation. Jansonius et al. [20] determined the haif-time of aggregation by measuring
the light reflection of blood (syllectomeiry). According to his measurements, the half-time
of aggregation is approximately 10 seconds in whole blood (HTC of 40%). Schmid-
Schonbein et al. [31](32] used a light transmission technique to determine the half-tme
of aggregation. They reported an aggregation half-time of 3.5 seconds of blood of normal
patients. However, frequently they observed two different half-time constants: a short one
in the range of 0.5-1.5 seconds and the conventional one of 3.5 seconds. It was also noted
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that the half-time of aggregation increases strongly with decreasing RBC concentration.

Blood viscosity

Caro et al. [8] deduced the behaviour of RBCs under various flow conditions from the
results of viscosity measurements. Although blood plasma behaves like a Newtonian
fluid®, i.e. the viscosity does not depend on the applied shear stress, they found that the
presence of RBCs causes the viscosity of blood to change with the applied shear stress.
Only for high shear stresses (> 1000 s), when the RBCs are deformed into ellipsoids,
blood behaves Newtonian. With decreasing shear stress an increase of the viscosity was
observed (shear thinning). It was assumed that shear thinning in blood is mainly caused
by aggregation of RBCs.

Also the viscosity of blood in an oscillating (sinusoidal) flow was investigated [11]. It
appeared that at an oscillating frequency of 1 Hz and lower, the viscosity is influenced by
the state of aggregation of RBCs. For higher frequencies no effect of aggregation on
viscosity was observed.

Tube flow

Since shear rate is found to have infiuence on the state of aggregation, it is interesting 1o
evaluate the velocity profile in arteries (tube flow), from which the shear rate can be
deduced.

For a Newtonian fluid, the velocity profile of a stationary non-turbulent flow in a tube is
a parabola (Poiseuille flow). Because in blood the viscosity increases with decreasing shear
stress, the velocity profile is flattened, resulting in what is usually called a plug-flow
[4][16]. This flattening is even inhanced by the fact that RBC concentration is lower near
the tobe wall than in the center of the flow [2]{16][26].

Acoustic properties of blood

The echogenicity of flowing blood may depend on several factors: concentration of RBCs
[381{401[48], which may vary across the arierial lumen [1][2]{15], deformation and
alignment of RBCs and their shear rate dependent state of aggregation [3]{21][41][42][43],
and the ulasound frequency [36](49].

9 For a Newtonian fluid the shear force per unit arca (= shear stress) is lincarly proportional to the negative
of the velocity gradient.
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Shung et al. [36][38][39][40] and Yuan et al. [48]{49] measured the backscatier intensity
of RBCs in a Ringer’s solution at varying Hematocrit values and varying ulirasound
frequencies (5-15 MHz). Their results show that the prepared RBC-solution followed
Rayleigh’s scattering theory for small particles, i.e. the backscatter intensity increased with
the fourth power of the ultrasound frequency. They also reported that the backscatter
intensity increased with increasing Hematocrit up to peak values in the Hematocrit range
of 17 - 24%. At higher Hematocrit values backscatter intensity decreased.

These measurements however were carried out under conditions that aggregation of RBCs
was prevented, due to the Ringer’s solution. Sigel et al. {43]{42] showed that blood echo-
genicity at 10 MHz was influenced by the local shear rate and that a decreasing shear rate
resulted in an increased echogenicity. Because red blood cells aggregate at decreasing shear
rate and the aggregates disperse when the shear rate is increased, he assumed that the shear
rate dependent state of aggregation caused the changes in echogenicity. This was confirmed
by several other observations showing increased echogenicity at decreasing shear rate
(31{22][41][48].

II1.3 Measurements of blosd echogenicity in-vivo: case study
HIL3.1 Materials and methods

Intravascular uitrasound system

By mechanical rotation of a 30 MHz single element transducer (15 rotations per second)
mounted in the tip of a 5F catheter, real-time cross-sectional images of the arterial lumen
and the vessel wall were obtained [5]. During one rotation 400 pulse-echo measurements
were performed. Time-dependent gain was applied on each received signal to compensate
for attenuation. The signals were demodulated, logarithmically amplified, and digitized (8
bits). Finally they were transmitted to a digital scan converter and circularly displayed in
video format with 256 grey-levels at 50 fields per second and registered on videotape. Both
the ECG and the pressure in the catheterized artery were simultaneously recorded and
superimposed on the video images. In Figure IIL.2 a schematic diagram of the imaging
device is depicted.
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Figure 1.2 Experimental set-up and data acquisition and imaging scheme of intravascular
ultrasonic imaging device.

Cathererization procedure

Three patients, who underwent diagnostic coronary angiography, were asked to participate
with the intravascular ultrasound study. For this purpose the femoral artery was punciured
routinely and a SF-sheath was introduced prior to the routine coronary angiography. The
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Intravascular catheter was positioned in the iliac artery via the sheath.

The system gain of the imaging device was kept constant during the period in which data
were analysed. However, gain setting might be changed between subsequent catheterisations.
The Hematocrit values of the blood of the three patients varied between 38 % and 43 %.

Qualitative evaluation

The evaluation of the acoustic behaviour of blood was only performed at locations, where
the lumen was not visibly obstructed by intimal thickening. The video images of the three
patients were visually evaluated. The added pressure signal on the video images provided
a time reference. Slowly running the tape facilitated accurate assessment.

Quantitative evaluation

A video-densitometric [44] system was used to quantify the blood echogenicity. This system
digitized the video signal and calculated the echodensity, defined as the average grey level,
within a selected region in a video image. The video top-white was defined as 256 and
none of the signals exceeded this value.

Three regions of interest were selected in the lumen of the arterial cross section: one region
close to the arterial wall (region 1), one in the center (region 2) and one near the catheter
(region 3). The echodensity was computed in consecutive frames of a recording at a fixed
catheter position. This analysis was applied to the arterial images of each patient during
three cardiac cycles. The variable gain setting implied that comparison of the absolute grey
levels between the three patients is not meaningful. The computed echodensity only gave
information on the relative changes in the acoustic behaviour of blood.

TFL.3.2 Resuits

When visually analyzing the video images, a cyclic variaton of blocod echodensity
synchronous with the cardiac cycle was observed. During diastole the echodensity increased
and immediately after the rise of the arterial pressure (in early systole) the echodensity
decreased. This is illustrated in Figure II1.3, in which cross sectional images of an artery
at end diastole and end systole of patient #1 are shown.

In Figure IIL.4A the selected regions of the video-densitometric measurements of patient
#1 are indicated. The calculated echodensity in these regions as a function of time and the
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Figure [Ii.3 B-mode picture of the iliac artery at end diastole (A} and end systole (B).
L: lumen; W: arterial wall.

simultaneously recorded intra-arterial pressure are presented in Figure II4B.

The density-versus-time plot (Figure III.4B) indicates that the variations in the blood echo-
density closely followed the pressure changes during the cardiac cycle: echogenicity
increased during diastole and decreased rapidly at early systole.

In Figure I1.5 the measured echodensity of all three patients at end diastole and at end
systole are given. Note that the grey-level is a logarithmically scaled quantity and that
absolute variations in grey-level are related to relative changes in intensity.

Care must be taken in mutuaily comparing the absolute values of the three selected regions,
because the echodensity was also affected by the distance to the wansducer. Attenuation,
geometic spreading of the sound wave and the time dependent gain caused distance
dependent echodensity variations.
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Figure I11.4 A) Selected regions in the lumen, in which the echodensity was calculated;
B) Measured echodensity in the indicated regions and the relative blood pressure in the
catheterized artery as a function of time.

I1E.3.3 Discussion.

As described in Chapter IIL2 the echogenicity of flowing blood may depend on several
factors, among which the concentration of RBCs, the deformation and alignment of RBCs,
the shear rate dependent state of RBC-aggregation and the ultasound frequency.

Elongation and alignment of RBCs

Although the elongation of RB(s and their alignment to the flow direction might have some
influence on the echogenicity of blood, these features alone cannot explain the observed
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Figure II1.5 Measured echodensity averaged over three regions in the lumen of three parts
(1-3) in the video recording of three patients. Density is given at end diastole and end
systole of the three analyzed cardiac cycles.

cyclic variations of the echodensity [14]{46]. Alignment of RBCs would enhance
echodensity during systole, which is not in accordance with the results presented here.

RBC aggregation

From the pressure curve, the arterial flow rate curve can be estimated {gradient of the
pressure curve). The echodensity seems to follow the inverse of the expecied flow rate
curve rather than the pressure curve. This might indicate that the ¢yclic echodensity
variation is a flow related phenomenon. It is supposed that the flow related phenomenon
that caused the changes in echodensity is the shear rate dependent state of aggregation of
RBCs. During diastole the decreasing blood flow velocity resulted in lower shear rates,
enabling the formation of new and longer aggregates. This supposedly caused the increase
In echodensity during diastole. At early systole, the higher shear rates break down the
aggregates, which would explain the decrease in echodensity. So far, observations with
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ultrasound of fast changes in the state of aggregation have not been reported. The measured
half-time of aggregation {31][32] suggests that one second may be sufficient to detect
changes in the state of aggregation. Moreover, applying higher frequency (30 MHz) than
in conventional ultrasonography (2.5-5 MHz) allows the observation of smaller aggregates.
Because the development of aggregates depends on casual collision of RBCs, small ag-
gregates are probably formed faster than larger ones.

Also the shape and orientation of the aggregates may Influence echogenicity. Under shear
only unbranched aggregates, calied "rouleaux”, are present [10]. According to Goldsmith
{13], these rouleaux align to the direction of the flow. The specific shape of rouleaux and
their alignment may piay an important additional role in explaining the echogenicity of
flowing blood. Higher echogenicity will be observed when the direction of the sound wave
is perpendicular to the alignment of the rouleaux. In the present study the direction of the
sound wave is almost perpendicular to the rouleaux alignment, which is a good condition
to measure the supposed effect of aggregation on echogenicity of blood.

Conclusion

The findings of this study support the hypothesis that cyclic variations in RBC aggregation,
as a result of the changing shear rates during the cardiac cycle, influence the blood
echogenicity. However, control experiments are necessary to rule out other explanations.

Ifi.4 Evaluation

As mentioned in the introduction, the previous study was performed in persuance of the
relatively high echogenicity of blood, which was observed in-vivo at 30 MHz. In the
previous paragraphs several features influencing blood echogenicity were discussed.
However these features do not give a direct explanation why at 30 MHz blood has the same
level of echogenicity as tissee, while at lower frequencies (< 10 MHz) tissue echogenicity
is considerably higher. The simplified mathematical model for the scatering process
described below might help to understand this phenomenon.
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Morse and Ingard [27] gave an expression for the total power [, scattered by a sphere in
a plane incident wave field:

5 .6
MIG for a< 2w
I = 9c

2matl for a>if2m

(ILD

in which a is the sphere radius, f is the acoustical frequency, I is the intensity of the
incident pressure field, ¢ is the sound propagation velocity and A is the wavelength.
Although this expression cannot be applied to a sphere with a diameter in the order of
magnitude of the wavelength, it gives a rough indication of the frequency and size
dependence of scattered power.

Figure 1.6 shows the frequency dependence of the scattered power according to equation
({I1.1) for various sphere radii. In the frequency range where the sphere diameter has the
order of magnitude of the wavelength, i.e. around the point a=A/2x, these curves only give
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Figure II1.6 Total power scattered by a sphere as a function of the frequency, for various
radii {2, 10, 20, 50, 100 um), according to equation (11I.1).
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4 Evaluarion

a rough indication of the power scattered by a sphere. Both the scattering by tissue and
by blood can roughly be described by one of these curves. However, the relative change
with frequency of the blood echogenicity with respect to the tissue echogenicity, observed
in-vivo, cannot be explained with these curves, regardiess whether RBCs aggregate or not.
In the following several hypothetical situations are considered, for which this relative

change can be understood.

As a starting-point it is assumed that the blood scatierers are smaller than the tissue
scatterers, and so the curves of Figure [EL7A might apply. Though these curves show a
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Figure III.7 Total power scattered by tissue (dashed line) and blood (solid line) (simplified
model); A} Blood and tissue have same reflectivity; B) increased reflectivity of bleod
scarterers; C) tissue pressure is attenuated; D) B and C combined.
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decrease in the difference in echogenicity between tissue and blood for increasing
frequency, obviously the fssue echogenicity remains substantially higher than the
echogenicity of blood. For these curves the same reflectivity of blood and tissue scatterers
is assumed, which is probably not realistic. If the reflectivity of red blood cells in plasma
is higher than the reflectivity of the scattering tissue cells in their surrounding medium,
the blood curve will be lifted with respect to the tissue curve. The blood curve also has
to be lifted if the volume concentration of scatterers in blood is higher than in tissue. The
echogenicity curves of Figure [IL7B, give an indication of the possible result. It is obvious
that for this situation the echogenicity of blood with respect to tissue is relatively small
at low frequency, while it has the same order of magnitude at higher frequencies. Another
phenomenon, which might change the relative echogenicity with frequency, is frequency
dependent attenuation [19]. For this moment it is assumed that in the clinical application
the propagation path of the ultrasound scattered by tissue is longer than the propagation
path of sound scattered by blood. Applying higher attenuation to the backscatier pressure
from tissue than from blood on the original echogenicity curves of Figure II1.7A, one might
obtain the curves as indicated in Figure IIL.7C. It follows that, thanks to the difference in
attenuation, the blood and tissue curves can cross each other, and so the echogenicity of
blood with respect to the tissue echogenicity increases with frequency. Combining the effect
of reflectvity (Figure II1.7B) and the effect of attenuation (Figure II1.7C), which results
in the echogenicity curves of Figure IIL.7D, gives am even sironger relative echogenicity
change with frequency.

Of course, a more extensive quantitative analysis and corresponding experiments are
required to validate the rather qualitative explanation given here. This analysis should also
take into account the aggregation of red blood cells and their influence on the frequency
dependent backscatter from blood.
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IV ULTRASONIC BACKSCATTER BEHAVIQGUR OF HUMAN BLOOD IN-VITRO: MANIPULATED
BLOOD SAMPLES AND SHEAR RATE DEPENDENCE

Van der Heiden M.S., De Kroon M.G.M., Bom N., Borst C.: Ultrasound backscatter at 30 MHz from Human
blood: manipulated blood sarples and shear rate dependence.

Abstract

A study on the acoustic properties of blood at high frequencies (20-40 MHz) for varying
aggregation conditions is reported. Several blood samples were prepared either to enhance
aggregation (Rouleaux enlarged blood samples) or to suppress aggregation (Rouleaux
suppressed blood samples) of red blood cells. On these samples a series of experiments
was conducted at varying shear rate. Shear rate was varied using a specially developped
measurement device based on a Couette Viscometer. In this device the shear rate is
approximately constant within the acoustic measurement volume.

Obtained quantitative acoustical parameters were the integrated backscatter power and
the spectral spectral slope of the backscarter power in the frequency range of 20 to
40 MHz. A decrease (approximaiely 13 dB) in the integrazed backscatter power of whole
blood was observed when the shear rate was increased from 0.7 s* to 200 s°. The spectral
slope increased from 1 to 3, when the shear rate was increased from 0.3 s to 10 s™. For
the rouleaux enlarged blood samples approximately the same change in integrated
backscatter power and slope was observed, though higher shear rates appeared to be
necessary to effectuate these changes. The integrated backscatter power and spectral slope
of rouleaux suppressed blood were not affected by changes in the shear rate.

The results of this study show that the shear rate, which is known to influence the stare
of aggregation, has significant influence on the backscatter properties of blood at 30 MH:z.
The changes with shear rate of the integrated backscatter power and the spectral slope
of whole blood and rouleaux enlarged blood suggest that at small shear rates (< 0.3 57)
aggregates are fully developed. Then between 0.3 s and 200 s aggregates are broken
and only single red blood cells are present at shear rates higher than 200 s”.

The measured spectral slope indicates that a further increase of the acoustical frequency
will enhance blood echogenicity and thus probably aggravate the problem of discriminating
arterial wall and lumen.
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IV Backscatter behaviour of blood: manipulated blood samples and shear rate dependence

IV.1 Introduction

Since it is of great interest to achieve adequate signal transmission through blood at
30 MHz in order to be able to assess the morphology of the arterial wall, and since
especially at this high frequency high backscatter power of blood is observed, further
investigation of the backscatter of human blood at high frequency is desirable. In paragraph
1.3 cyclic changes of echogenicity during the cardiac cycle have been reported and it was
suggested that these variations might be related to changes in the state of red blood cell
aggregation, which are induced by varying shear rate.

The aim of the study reported in this Chapier was to obtain quantitative information on
the effect of RBC aggregation on the backscatter behaviour of blood at high frequencies
(20-40 MHz). For this purpose several blood samples were prepared either to enhance
aggregation or to suppress aggregation of red blood cells (RBCs). On these samples a series
of backscatter measurements was conducted at varying shear rate. Shear rate was varied
using a newly developped measurement device, which is based on the Couette Viscometer
[2]. In this device the shear rate is approximately constant within the measurement volume,
which is not the case in the conventional tube flow measurements performed by others
(51[22}[23][26].

Obtained quantitative acoustical parameters were the integrated backscatter power and the
speciral slope of backscatter in the frequency range of 20 to 40 MHz.

IV.2 Materials and methods

Blood sample preparation
Whole blood (120 ml), freshly drawn from eight healthy volunteers, was anticoagulated
with citrate (10% vol). Five sub-samples were taken from each blood sample and prepared
as follows.
1.  Whole blood (B) without alteration (except for use of anticoagulants) was used.
2. By addition of 4.5 mg/ml Dextran 200, rouleaix enlarged blood (R*) was obtained
[6].
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V.2 Materials and methods

3. Whole blood was centrifuged and the plasma and buffy coat” were removed. The
remaining red blood cells were suspended in 0.9 % saline solution. As a result of
this treatment the proteins {fibrinogen and y-globulin), that are relevant for the
aggregation process [7], were no longer present, which resulted in rouleaux
suppressed blood (R).

4. After removing the plasma and buffy coat the red bleod cells were suspended in
04 % saline solution. As a result of the low environmental salt concentration
osmotic pressure caused the red blood cells to explode, This solution is refered to
as hemolysed blood (H).

5. Thered and white blood cells were removed, leaving platelet rich blood plasma (P).

It was taken care of that the blood manipulations did not change the Hematocrit value of
the blood sample (except for the P-sample).

As a control measurement, a pure saline solution (S) was also examined. Since a pure saline
solution should not contain any acoustic scatterers, it may safely be assumed that the
maesurements on the saline solution give a good estimation cof the acoustic and electronic
noise present in the measurement system.

Microscopic images

For comparison purposes, light microscopic images of each blood sample (B, R" and R7)
were produced under static conditions. The blood samples were illuminated with green light
to enhance image contrast. The number of RBCs per aggregate were counted to obtain an
aggregate size distribution.

Control of shear rate

The acoustic behaviour of various blood samples was investigated using an experimental
device based on a Couette Viscometer (Figure IV.1). The dimensions of the Couette
cylinders were adapted to the dimensions of the acoustic element and the acoustic
measurement volume. The instrument essentially consists of a stationary inner cylinder,
70 mm in diameter, surrounded by a concentric rotating cylinder of 76 mm diameter. The
blood sample (30 ml) is put in the interstice of 3 mm between the two coaxial cylinders.

? The buffy coat contains the white blood cells.

55



IV Backscatter behaviour of biood: manipulated blood samples and shear rate dependence

It can be shown that for the applied cylinder diameters the shear rate is approximately
constant within the interstice (maximum relative error is 8%, see Appendix A). The driver
unit performed fourteen logaritmically equidistant rotation rates in a shear rate range from
0.02 to 1000 s™*. In addition, measurements on static blood were performed, using a fixed
non-rotating outer cylinder.

catheter saline solution

acoustic
transparant
window

transducer
blood sample

rotation

Figure IV.I Diagram of modified Couette Viscometer to obtain controlled shear rate in
blood.

Ultrasound system

For the acoustic backscatter measurements the catheter, pulser and linear preamplifier of
a clinical intravascular ultrasonic (IVUS) device were used (DUMED, Rotterdam, The
Netherlands, [3]). This device is equiped with a 30 MHz plane circular transducer with
diameter of 1 mm. The wansducer was mounted in a chamber in the inner cylinder of the
modified Couette viscometer (Figure IV.1). This chamber, whick was filled with a 0.9%
saline solution, was separated from the blood filled interstice by an acoustically transparant
window (TPX film). Since the transducer was positioned at a distance of 5 mm in front
of the acoustic window, the blood sample behind this window was in the far field of the
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transducer.

The received RF-signal was linearly amplified and then digitised at a sampling frequency
of 400 MHz, using an digital oscilloscope (LeCroy 9450, with 80 MHz low pass filter).
Acquired data were transfered to the hard disk of an IBM compatible personal computer.

Measurement procedure

Prior to cach measurement less than two minutes of time were required to reach an
equilibrium in the state of aggregation in the sheared blood sample. Then, during 30
seconds, 100 RF backscatter signals of 1500 samples each (duration 3.75 pm) emanating
from the blood sample were recorded. Static blood measurements were performed on all
manipulated blood samples of six different individuals. Shear dependent measurements were
performed only on whole (B), rouleaux enlarged (R™) and rouleaux suppressed (R’) blood
of six individuals, of which four were the same individuals as the ones of the static blood
measurements. All measurements were performed at room temperarere (20° C).

Reference measurement

The reflection against a flat agar-agar reflector was measured. The agar-agar reflector was
positioned at 6.5 mm distance from the transducer, which equals the distance to the center
of the interstice. The power spectrum calculated from the reflected signal (Figure IV.2B)
was used as a reference spectrum in the data analysis of the backscatter signals.

Signal processing

Data processing of the recorded RF signals was performed off-line. After applying a
Hamming window on the data, the power spectra of the adjacent titne traces were calculated
and averaged (Figure IV.2A), From the average power spectrem the integrated backscatter
power trom 20 to 42 MHz, which is the -3C dB bandwidth of the reference spectrum, was
calculated.

Also the average power spectrum was normalised with the reference power spectrum of
the agar-agar reflector, resulting in what is usually called the frequency dependent
backscatter coefficient p (f) [18][19](25] (Figure 1V.2C).
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Figure IV.2 A) Time signal and averaged backscatter power spectrum of whole blood.
B) Time signal and power spectrum from a flat agar-agar reflector at 6.5 mm distance
from the transducer. C) Backscaiter coefficient of whole blood.

It is assumed that the backscatter coefficient is linearly proportional to the N™ power of
the frequency [25]:
i - av.y

The parameter N, which will be refered to as the spectral siope of backscatter, was

estimated by simple linear regression of log(p,,) as a function of log(f), where the frequency
f ranges from 22 to 37 MHz.
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Staristical analysis

In order to investigate the significance of the effect of blood type on the resulis of the static
measurements, a two-way analysis of variance (ANOVA) was carried out on both the
measured integrated backscatter power and the spectral slope for a random sample of 6
persons. The two-way ANOVA was carried out considering differences between blood types
as fixed effect and the differences between persons as a random effect. The pair-wise
differences between blood types were investigated using the method of Scheffé [11].

IV.3 Results

Rouleaux size distribution.

Figure I'V.3 shows examples of the light microscopic images of whole blood (B), rouleanx
enlarged (R) and rouleaux suppressed (R7) blood. The number of RBCs per rouleaux on
the light microscopic images of the blood samples of all eight individuals were counted
and devided by the total number of counts. Figure IV.4 shows the resulting cumulative

B R* R™

Figure IV.3 Light microscopic images of whole blood (B), rouleaux enlarged (R*) and
rouleaux suppressed (R') blood.
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relative curnulative count

100 100

number of RBCs per aggregate

Figure IVA4 The relative cumulative count curves obtained from light microscopic images;
B: whole blood, R*: rouleaux enlarged blood, R : rouleaux suppressed blood.

count curves, with on the vertical axis the relative number of RBCs present in aggregaies
of which the length is between zero and the length indicated on the horizontal axis.
This figure clearly shows the effect of rouleaux enlargement and rouleaux suppression on
the rouleau length distibution. For touleaux suppressed blood most RBCs were
unaggregated and as a consequence the camulative count curve increases rapidly for rouleau
length between zero and one RBC. Whole blood consisted of rouleaux mostly shorter than
10 RBCs, while in rouleaux enlarged blood extremely large rouleaux were present (up to
thousands of RBCs per aggregate).

Static blood measurements

The measured integrated backscatter power of all manipulated blood types for a sample
of six persons are given in Table IV.1.

The applied ANGVA proved that there exists a prominent effect of blood type (F-test:
P < 10°) as is apparent from the estimated mean values shown in Figure I'V.5. The standard
errors of the mean indicated in this figure were calculated per blood type.
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Table IV.1 Measured integrated backscatter power of all manipulated blood types
of six persons.

23.4092 | 24.0998 13.2869 3.2026 1.3114 -0.9204
23.7911 § 22.6948 11.1998 2.3032 0.6531 0.2586
23.1251 | 24.4068 11.3123 -3.8021 -9.7852 -9.5725
24.3277 1 24.8828 14.866 1.3465 -9.701 -95.1787
21.0692 | 23.4573 9.5157 2.0372 -4,7052 -5.03

23.8977 | 24.2785 14.2993 3.5406 -2.032 -2.547

From the ANOVA it appeared that the differences between persons were not significant
(0.1 <P <025%

Having concluded that there are differences between blood types in the integrated
backscanter power, Scheffé’s method was applied to allocate these differences. From these
calculations it followed that apart from the pair B and R*, the blood types are pair-wise
different from each other (P < 0.001). Nevertheless the observatons (Table IV.1) suggest
that there also exists a small systematic difference between B and R™

It is also observed that the integrated backscatter power of blood plasma does not
significantly deviate from the integrated backscatter power of saline solution, which
represents the noise level. This confirms the assumption that acoustic scattering is caused
by the RBCs.

¥ It should however be kept in mind that the residual variances in the ANOVA may contain an interaction
component between persons and blood types. The measurements of Table IV.1 suggest quiic strongly that such
an interaction component exists and therefore it does not seem justifiable w neglect differences between persons
for different blood types.
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integrated backscalter power (dB)

B R+ R - H P s
blood type

Figure IV.5 Average integrated backscatter power under static conditions; B: whole blood,

R*: rouleaux enlarged blood, R rouleaux suppressed blood, H: hemolysed blood, P: blood
plasma, S: saline solution.

Pable IV.2 Measured spectral slope of four manipulated blood types of six
persons.

| 1.0764 1.3241 3.3736 5.0332
2.152%9 3.7002 3.9949 3.8192
1.8054 1.0489 2.134 2.168
0.414% 0.0328¢6 2.2211 2.3927
1.2068 0.3123 3.8331 4.662
1.4206 1.4397 3.2808 1.5439
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IV.3 Results

The measured spectral slope of the blood types B, R', R* and H of all six persons are given
in Table IV.2. Because the power measured from blcod plasma comresponds with the noise
level of the measurement system, the spectral slope of this blood type is meaningless and
therefore not calculated. According to the applied ANQOVA the effect of blood type on the
spectral slope is significant again (P < 0.001). The estimated mean values and the standard
error of the mean per blood type are shown in Figure IV.6. The differences between persons
are hardly significant (0.025 < P < 0.05). Scheffé’s test showed significant pair-wise
differences between R* and B, R" and R”, H and B, and H and R* (P < 0.001), while the
pair-wise differences between R and B, and H and R are not significant (P > 0.25).

4 4

i

speciral slopa

B R+ R - H
blood type

Figure IV.6 Average spectral slope under static conditions; B: whole blood, R*: rouleaux
enlarged blood, R': rouleaux suppressed blood, H: hemolysed blood.

Shear rate dependent measurements

The measured shear rate dependence of the averaged integrated backscatter power and
averaged spectral slope of all three manipulated blood samples (B, R” and R’) are shown
in Figure I'V.7 and Figure IV.8. The results of the whole blood measurements are the
average of a sample of six persons, while the rouleaux enlarged and rouleaux suppressed
results are the average of only three (out of six)} persons.
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Figure IV.7 Average shear rate dependence of integrated backscatter power of whole blood
(~—o—}, rouleaux enlarged blood (--x--) and rouleaux suppressed blood (~*--).

The curves show that for shear rates below 0.7 s™ both the integrated backscatter power
and the spectral slope have approximately the same level as in the static measurements.
The curves of rouleaux enlarged blood have the same shape as the whole blood curves,
however they appear to be shifted to the right. With shear rate increasing form 0.2 s to
11 s the backscatter power of whole blood and rouleaux enlarged blood decreases with
respectively 13 and 15 dB. The speciral slope increases from approximately 1 to 3 for
whole blood and from approximately 0.5 to 3 for rouleaux enlarged blood. Remarkebly,
for shear rate higher than 11 s the slope of rouleaux enlarged blood slightly decreases
with increasing shear rate, while for whole blood an additional increase in spectral slope
till 3.5 is observed.

Rouleaux suppressed blood exhibits no shear dependent backscatter power nor speciral
slope. Only a slight increase of backscatter power is observed at high shearrates (> 200 s).
For shear rates smaller than 200 s”, the backscatter power of rouleaux suppressed blood
is almost the same as of whole blood at high shear rate (> 200 s™).
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spectral slope
2
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Figure IV.8 Average shear rate dependence of spectral slope of whole blood (—o—),
rouleaux enlarged blood (--x--) and rouleaux suppressed blood ().

IV.4 Discussion

Integrated backscatter power

Generally the results of both the static and the shear dependent measurements suggest that
the measured integrated backscatter power of blood is related to the size of the RBC
aggregates. This corresponds to the theoretical relation between the backscatter intensity
of blood and its state of aggregation derived by Hanss and Boynard [14]. They found that
at constant Hematocrit the backscatter intensity is linearly proportional to the number of
RBCs per aggregate.

For the static measurements a decrease of approximately 11 dB in integrated backscatter
power of rouleaux suppressed blood compared to whole blood 1s observed. According to
the theory of Hanss and Boynard, this would indicate that the number of RBCs per
aggregate in whole blood is twelve times the number of RBCs per aggregate in rouleaux
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suppressed blood. Evaluating the cumulative count curves of Figure IV.4, this seems a
realistic estimation.

No prominent effect of rouleaux enlargement on the backscatter power was observed in
the static measurements. It has to be noted however that, evaluating the resulis of
Table IV.1, for all persons except one, the integrated backscatter power of rouleaux enlarged
blood is higher than of whole blood. These differences are masked by the variations in the
backscatier power between persons for both blood types. The effect of person on measured
power might be due to several physiological guantities, e.g. Hematocrit or fibrinogen
concentration, of which the values in the examined blood samples were not known.

It also has to be considered that the theory of Hanss and Boynard is based on the
assumption of Rayleigh scattering, which implies that the scatterers are much smaller than
the wavelength. As a consequence this theory cannot probably be applied to the larger
aggregates. One can imagine that for large aggregates a kind of saturation of the effect of
further aggregation on backscatter power will occur. This might be the case for the
backscatter measurements of rouleaux enlarged blood compared to whole blood.

The fact that hemolysed blood has significantly lower backscatter power than the other
blood samples (B,R*, R') suggests that not the shell of a red blood cell but the hemoglobin
solution inside this shell is mainly responsible for the scattering by blood.

Spectral slope

The results indicate that the measured spectral slope is related to the aggregation conditions
of RBCs in blood. Theoretically for scatterers that are much smaller than the acoustical
wavelength, a fourth power dependence of the backscatter power on the frequency is to
be expected (Rayleigh scattering). When scatterer size increases with respect to the
wavelength, the fourth power relationship no longer holds and scatter intensity becomes
more linearly proportional to the frequency. At even larger scatterer sizes, the scatter
intensity becomes independent of frequency. For such large scatterer sizes the term reflector
is more appropriate.

The measured spectral slope of both whole and rouleaux enlarged blood (i.e. 1.3 at rest)
is much Iower than the spectral slope of rouleaux suppressed blood (i.e. 3.1 at rest). This
corresponds to the assumed aggregate size, which is much larger in whole and rouleaux
enlarged blood than in rouleaux suppressed blood. No significant difference in spectral slope
between the whole and rouleaux enlarged blood samples was observed.

The spectral slope of backscatter from single RBCs (R) at rest is somewhat lower (i.e. 3.1)
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than the spectral slope for Rayleigh scattering (i.e. 4). Considering the size of a RBC
(diameter 7 - & pm, thickness 1 - 3 nm) it follows that even a single RBC will not behave
like a perfect Rayleigh scatterer. Moreover no correction for the frequency dependent
attenuation in the intervening medium between transducer and region of interest is applied
to the experimental data. Therefore the spectral slope of backscatter is likely to be
underestimated.

Hemolysed blood almost behaves like a Rayleigh scattering medium, as is illustrated by
the measured spectral slope (i.e. approximately 3.3). Probably the neglected influence of
attenuation on the measured spectral slope is the cause of the deviation of the spectral slope
from 4, the value for perfect Rayleigh scattering.

Shear rate dependence

The change with shear rate of the integrated backscatter power and the spectral slope of
whole blood indicates that for small shear rates (0.02 - 0.7 s7) rouleaux were fully
developped. Then between 0.7 s and 200 s rouleaux were broken and only single RBCs
were present at shear rates higher than 200 s

The shift to the right of the shear dependent curves of rouleaux enlarged blood with respect
to whole blood (Figure IV.7 and Figure IV.8), suggests that higher shear forces are
necessary 10 break aggregates in rouleaux enlarged blood.

Because in rouleanx suppressed biood there were no aggregates, it exhibited no change
in backscatter power and spectral slope with changing shear rate, except for a small mcrease
of backscatter power at high shear rates. This increase might be caused by shear induced
deformation and orientation of RBCs [10][16].

The effect of shear rate on backscaiter pewer was investigated before, albeit at lower
frequencies (1-15 MHz). In these studies the same influence of shear rate on the backscatter
power of blood was observed [5][22][23]{26]. However, a different experimental set-up
was used to obtain this information, i.e. backscatter from bleod flowing in a tube was
measured with varying flow velocity and possibly varying tube diameter. The main
advantage of our experimental set-up is the fact that shear rate is approximately constant
within the measurement volume, while in a tube shear rate increases almost linearly with
radial distance. Another advantage of our experimental set-up is the small quantity of blood
required (30 mi), which makes experimenting more feasible.
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Clinical relevance

Although the relevance of the results of this study with regard to clinical diagnostics is
speculative at this moment, some potential usefuilness should be discussed. For quantitative
tissue identification with an intravascular ultrasonic imaging device, also differentiation
between vessel wall and blood is relevant. The results of this study give insight in the
backscatter properties of blood, which might be helpful in future research in the field of
quantitative tissue identification.

Measurement of blood echogenicity may also offer the possibility to assess the state of
vascular disease. E.g. Kallio [17] observed that patients with vascular disease have higher
blood echogenicity than healthy volunteers. Kallio even made the hypothetical statement
that blood echogenicity might be a more specific measure of disease than the conventional
ESR (RBC sedimentation rate). Application of the intravascular catheter eventually allows
in-vivo local study and quantitative standardization of the aggregation dynamics of RBCs.
Finally local shear force conditions may be derived from the echogenicity of the flowing
blood. This could open a new field of studies on e.g. the suggested relationship between
local shear forces and the rate of development of arterial wall disease [8][9].

1V.5 Conclusion

It is concluded that varying the aggregation conditions results in changes in backscatter
properties of blood, i.e. the integrated backscatter power and the spectral slope, in the
frequency range from 10 to 40 MHz. Generally, enhancing aggregation results in higher
backscatter power and lower spectral slope, while suppression of aggregation gives lower
backscatter power and higher spectral slope.

In particular the resulis of this study show that the shear rate, which is known to have
influence on the state of aggregation [20], has significant influence on the backscatter
properties of blood. For whole blood and rouleaux enlarged blood the backscatter power
decreases with increasing shear rate and the spectral slope increases with increasing shear
rate.

The results of this study do not give proof of the occurance of red blood cell aggregation
in-vivo in a pulsatile flow. However it does show that, if RBCs aggregate in-vivo, it will
have significant effect on the measured echogenicity.

With the results the observed increased blood echogenicity with the intravascular imaging
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device (paragraph 1.1}, when increasing frequency, can be understood. The measured
spectral slope, indicates that further increasing the acoustical frequency will enhance blood
echogenicity and thus will probably aggravate problems in discriminating arterial wall and
lumen. This effect will even be stronger in blood without aggregates than in blood with
aggregaies.
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V MODELLING OF THE ACOUSTICAL BEHAVIOUR OF ARTERIAL TISSUE AND BLOOD

Abstract

A mathematical model, describing the acoustical backscatter behaviour of arterial tissue
and blood at high frequency (30 MHz) is introduced. Both arterial tissue and aggregated
blood were considered to consist of a distribution of cylindrical scatterers in 3D space.
The properties of this distribution of scatterers are described by several parameters, i.e.
the average distance and the spread in the distance between the scatterers, the average
size and the spread in the size of the cylinders, and finally the average orientation and
the spread in the oriemtation of the cylinders. Also the properties of a focussed transducer
were incorporated in the model. From the angle dependent measurement of the reflection
against a plane reflector, the parameters describing the transducer properties were
obtained.

First, the importance of several features in the model were evaluated. It is shown that the
angle dependent backscatter pressure of a distribution of irregularly spaced scatterers was
hardly affected by the spacing of the scatterers but was mainly determined by the size and
orientation of the scatterers.

Next, simulation results of the angle dependence of backscatter pressure from tissue
mimicking scattering media are reported. The simulated angle dependence of the
backscatter pressure from the tissue mimicking distributions of cylindrical scatterers
corresponded well to the experimental results of Chapter 1.

Finally, the backscatter measurements on blood were simulated. Aggregated red blood cells
in blood were represented by a distribution of irregularly spaced cylinders oriented
perpendicular to the incident pressure beam. Aggregation of blood cells was simulated by
an increase of the average cylinder length with a proportional decrease of the number of
eviinders. The simulated aggregation had the same effect on the calculated backscarter
power as the decrease of shear rate on the measured backscatter power in the experiments
reported in Chapter IV.

V.1 Introduction

Generally tissue is thought of as a distribution of inhomogenities in space. Most reported
mathematical presentations of the acoustical behaviour of tissue are based on the assumption
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V Modelling of the acoustical behaviour of blood

that these inhomogenities are much smalier than the applied acoustical wavelength and that
their concentration is low [5][8][10]. Thus, only Rayleigh scattering (ommnidirectional) was
described by these mathematical preseatations. In Chapter II the results of the angle
dependent measurements showed that scattering from the arterial wall at 30 MHz was not
omnidirectional. Therefore it was concluded that the size of the inhomogenities in the
arterial wall is not small compared to the wavelength at 30 MHz (= 50 nm). The
experimental results also showed the anisotropic natre of the angie dependent backscatter
of the muscular and elastic media. This implies that the dimensions of the inhomogenities
in these tissues are anisotropic. The measurement resvits on e.g. the muscular media
indgicated that one dimension (the tangential direction) of the scattering inhomeogenities is
not small compared to the wavelength, while the other dimension (the axial direction) is
likely to be much smaller than the wavelength. This anisotropy was also observed in
histologic sections of arterial tissue.

Based on these observations it is found that the existing mathematical presentations for
tissue scattering are deficient for the description of the acoustical behaviour of arierial tissue
at 30 MHz.

Based on the results of the backscatter measurements on blood at varying shear rate
{Chapter IV), it was concluded that red blood cell aggregation has significant influence
on the backscatier power and the backscatter spectral slope in the applied high frequency
range (20-40 MHz). While one RBC (red blood cell) is small (<8 uym) compared to the
wavelength (50 pm at 30 MHz), an RBC-aggregate might become of the order of magnitude
of the wavelength, depending on the number of RBCs per aggregate. Because of the size
of these inhomogenitics, and also because their concentration is not particularly low, the
existing mathematical presentations used to describe tissue scattering [5}[8]]10] cannot be
applied to the scattering by aggregated RBCs.

Mathematical models describing the scattering of blood have also been reported before
[3][4]. However, these studies, which were performed for other clinical applications
(e.g. doppler ultrasound), only deal with low frequency ultrasound (1-15 Mkz) and therefore
in these studies it was assumed that the inhomogenities were much smaller than the applied
wavelength.

In this Chapter fundamental scattering theory is applied to aliemnative particle distributions,
that are more likely to represent arterial tissues and blood. The assumed scatter models
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are based on histologic sections of the tissues and microscopic images of blood, and on
the results of the Iaboratory ultrasonic measurements (Chapter I and IV). Tissue and blood
are supposed to consist of a random distribution of cylinders, which are more or less
oriented in one direction. The dimensions, orientadon, concentration and spatial distibution
of these cylinders are variable.

V.2 Geometry of angle dependent backscatter measurements

The mathematical model derived hereafter gives the acoustic backscatter pressure from
scatterers within a small volume representing 2 tissue or blood sample, which is positioned
in the focal region of a focussed transducer.

The geometry of the set-up is given in Figure V.1, In this figure symbols for the transducer
radius (a,), the focal distance (z,), and the scattering volume V, with length 1 in z-direction,
are introduced. Also a Cartesian coordinate system i$ defined, in which the focal point is
the origin. In the mathematical model the angle of incidence is varied by rotating the scatter
volume in the xz-plane with the y-axis being the rotation axis.

Cylindrical inhomogenities with arbrimary orientation are defined in the scatter volume.
By choosing the orientation of the cylindrical inhornogenities either parallel to the x-axis
or parallel to the y-axis both the axial and tangential scan, as defined in the experimental
study (Chapter II), can be simulated.

V.3 Backscatter pressure from a scattering volume - general mathematical formulation

In Appendix B an expression for the backscatter pressure P* from 2 scattering volume,
filled with density and velocity inhomogenities, positioned in the focal region of a weakly
focussed transducer is deduced. For this deduction the following conditions have to be
satisfied.

A weakly focussed transducer is applied.

The inhomogenities in the tissue are characterized as small spatial flyctuations in
density, Ap. and propagation velocity, Ac, about their mean values, p, and ¢,
respectively. Itis assumed that the density and velocity pertubations are small compared
to the average density and velocity (Ap < p,, Ac < ).

N
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V Modelling of the acoustical behaviowr of blood

Figure V.I Configuration of simulated backscatter measurement.

Muitiple scattering is neglected (Born approximation),

Focussing occurs well within the Fresnel region of the transducer (z<a/\),

The radius (2) of the transducer is much larger than the wavelength (a»)),

The wransducer surface vibrates normally to the aperture of the transducer with velocity

V™. The velocity is assumed to be uniform in phase and amplitude over the transducer

aperture: V(r,0) = V(@)

7. The detection sensitivity F(r,w) of the transducer is assumed to be uniform in phase
and amplitude over the transducer aperture: T{(r,®) = T(w).

8. The length of the scattering volume 1 is small compared to the focal length: lez,.

o e

Then the backscatter pressure is given by:

P¥(r,,0) = 2jk pySy T (@) V(w) [ Glrp7,©)
7 (V.1

20c0) 1
2 + 2 VAPt )Y, [Glror, )] &r,
o Po

k

in which the so-called wansducer Greens function G, satisfies:
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V.3 Backscatier pressure from a scatiering volume

) o)
we el v v.2)

dnz

Grpn0) = Ae

In this equation k is the wavenumber in the homogeneous background medium (k=wy/c,)
and fy is the f-number of the transducer, which is defined as:

fyi= 5% (V.3)

If £, > 1/(2¥'x) and if the average position of the randomly distributed inhomogenities is
the focal point, then the second term in the integrand can be approximated by (Appendix
D.Ix

G,V(Ap) V.G, = —jk% G? (V.49

It is shown in Appendix D.2 that the integrand in z of the velocity term can be replaced
by:

[ 2k BCOYD) e g [ L S actya) e PP & (V.5)
; Co : % az

Then, with the definition of the inhomogenity function

1Zxyz 1 9
zZ & PoCo 02

x(ey,z) = [pxy,Dc(x.y,2)] (V.6)

(Z is the local acoustic impedance), the backscatter pressure measured by the transducer
positioned at I, can be approximated by:

-2 p.c
PR, o) = _-::0_0 T(0) VM) [ Glrgr, o) &, (VD)
Vl’
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V Modelling of the acoustical behaviour of blood

In equation (V.7} the propagation from transducer to the scattering tissue and back is
represented by the function G2 The function ¥ represents the scatter properties of the tissue
or of blood.

V.4 Scattering by cylinders

As mentioned in the introduction of this Chapter, cylindrically shaped inhomogenities in
tissue are assumed to be responsible for the anisotropic angle dependence of the backscatter
pressure. For this reason an expression for the backscatter pressure from a cylindrically
shaped object as a function of the angle of incidence is calculated. This is done by deducing
an equation for the inhomogenity function i (equation (V.6)) for the case of a cylindrical
object.

V.4.1 Angle dependent backscatter from one cylinder of infinite length

An infinitely long cylinder is centered at the origin and oriented parallel to the the xz-plane.
The angle & between the cylinder-axis and the x-axis is varied in the xz-plane.

A new Cartesian coordinate system (x,y’,z") is defined, which rotates equally with the
rotation of the cylinder (Figure V.2):

x' = xcos® +zsin@
¥ =y (V.8)
z' = zcos@ —xsin®

Because of the cylindrical symmetry, it is useful to introduce cylindrical coordinates. The
cylindrical coordinates (=, w',x") are defined with respect to the rotating Cartesian
coordinate system:

o =5
r/siny’
rcosy’

(V.9)

N
it

In Figure V.2 the geometry of the cylinder and the various coordinates are indicated.
For a cylindrical object with radius a, and length L, the acoustic impedance Z is given by:
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otating cylinder

\&

Figure V.2 Geometry of rotating cylinder, rotating Cartesian and cylindrical coordinates.

Z(z' 'y = p(2lr’ ) ez
={(p°mp)(°°+‘°c) forr'<a, N -lj2<z/<ij2 A 0<¥/<2m

Py o elsewhere
(V.10)
The inhomogenity function can then be calculated according to:
1 8 ! /
xEy2) = o) . _1 Hpo) & &
PoCo % oG ' &' & (v.11)

= cos8 cosy’ R&(r'-a)

where R is the relative impedance step at the cylinder boundary:
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R - ApAc (V.12)
Po %

Rewriting equation (V.7) into the new coordinates (r’,y,x"), and applying equation (V.11)
for the inhomogenity function, an analytical solution of equation (V.7) can be obtained,
if the radius of the cylinder is much smaller than the wavelength, and if the length of the
cylinder is much larger than the beamwidth? w, (using the standard integral solutions of
Appendix F):

RkaPR e, 60
PO, 0) T PoteV (@) Tlw)ensd @ _ tan?8) ¢ YK o 10 .

Jor IL>wy A a <i

As was to be expected for a cylinder of infinite length, the change of the backscatter
pressure with the angle of incidence only depends on the wansducer properties, represented
by the f-pumber (f). This equation also shows that the backscatter pressure does not depend
on the absolute value of the cylinder radius, but on the cylinder radius with respect to the
wavelength (ka,).

If the radius of the cylinder is not much smaller than the wavelength, no analytical solution
of equation (V.7) can be obtained. In this situation it appears to be convenient to calculate
the backscatter pressure from the cylinder by superposition of the backscatter pressures
from a pumber of circularly arranged knife edges (Figure V.3). As will be shown in the
next paragraph, the backscatier pressure from one single knife edge of infinite length can
be solved analytically. The superposition formula to be applied is given in paragraph V.4.3.

% The beamwidih indicates the ¢ decreasc from the maximum at & specific depth. For a focussed wansducer
the beamwidth in focus is given by: w, = W2 fik.

80




V4 Scattering by cylinders

knife edge

Td
Figure V.3 A cylinder is composed of a number of circularly arranged knife edges; d: width
of knife edges.

V.4.2 Scattering from a thin knife edge

A knife edge at arbritrary position and with arbritrary orientation can be described by the
following line equation:

plETRET, (V.14)

In this equation the direction of the knife edge is determined by the parameters n, = 1/tanar,
and n, = 1/tanc,, where , and o, are the angles between the x-axis and the projection of
the knife edge on the xy-plane and the xz-plane respectively (Figure V.4). The position
of the knife edge is determined by the parameters g, and q,.

Then, for the general problem of scattering from a knife edge of width d, of finite length

and with arbitrary orientation, the applicable expression for the inhomogenity function
16100,
is':

' Note that this equation is not applicable for knife edges parallel to the yz-plane {e;=0,=0). However the
analysis for a kaifc cdge parallel to the yz-plane, is analogous to the analysis presented here.
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V Modelling of the acoustical behaviour of blood

Figure V.4 Knife edge configuration with arbritrary orientation.

Rd(z-nx-q) for ye [nyx +q,-df2, nx+gq + dyli?.]
AN xefx,x]

(V.15)
0 elsewhere

in which dy =d 1+nf

In this equation x_and x, indicate the x-coordinates of the end points of the knife edge,
d, is the knife thickness in y-direction (see Figure V.4) and R is the relative impedance
step ( equation (V.12)). The y- and z-coordinates of the end points of the knife edge can
be calculated from x,, using equation (V.14),

Equation (V.15) is substituted in equation (V.7), and it is assumed that the knife thickness

is much smaller than the wavelength (d<«)). After performing some algebraic manipulations
(using resuits from Appendix E and Appendix F) the result is:
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V.4 Scanering by cylinders

o« _ PGV (w) Tw) kdR 3 .
PR) = = J1+n2 expf-2j k(e q)]
. (V.162)
_(qu)z - 2]nynz(12cqy) f expl-s? - 8jn fy ol as
16/ (1+ny) 1+ny | & J1on
in which:
2
soo X gy %) (V.16b)

* 4fN - 4fo1+n§

If the knife edge has infimte length (x, — Teo) the integral in equation (V.16) can be solved
analytically (using Appendix F):

Phege) = pucovl(:j_if;m) kdR 1+n exp| -2j k(z;+a,)]
ks
N (V.17
~-(kq,y

€xp

- 2 ke)] ~16fan>
1 +n: 1 +n;

The various expressions in this equation can be explained as follows:

16]‘}3 {1 +ny2)

(V.182) gives the phase shift caused by the two-way
) wave propagation between transducer and
scattering object,

exp[_ 2jk(Zf+ qz)]

- 2jnn (kg)

2
+
lny

(V.18b) is the phase resulting from an off-axis position
. and non-perpendicular incidence,
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(ko Y . . .
exp (kq.) (V.180) 15035.;1&1?1:)1?@&1@: lc{i;,icgz? ;:aused by an off-axis
16ffr(1 +n§') P £C,
-16 j‘i’,n: (v.18d) gives the amplitude decrease for mnon-
5P 1+n2 perpendicular incidence,
¥
5 V.18 gives the amplitude increase, because the diting
1+n, (V.18¢) of the cylinder causes the cylinder 1o move to

2 more sensitive part of the beam (on an
average over the cylinder length).

It can be shown that the amplitude decrease, caused by non-perpendicular incidence
(equation (V.18d)) dominates the small amplitude increase of equation (V.18e). This
corresponds to the general idea that the amplitude must decrease with increasing angle of
incidence, where the angle of incidence is defined with respect to the normal on the knife
edge.

V.4.3 Superposition of knife edges to calculate cylinder response

In paragraph V.4.1 it has already been mentioned that the backscatter pressure from an
arbritrary cylinder can be calculated by superposition of a number of circularly arranged
knife edges. The outer surface of the cylinder is covered with a number (N} of equally
spaced knife edges. To avoid spatial aliasing, the spacing between the knife edges is smaller
than half the wavelength.

The response of one single knife edge can be calculated using equation (V.16), given the
positon and orientation of the knife edge. The orientation of the knife edges, represented
by the parameters n, and n,, equals the orientation of the cylinder. The position vectors
of the knife edges on the cylinder surface are calculated from the position vector
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V.4 Scattering by cylinders

Xo=(X, Yo%) and the radius g of the cylinder as follows below.

The angle vy, is the angular position of the knife edge defined in a plane perpendicular to
the main axis of the cylinder (Figure V.2), and the vector r=(r,1,,1,) is the direction vector
of the cylinder (and thus of the knife edges). A new Cartesian coordinate system is defined,
of which one axis equals the cylinder main axis and the two other axises are defined in
a plane perpendicular to the cylinder axis. The transform from the original coordinates to
this new coordinate system is given by the following matrix;

r, ?’y ¥,

Y1 - I =
x ‘/1—_’;5 Jljf (V.19)
-r, y

A=

Then the expression for the position vector x; of the i knife edge on the cylinder surface
is:
x,=A7B, + x,
o V.20
with  b,=|@;c0s()
asin(Y)

In this equation the vector b, is a vector pointing from the cylinder main axis to the i knife
edge.

From the position vector of a knife edge the position parameters q, and g, can easily be
calculated using equation (V.14).

The relative impedance step R, of each knife edge has to be corrected for the orientation
of the cylinder surface with respect to the incident beam, as is incorporated in the definition
of the inhomogenity function (equation (V.6)). Thus, the size of the relative impedance
step R, to be applied for the i knife edge depends on the angle v, corresponding to the
particular knife edge, and on the orientation of the cylinder:
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' s r.r
R, = |sin{;| —2~| + cosy;| —=|| R (V.21

2 2
i-r; 1-r;

where R is the relative impedance step at the cylinder boundary as given in equation (V.12).

V.4.4 Rotation of the transducer

The rotation of the wansducer in the angle dependent experiments (Chapter IT), is equivalent
with a rotation of the scatter volume. The scatter volume will always be rotated in the xz-
plane with the y-axis being the rotation axis. The knife edge parameters used in equation
(V.15), (n,, 0, q,, q,, X, x,) depend on the rotation angle 8. If (x. y., z,) are the
coordinates of the begin and end points of the knife edge for §=0, then after rotation over
an angle 8 the begin end end points are given by:

x, x, x, c0s@-+z, sinb
y _j = Ry V.| = Y. (V.22)
2 z, z, cosf-x, sin6

In this equation R, represents the rotation over the angle 8, with the y-axis being the
rotation axis, and the rotated coordinates are indicated by a prime: ",

If the initial direction and positdon of the knife edge at 0=0 are described by the parameters
n,, I, q,, ¢, (cquation V.4.2), then after rotation over an angle 8 the knife edge parameters
are given by:
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h; .

ny— ¥

cos8 + n,sinG

;  h,cosD —sin

RZ = -
cosd + n,sind
(V.23
sinB®(x_cosd —sind
qz/ - qycosﬂ _ 4 (n, : )
cos® + n sind
; n,q, sin®
4 =4, * — ———
cos€ + n,sinQ

The rotation can be introduced in equations (V.13), by substitution of the parameters n,
n,, q, and g, by the angle dependent parameters n,’, n,/, q," and q,” of equation (V.23). This
results in an analytical expression for the angle dependent backscatter of a knife edge with
arbritrary initial orientation and position. By superposition of the response of an appropriate
set of knife egdes the response of any cylinder can thus be simuiated.

V.4.5 Random: scatterer distribution

A distribution of scatterers has to be defined in the scater volume V.

Basically a regular 3D grid is defined. In each grid-point a cylinder with fixed size and
orientation is defined. To each coordinate of each grid-point a random deviation according
to a uniform distribution s added. The length and radius of each cylinder are also a sample
out of a a uniform distribution, while a normal distribution is applied to the orientation
of the cylinder.
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V.5 Transducer characterization

In the previous paragraphs it appeared that besides the properties of the tissue, also the
wansducer properties have influence on the measured backscatter pressure from tissue. In
this paragraph the transducer propertes (V*'(w) T(w) and £) are estimated from the angle
dependent reflection measurements on a flat plate.

V.5.1 Mathematical model

Equation (V.7) can also be used to calculate the angle dependent reflection from a flat plate
positioned in focus. The angle dependent inhomogenity function of a flat plate, which has
a reflection coefficient R and which is oriented parailel to the xy-plane at 8=0, is:

x = R 3(z - xtan@) (V.24)

Substituting equation (V.24) into the 3D-integral of equation (V.7) and applying the integral
solutions given in Appendices E and F results in:

P'Qﬂ(m) = %poccyn(m) T(m)Re_zjsz /1 - mzﬂ e(-lﬁf:,mn"ﬁ) (V.25

From equation (V.25) it follows that the rate of angle dependence of the reflected pressure
only depends on the f-number of the transducer. The spectral behaviour of the reflected
pressure depends on the vibration and detection properties of the transducer and the receive
and transmit electronic devices.

V.5.2 Measurements

A flat plate is positioned in focus of a focussed transducer. A revolving iransducer holder
is used to vary the angle of incidence. The angle indicated by the wransducer holder is
represented by the symbol €. At 6'=0 the flat plate can still be slightly tlted with respect
to the normal on the incident beam, as indicated in Figure V.3.
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scan direction

transducer

Figure V.5 Angle dependent reflection measurements on a flat plate in the focus of the
transducer.
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Figure V.6 Measured amplitude spectra (linear scale) at varying angle of incidence of a
flat plate in focus.
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Of the reflected signals the amplitude spectra are calculated by means of a Fourier
tansformation. The resulting amplitude spectra at varying angles 8 are shown in
Figure V.6.

¥.5.3 Curve fitting

Method

The experimental results of the angle dependent measurements on the flat plate are used
to calculzate the transducer properties, which are the f-number, f,,, and the spectral behaviour,
Vi(k) and T(k), of the wransducer. An additional unknown parameter, which is not accounted
for in equation (V.25), is the offset §, in the angle of the transducer holder. The angle 6,
is defined as the angle of the revolving transducer holder at which the main axis of the
incident ultrasonic beam is perpendicular to the surface of the flat plate (Figure V.5). As
such the rejation between 8, 9* and 6, is given by:

0 =6 -8, (V.26)

Then the mathematical expression for the measured pressure amplitude P, , at angle 6, and
at frequency @, is:

Bse| “2knz 2oyt _ _15f2m2(a‘~e°)
|Pi | = Py, € ! \/1 + tan'(8; -8 e( i -00) (V.27)

fori=1.L A m=1M

in which L is the number of angles (8,") at which the measurement is performed and M
the number of frequency components () at which the pressure amplitude is calculated.
The pressure P, , is the measured pressure amplitude at perpendicular incidence (8" = 6,).
Theoretically P, ., equals:

P

Om

= 2ppeVam T, R for m=1.M (V.28)

A least square fit of the experimental data to equation (V.27) can more easily be applied,
if this equation is approximated by:
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Pl Pome-z;k,,z,e(é—wfﬁ)wf"’—ef (V.29)

The deviation of this approximation from the exact solution of equation (V.27) is smaller
than 4% for angles (6, -6,) between -45 and 45 degrees.

Taking the natural iogaritm of equation (V.29) results in a polynomal of the second degree
with it parameters depending on the f-number, the angle offset 8, and the spectrum P, .
The least squares estimates of the parameters can easily be calculated (Appendix G).

Results

The estimated f-number of the applied ransducer equals 1.84, and its standard error of the
mean is 0.01. The measured and fitted amplitude spectrum at perpendicular incidence are
given in Figure V.7. To illustrate the change of the reflected pressure with the angle of
incidence, the measured and fitted pressure versus angle curves at 29 MHz are shown in
Figure V.8.

From the good agreement between the fitted curves and the experimental data it follows
that the theoretical model gives 2 quite good description of the measurements.

V.6 Results of simulations

In the mathematical model a large number of parameters describing the scattering medium
and the transducer, are free to chose. To get better insight in the effect of the individual
parameters on the backscatter pressure, the backscatter properties of a few relatively simple
objects and scatter media were calculated, before calculations on tissue-like scattering media
were performed.

In the presentation of the results of these calculations, the distance and length parameters
were normalised with the wavenumber k, which enables to present modelling results on
objects withont being fixed to only one frequency. This is allowed because all distance
and length parameters in equation (V_16) occur in combination with the wavenumber.
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Figure V.7 Measurements and fitted amplitude spectrum of reflection from a flat plate in
focus of a focussed transducer at perpendicular incidence.

V.6.1 Backscatter from one single cylinder

Varying radius at perpendicular incidence

Equation (V.13), which was deduced with the assumption that the length of the cylinder
is infinit (I, > w,} and the radius is much smaller than the applied wavelength (ka, « 2m),
was used to calculate the backscatier pressure of a cylinder of infinit length for increasing
ka,. The cylinder was positioned in the focus of a focussed wansducer (£ = 2.0) and parallel
to the xy-plane (Figure V.1). A monochromatic incident pressure wave was assumed.
The same problem was solved using the solution method of paragraph V.4.3, where the
cylinder surface was covered by a number of circularly arranged knife edges.

The calcudated backscatier power for increasing ka, are shown in Figure V.9. The
discrepancy between both solutions indicates that the “small tadius’ solution (equation

(V.13)) deviates less than 5 % from the "knife edge’ solution for cylinders with ka, smaller
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Figure V.8 Measured and fitted angle dependent reflection from a flat plate.

than 0.6. For example, at 30 MHz, the "small radius’ solution can only be used to calculate
the response of cylinders with a radius smaller than 4.8 pm.

In the 'knife edge’ solution, a regular pattern of minima and maxima is shown in
Figure V.9. This is the resukt of the aliemating negative and positive interference of the
backscatter waves emanating from the backside and the frontside of the cylinder. This result
is the same as the result obtained by Stanton [9], who calculated the (differential)
backscattering cross-section'V of a cylinder of infinite length in a plane incident pressure
wavefield.

" The differential scattering cross section is defined as the squared angle directivity f(6,9) of the scarttered
pressure: P = Py (™) (0, 0), where ¢ is the anglc between the plane through the incident beam and the
cylinder axis and the plane through the detection direction and the cylinder axis, and where 3 1s the angle between
the incident beam and the cylinder axis. To obtain the backscatter cross section the angle ¢ is cquated to 7.
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Power [dB]

10 IIH lIIO‘0
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Figure V.9 Backscatter amplitude of one cylinder of infinite length in focus (fy=2.0) for
increasing ka,; solid line: "small radius’ solution; dashed line: "knife edge’ solution.

Varying length at perpendicular incidence

The results presented in Figure V.9 were obtained for a cylinder of infinite length. Thus,
the backscatter pressure from the knife edges was calculated analytically using equation
{V.17). However, if the length of the knife edges becomes smaller than the beamwidth of
the applied transducer, the integral in equation (V.16) has to be solved numericaily.
Again the backscatter power from a cylinder was calculated, regarding the cylinder as a
nurnber of circularly arranged knife edges, only this time the radius of the cylinder was
fixed (ka, = 0.5), while the length (kl) of the cylinder was varied. In Figure V.10 the
"infinite length’ solution and the numerically obtained solution of the backscatter power
are shown.

These results show that the ’infinite length’ solution is valid within 5% for ki > 22. This
result agrees with the applied condition for the ’infinite length’ solution, ie. 1> wy. 2

2 {sing footmote 9 on page 30 it follows that 1 > w, is equivalent with kI > V2 f,.
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Figure V.10 Backscatter amplitude of one cylinder in focus at perpendicular incidence
for increasing kI; solid line: numerical solution (equation (V.106)), dashed line: ’infinite
length’ solution (equation (V.I7)),.

Varying angle of incidence

The angle dependent backscatter from one single cylinder was calculated for varying
cylinder length. The cylinder was positioned parallel to the x-axis, while the transducer
rotated in the xz-plane with the y-axis being the rotation axis. The f-number of the
transducer used in the experiments of Chapter II, was applied (f,=1.84)

Then, gaussian curves were fitted to the calculated angle dependent pressure curves, in the
same way as was done for the experimentally obtained pressure-angle curves (Chapter II
and Appendix G). This resulied in the directivity parameter and maximum power as a
function of the cylinder length (Figure V.11).

Figure V.11A illustrates the effect of cylinder length on the directivity parameter. Compared
to the feasible accuracy of the applied measurement system, i.¢. 2.5-10" dB/degree®

(Chapter 1), the directivity parameter appears to be quite sensitive to changes in Kl in the

95



V Modelling of the acoustical behaviour of blood

016 T , 25
0.14 ‘ e
1 / : 80 e
& oAz : / i —
o H @
g i 2
§ o.1c / 5 35
o
= ops ‘ &
z \ £
% 0.08 s Hopel
i | / g

0,04 H
/ : 5.
o022 : :
0 -

i ; 50
0 § 10 15 20 25 30 35 40 45 50 ¢ 5 10 15 20 25 30 35 40 45 50

o Kl

Figure V.11 Backscatter from one cylinder (ka,=0.5) in focus (f,=1.84) with increasing
cylinder length; solid line: mean, dotted line: mean £ standard deviation; A) directivity
parameter; B) maximium power.

tange of 3 <kl < 25. At a frequency of 30 MHz this comresponds to a range in cylinder
length of 20 pm < 1 < 200 pm.

At high Kl values (kI > 30) the directivity curves approach assymptotically to a maximum
value. This maximum directivity only depends on the f-number of the transducer and equals
the directivity measured on a flat plate, i.e. 0.142 dB/degree? for the applied transducer
(see paragraph V.5). For low ki values the shape of the directivity curve is independent
of the f-number of the twansducer. To lustrate this the dependence of the directivity
parameter on kl for several different f-numbers (1.5, 2 and 2.5 respectively) is shown in
Figure V.12.

The maximum power versus ki curves (Figure V.12B) suggests that, considering the
experimental accuracy of (L023 dB (Chapter II}, also the maximum power may give an
indication of the cylinder length. However, a complicating factor is that the maximum
power is influenced by various other scatter properties, e.g. cylinder radius and reflection
coefficient. These scatter properties do not have an effect on the measured directivity.

A directivity versus size curve, as shown in Figure V.11A and in Figure V.12 can be a
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Figure V.12 Backscatter directivity of one cylinder {ka,=0.35) in focus with increasing
cylinder length for various f-numbers: 15,2 and 2.5.

useful tool in deciding on which transducer {frequency and f-number) is to be applied for
a specific application of angle measurements, if the scatter sizes are known beforehand.

V.6.2 Backscatter from a distribution of scatterers

Besides the size of the scatterers also the distribution of scatterers in space may have
considerable influence on the scatter properties. To assess the influence of the grid, that
defines the positions of the scaterers, the angle dependent backscatter power of various
distributions of point and cylindrical scatterers was calculated. In the presentation of the
results the power versus angle curves are normalised with the maximum power (i.e. power
at perpendicular incidence). Table V.1 gives an overview of the scatter medium parameters
applied in the simulations of which results are shown in this and the following paragraphs.
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Table V.1 Medium parameters applied in simulations. Cylinders are oriented in
x—direction.

Figure V.13 {80(20)140:01 | o= oo 1 1
Figure V.14 {80(20)140;0} | oo o 50 4
e oo oo 50 4
Figure V,15 {80(20)140;0} | {30;0} {30;0} 1 1
Figure V.16 {80;:40) {30;15} {30;15} 1 1
1800} {30:0} {30:0} 1 1

1

The following syntax is applied for stochastic uniformly distributed
variables: {i;€}, in which W is the average value and € is the width of
the uniform distributicn.

To obtain a clear analogy of the defined scatter media with the morphology of tissue or
RBC-suspensions, from here on the length and distance variables will no longer be
expressed in terms of the wavenumber k. All results presented, were obtained at 30 MHz
(k = 1.2566-10° m’"), which is about the center frequency of the applied tansducers in
the experiments.

Fquidistant 1D-grid

The influence of an equidistant grid is illustrated in Figure V.13 and Figure V.14.
Figure V.13 gives the backscatter power from. a 1D disuibution of point scatterers on the
x-axis with equidistant positions. The spacing of the grid was varied from 50 um to 140 pm.
The shapes of angle dependent backscatter power curves are the result of the interference
of the backscatter pressure waves of the individual scatterers.

The same grid definition was applied for calculations on a 1D distribution of cylindrical
scatterers (length: 50 pm, radins: 4 pm) of which the results are shown in Figure V.14,
In this figure also the angle dependent backscatter power of one single cylinder of the same
size and positioned in focus is given.

These results demonstrate that with decreasing grid spacing the effect of the grid on the
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Figure V.13 Backscatrer pressure versus angle of incidence for a 1D distribution of point
scatterers on the x-axis for various regular spacings. {Table V.1I).

directivity increases. For grid spacing smaller than 120 pm the grid directivity is stronger
than the cylinder directivity.

Regular 3D-grid

For a regular 3D grid, the interference pattern will be more complicated, but the effect of
a regular grid on the directivity is as prominant as in the 1D situation This is iHustrated
in figure Figure V.14, which shows the backscatter pressure of point scatterers regularly
distributed in space.

Irregular spacing

An irregular spacing was obtained by adding to the coordinates of the regular grid points
a random deviation, which was taken out of a uniformly distributed stochastic variable.
The backscatter power of point scatterers positioned at the resulting irregularly spaced grid-
points was calculated. This was repeated twenty times, each time using a new set of
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Figure V.14 Backscatter pressure versus angle of incidence for a 1D distribution of
cylindrical scatterers on the x-axis for various regular spacings, and for one cylinder in
focus (Table V.1).

samples taken out of the same stochastic variables and the twenty calculated backscatter
power curves were averaged. The resulting averaged backscatter power curve is shown in
Figure V.16, together with the backscatter power curve of point scatterers on a regular grid
with the same spacing. According to this result, the influence of an irregular grid on the
backscatter directivity 1s much smaller than the influence of a regular grid.

V.6.3 Modelling of muscular media
As described in Chapter I1, the muscular media predominantly consists of circularly and

concenirically arranged smooth muscle cells, which are 25-80 um long and 1-8 pm in
diameter, with some connective tissue in between.
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Figure V.15 Backscatter pressure versus angle of incidence for a 3D distribution of point
scatterers for various regular spacings (Table V.I).

The angle dependent measurements on the muscular media were simulated by describing
the muscular media as a dismibution of cylindrical scatterers oriented in one direction. Since
in the modelling geometry the scatter volume was always rotated in the xz-plane (paragraph
V.4.4}, the main orientation of the cylinders was chosen parallel to the x-axis to simulate
the tangential scan and parailel {0 the y-axis to simulate the axial scan. The cylindrical
scatterers were distributed over an irregular grid and the same procedure was followed to
obtain the averaged backscatter power versus angle curve as described in paragraph V.6.2.

Scatter-medium definition

Calculations on four different scattering media, of which the parameters are given in
Table V.2, were performed. In the first scattering medium the average length of the
cylinders was 30 pm, which is supposed to be smaller than the average length of the smooth
muscle cells. The average length of the cylinders of the second medium is 60 pm, which
corresponds to the average length of the smooth muscle cells. In the third medium the same
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Figure V.16 Backscatter pressure versus angle of incidence for a 3D distribution of point
scatterers; solid line: irregular grid, dashed line: regular grid (Table V.1).

cylinder length was defined as in the second medium, only & variation in the orientation
of the cylinders was applied. This variation was a sample from a normally distributed
stochastic variable with mean value equal to zero and standard deviaton equal to
10 degrees. Finally the fourth medium contains cylinders with average length equal to
120 pm, which is considerably longer than the average length of the smooth muscle cells.

Results

The tangential angle dependence of backscatter power, resulting from calculations on the
scatter media as defined in Table V.2, are presented in Figure V.17. The applied grid
spacing was the same in all simulated scattering media. From additional caiculations with
varying grid spacings, it appeared that the influence of the grid spacing was smali compared
to the influence of the scatterer size, as long as the grid was irregular.

The grey area in Figure V.17 is the 68% confidence range (i.e. the calculated standard
deviation) of the measured normaiised power-angle curves of the muscular media (Chapter
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Table V.2 Model parameters used in computer simulations of muscular media.

. {30:15} {4:2} {60;30} {30:15} {30;15} 0
- {60:30}) {4:2} {120:60} | {30;15} {30:15} Y
< {60:30} {4:2} {120;60} { {30;15} {30:;15} 10
O {120;60} {4:2} {120;60} | {30;15} {30:;15} 0

Y Main orientation of cylinders is in x direction.

 The following syntax is applied for stochastic uniformly distributed
variables: {l{L;€}, in which { is the average value and £ is half the width
of the uniform distribution.

II). Also the caiculated backscatter versus angle curve of one cylinder of 60 pm length
positioned in focus is shown in Figure V.17.

The same statistical analysis was applied to the curves of Figure V.17 as was applied to
the experimental results (Chapter II). From this analysis it followed that the differences
between the curves are significant (P<0.001). The results presented in Figure V.17 suggest
that the third medium, with average cylinder length of 60 pm and a 10 degrees variation
in the orientation of the cylinders, gives an appropriate description of the scatterer
distribution in the muscular media. However, the possibiity that simulations on other
scatterer distributions results in the same angle dependent behaviour of the backscatter
power cannot be precluded. E.g. the response of a distribution of cylinders with an average
length somewhere between 30 pm and 60 pm will probably correspond as well to the
experimental tesults. However, the exact properties of the scatterers are not known.

Figure V.18 shows the results of simulations on the influence of the angle variation in the
axial plane on the backscatter power from the second scattering medium of Table V.2.
These results correspond well to the experimental results, indicated by the grey area (68%
confidence range). No different effect on the axial angle dependence is to be expected from
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Figure V.17 Simulated backscatter pressure versus angle of incidence in the tangential
plane of scattering media representing the muscular media (Table V.2) in comparison with
the experimental results.

the other three scattering media of Table V.2, because these media only have different
scatter properties in the piane perpendicular to the axial plane.

Also the results of the simulations on one cylinder of 60 pm length and with a radius of
4 pum correspond well to the experimental results.

V.6.4 Modelling of elastic media

The elastic media is formed of numerous and distinct concentric elastic lamellae, which
are extensively fenestrated and intercomnected by branches so that they form a
three-dimensional meshwork. The elastic lamellae have spirally arranged smooth muscle
cells with surrounding collagen sandwiched in between (Chapter I). Generally itis assumed
that the elastin, present in the elasiic lamellae and their branches are mainly responsible
for the acoustic behaviour of the elastic media. With the current knowledge of the
morphology of the elastic media, it is impossible to find a plausible analytical expression
for the inhomogenity function of this tissue type.
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Figure V.18 Simulated backscarter pressure versus angle of incidence in the axial plane
of a scattering medium representing the muscular media, in comparison with the
experimental results.

At first sight the lamellae look like plane reflectors. However, the measured directivity is
much lower than the reflectivity of a flat plate. Apparently the deviations of the lamellae
from a plane reflector (fenestrations, branches, surface irregulariges) are not small compared
to the wavelength. Based on Figure V.11 and the measured directivity, i.e. 0.073 + 0.010
(mean + standard deviation) in tangential direction and 0.038 + 0.009 in axial direction,
the characteristic dimensions of these irregularities are estimated to be 90 - 115 pm in
tangential direction and 60 - 80 pm in axial direction. There is no histologic evidence of
these dimensions to be characteristic for the elastic media.

¥.6.5 Modelling of collagen lesions
Scatter-medium definition
On histologic sections both dense and loose collagen lesions exhibit threadlike structures

with random orientation paralle!l to the surface of the arterial wall.
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Simulations were performed on a imregular distribution of thin cylinders with random
orientation parallel to the xy-plane at 8=0 (Figure V.2). Two different average cylinder
lengths were applied: infinite lengih and 120 pm.

Results

Results of these simulations, together with the 68% confidence region of the experimentally
obtained normalised backscatter-angle curves are shown in Figure V.19,

The results of the simulations on the cylinders with the average length equal to 120 pm
corresponds well to the experimental results. However, from histological sections of the
collagen lesions there is no evidence that the average fiber length is approximately equal
to 120 pm.,

angle {<]

Vo experiments: axial
INNNNNNY experiments: tang.

distribution of cylinders
= (infinite lergth)

distribution ¢f cylinders

(average length: 120 pm)

PiPmax [d8]

Figure V.19 Simulated backscatter pressure versus angle of incidence of scattering media
representing collagen lesions, in comparison with the experimental results.

V.6.6 Modelling of blood

Scatter-medium definition

Aggregated red blood cells were represented by a irregular distribution of cylinders oriented
perpendicular to the incident pressure beam. Aggregation of red blood cells was simulated
by increasing the average cylinder length with a proportionai decrease of the number of
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cylinders. The backscatter power (at 30 MHz) at perpendicular incidence was calculated
for cylinder distributions with increasing average cylinder length: 50 pm, 8C pm, 100 pm,
120 pm and 150 pm. This corresponds t0 an average aggregate length of approximately
20, 32, 40 48 and 60 RBCs. The simulated Hematocrit value was 30%.
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Figure V.20 Simulated backscatter power of blood with increasing aggregate size.

Results

The results of these calculations are shown in Figure V.20. To the numerical results the
same statistical analysis was applied as was applied to the experimental resuits of
backscatter measurements on static blood samples (Chapter IV.2). It followed that the effect
of aggregate length on the backscatter power is significant (P<0.001). Applying the method
of Scheffé the pair wise differences between the simulation results were evaluated. It
followed that the backscatter power from each scatter medinm with cylinders shorter than
100 pm is significantly different from the backscatter power of all the other media. The
results of scatter media with cylinders of 100 um and longer cannot be distinguished from
each other.

These result show that for short ageregates the backscatter power increases with the
aggregate length. Obviously, the effect of increasing cylinder length on the backscatter
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power is stronger than the effect of decreasing concentration for aggregates smaller than
100 pm. I the aggregates become longer than 100 um, no significant effect of the simulated
aggregation on the backscatter power was found.

V.7 Discussion

As mentiored in the introduction, the main differences between the maihematical modelling

of tissue scattering applied in this Chapter and the mathematical modelling reported by

others [8][10] are:

- in the present modelling there are no restrictions to the dimensions of the scatterers,
while others assume Rayleigh scattering [81{10].

- the concentration of scatterers is not limited, while others assume low particle
concentration [8][10].

Although these features open new possibilities in the simulation of tissues and blood, at
the same time they cause that the resulting mathematical expression depends on a large
number of scatter-medium parameters.

A complication of this large number of parameters is that it is very difficult to get insight
into the effect of each of these parameters on the backscatter behaviour of the scatter-
medium. Sofar the modelling results presented above showed that the effect of the spacing
of the scatterers is predominant if the scatterers are positioned on a regular 3D grid.
However, if a random deviation is added to each coordinate of each grid point, the effect
of spacing on the backscatter behaviour is much less important. It was also shown that there
exists a significant effect of the average cylinder length on the backscatter power. The
influence of a random variation in orientation: of a distribution of equally oriented cylinders
on their backscatier behaviour was also deminsirated. The influence of many other
parameters remains 10 be investigated.

Another problem is that the values of the medium parameters have to be deduced from
other than acoustical observations, ¢.g. from histological studies on tissues or from optical
microscopic images of blood. Often the values of some parameters remain unknown or
uncertain. However, correspondence with the experimental resuits can be obtained with
various combinations of medium parameters.

Unless these uncestainties in the modelling, the resuits help te get better insight in the
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acoustic behaviour of arterial tissue and blood. For instance it was shown that the directivity
parameter is directly related to the size of the scatterer. This fortifies the idea that the
directivity parameter will have a specific value for each tissue type, because scatter sizes
vary per tissue type. When the size of a representative structure in a specific tissue type
is known, the directivity can be estimated using Figure V_10. Or the other way around,
when the directivity of a tissue specimen is measured, the size of the responsible scatterers
can be estimated.

The measured angle dependent properties of the muscular media and of collagen lesions
were simuniated defining scatter-media that correspond to the observed morphology of these
tissue types. Because different scatter media can give the same results in the mathematical
simulation, only a gualitative description of the properties of the tissue mimicking scatter
media can be given as follows.

For the muscular media the scatter medium consists of irregularly spaced cylindrical
scatteres, oriented in the tangential directon. The length of these cylinders might vary
between 30 and 80 pm. The radius of the cylinders is much smaller than the wavlength
(i.e. 50 pm). Also a small random variation in the orientation of each cylinder might be
present.

For dense and loose collagen the scatter medium consists of irregularly spaced thin
cylinders. The cylinders have random orientation parallel to the surface of the arterial wall.
Probably, the average length of these cylinders is approximately 120 pm.

Finally the results of the simulations on scatier media that represent blood correspond well
to the experimental results. Because approximately the same backscatter power was
measured from whole blood as from rouleaux ephanced blood, it is deduced from
Figure V.20 that the average length of aggregates in whole blood is approximately 100
pm (i.e. 40 RBCs). Then, extrapolating the simulation results to zero cylinder length, the
backscatter pressure from rouleaux suppressed blood {aggregate length—0) is estimated
to be 9 dB lower than the backscatter pressure of whole blood. In the experimenis a 13
dB difference between whole blood and rouleaux suppressed blood was observed.

The mathematical model can be useful in the future to assess the effect of changed
experimental conditions. E.g. the influence of changed transducer conditions can be
predicted or the influence of accidental misalignment of the tissue can be predicted from
new calculations with the rnathematical model.
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V.8 Conclusion

The directivity parameter, as defined in Chapter I1.2, appears to be related to the size of
the scatterers in the tissue. However, the measured directivity is also slighily affected by
the spacing of the scatterers.

The backscatter behaviour of the muscular media and of collagen lesion was simulated,
defining tissue mimicking scatter-media, that consist of a distribution of cylindrically shaped
scatterers. Also the backscatter power of blood with various degrees of aggregation of RBCs
was simulated with a frregular disiribution of cylindrical scatterers. Good correspondence
between simulation results and experimental results was found.
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Appendix A Shear rate between coaxial cylinders

Bird et al. {1] derived the following expression for the shear rate y in a Newtonian™ fluid
between two coaxial cylinders, the outer one of which is rotating with an angular velocity
€ (Figure IV.1).

RRV
¥ =20 21 2[ ‘R"] (A1)
'Ra _Ri T

In this equation R, is the radius of the outer cylinder, R, is the radius of the inner cylinder
and r is the radial distance to the cylinder axises.

If the width of the interstice is small compared to the radius of the inner cylinder, this
equation can be simplified using a Taylor series expansion around r=(R+R_)/2. For this
purpose the radial distance r is replaced by R +Ar, where Ar is the radial distance between
any point in the interstice to the centre of the interstice and R is the radial distance from
the cylinder axises to the centre of the interstice (R=(R+R )/2). First and higher order terms
in Ar/R, are neglected, resulting in the following approximation.

R'R,
(A.2)
(R,+R) - (R2~R})

v =80

Figure A.1 gives the relative error as a function of the radial distance r, for the Couetre
cylinders of the present stedy (R=35 mm and R =38 mm). The relative error is smaller
than 8 %.

 Because blood is not a Newtonian fluid, the presented relations will not be exactly true for blood.
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Appendix A Shear rate between coaxial cylinders

relative esror [%0]

1 :
0.035 0036 0.036 0037 0037 0.038 0038
radial distance [m]

Figure A.l1 Relative error in shear rate calculated according to equation (A.2) with respect
to the exact solution of equation (A.2).
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Appendix B Mathematical expression for backscatter pressure from scattering volume

The incident pressure field is scattered by the inhomogenities in volume V. The part of
this scattered pressure field that travels back, is recorded by the same transducer. The
configuration of this so-called backscatter measurement is shown in Figure V.1.

Generally, the backscatier pressure from a scattering volume measured by 2 transducer can
be calculated in three steps. First the incident pressure at the scattering volume is calculated.
This pressure field is generated by a iransducer and has propagated from the transducer
surface to the scattering volume. Secondly, the change in the pressure wave field caused
by the inhomogenities in the scattering volume is considered. And finally the propagation
of the changed pressure wave field back to the transducer and the detection by the
transducer is taken into account.

The mathematical operations corresponding to these three steps are dealt with in the next
three paragraphs.

B.1 Incident pressure field

The acoustic pressure at any point I, in an homogeneous medium with density p, and
velocity ¢, radiated by a transducer with surface velocity equal to V* can be evaluated by
the following integral, known as the Rayleigh-I integral:

P(r.w) = 2jk p,c, f G(r,r,0) V(r,o) dr (B.1)
5

3

where r is the position vector of a point on the transducer aperture, The integration is
performed over the aperture surface S,. G(r,r,®) is the Greens function, which describes
the propagation from a monopole impulse source in r to the point of observation r, in a
homogeneous background medium with propagation velocity equal to ¢,. Accordingly,
G(rr,m) is the solution of the following wave equation:
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Appendix B Mathematical expression for backscatler pressure

G + VG = -8(r. -1 (B2)
which is:
JElr-r,|
Glr,r,w) = Le” © (8.3)
4n  |r-r]

It can be shown [5] that equation (B.1) is also applicable for the pressure field of a slightly
curved transducer with surface vibration normal to the transducer aperture.

If the vibration of the transducer is uniform in phase and amplitude over its surface,
V{(r,0)=V"(w), equaton (B.1) can be simplified inio:

Pfrer,o) = 2jk pye, Vi(w) G, 0) (8.4)
zin which G(r.r,) is the so-called wansducer Greens function, which gives the pressure
at r, generated by the transducer. The vector r, points at the center of the transducer. As

such G(r,r,.») is defined by:

Glprp0) == [ Grr0)d% (B.5)
S{re)

B.1.1 Transducer Greens function G,

The pressure in the far field of a plane circular transducer in an homogeneous medium is
described by the following relation (far field solution of equation (B.5)):

—fkr
G @) = A D@ 0) S (B.6)
dnr

in which D{(¢,w} is the so-called directivity of the transducer:
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B.1 Incident pressure field

2J (kasing)

ka

- (B.7
Sing

D), w) =

In these eguations r and ¢ are the spherical position coordinates of vector r defined with
respect to the center of the transducer aperture. A is the aperture area and a, is the
transducer radius. J,(x) is the Bessel functon of the first kind and the first order with
argument x. The function 27 (x)/x in equation (B.7) is known as the Besinc function,

transducer

focal region

2 |

Figure B.1 Geometry for analysis of pressure field of focussed transducer.

O’Neil [5] has shown that these expressions (equation (B.6) and (B.7)) also hold for the
pressure field in the focal region of a weakly focussed circular transducer (Figure B.1).

In Appendix C it is shown that the distance r to a point in the focal region, used in the
amplitade and phase in equation (B.6), can be replaced by z + z, if 2, < ka*/15. If in
additon the axial size of the scattering volome is much smaller than the focal distance
(V¥ ov, 2=2z.) then equation (B.6) simplifies into:
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Appendix B Mathematical expression for backscatter pressure

£ D)

Grpr,®) = A D($,©) (B.8)

4'mzf

According to this equation, in the focal region the phase fronts of the pressure wave are
approximated by those of a local plane wave.

For small angles (¢), the directivity function of equation (B.7) can be approximated by a
Gaussian function:

D(,w) = e txod ®9)
or in Cartesian coordinates:
_ k2(12 +!!2)
DEy,e) =e B0

where fy is the so-called f-number of the transducer, which is the ratio of the focal distance
and the wansducer diameter: fy = z/2a.

B.2 Scattering by inhomogenities
The scatiered wavefield p(r.t) is defined as the difference between the actual (total)

wavefield p(r,t) and the incident wavefield p,(r,t}, i.e. the wavefield which would be present
in a homogeneous background medium without any scatterers:

p8) = p) - plr.d) (B.11)

The incident pressure p; in the homogeneous background medium with velocity ¢, has to
obey the homogeneous wave equation:
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B.2 Scauzering by inhomogenities

1 ang
at2

~-Vp, =0 (B.12)
g

The total pressure p in an inhomogeneous medium without acoustic sources or sinks has
to obey the wave equation for acoustic pressure {1][2]:

12 %yt Vg -0 (B.13)
c? ar?

in which ¢ is the propagation velocity of sound and p is the density.
The inhomogenities in the tissue are characterized as spatial fluctuations in density, Ap,
and propagation velocity, Ac, about their mean values, p, and ¢, respectively:

p(r) = py + Ap(r) (B.14)
c(r,) = ¢ + Ac(r,)

in which r, is the position vector of any point in the scattering volume. Transforming
equation {B.13) to the frequency domain and applying the expressions of equation (B.14)
results in:

2
<,
k2P + VP = k2[1 —(—“] ]P + Lyapywp (B.15)
¢ P

where k=w/c, is the wavenumber in the homogeneous background medium, ® is the radial
frequency, and P = P(r,®) is the temporal Fourier transform of p(r,t). If the spatial
fluctuations in density Ap and velocity Ac are small compared to their mean values, g, and
¢, Tespectvely (Ap < p, and Ac < ¢,) equation (B.15) can be approximated by:

P +vP =228 p .y Lypevp (B.16)

S Po

Also applying the Born approximation (Ip,| < Ip/}, which neglects multiple scattering, and
using equation (B.11) and the homogeneous wave equation (B.12) for the incident pressure,
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Appendix B Mathematical expression for backscatter pressure

equation (B.16) can be simplified into [2]:

B P, + VP, - kZ%E P, + pr(Ap)'VPi (8.17)
0 0

Equation (B.17) shows that under the influence of the primary wave P, each inhomogenity

of the scattering medium becomes a source of secondary scattered waves P, The right hand

side of equation (B.17) gives the density of the secondary sources and therefore it is usually

refered to as the secondary source term Q for the scattered pressure:

2Ac(r)
@, Pr,0) + —VAp() VP r,e)  (BIS)

o Po

_Q(rss m) = k2

The total scattered pressure in r resulting from this secondary seurce Q is given by the
solution of the inhomogeneous wave equation (B.17), which is:

P@o) = [Grr,0) QC,w) d°, (B.19)
Ve

In this equation r is the position vector of the point of observation. G{r,r,, 1) is the Greens
function (equation (B_3)), which describes the propagation from a inhomogenity at r, in
the scattering volume to the point of observation r.

The source function Q depends on both the scatter properties (Ap(r,) and Ac(r,)) of the
inhomogenities in the scatter volume and the pressure field P(r) incident on these
inhomogenities. An expression for the incident pressure field in the scaiter volume was
given in paragraph B.1.

B.3 Pressure measured by transducer

In backscatter measurements only the scatiered pressure which impinges apon the ransducer
surface is recorded. If the transducer is plane or only slightly curved, the voltage output
of the transducer is proportional to the scattered pressure spatially averaged over its
aperture. Thus, the backscatter pressure from the inhomogenities in the scatter volume V,,
measured by the ransducer equals:
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B3 Pressure measured by transducer

PRaL0) = [ Te) PGuo) dr (B.20)
Stre

In this equation integration is performed over the aperture surface S.. The function T(r,w)
represents the local sensitivity of the transducer over its aperture. Assuming that T(r,w)
is uniform over the transducer aperture: T(r,w) = T(t), and applying equation (B.19) it
follows that:

PR, @) = T(o) f f G(r,r,0) Qr,w) &r | &r (B.21)

Sdre) [V5

Changing the order of integration and applying the definition of the transducer Greens
function G, (equation {B.3)), results in:

P¥(r,0) = T(0) [ Glryr.o) Q, ) &%, (B.22)
¥,

=

B.4 Backscatter pressure

Combining the expression for the incoming pressure (equation (B.4)), the expression for
the secondary source term due to scattering Q (equation (B.18)), and the expression for
the backward propagation and detection (equation (B.22)) results in:

P¥(ro,0) = 2jk pycy T (@) V(@) [ Gfryr,©)
v (B.23)

E3

22 2Ae(r) . 1

— V{Ap(r)) V| [Glryr, )] d°r,
% Po

To obtain this equation alse the reciprocity theorem was appiied, which says that
Gl(rvrﬂ'!w) = G:(rﬂprs?w) [1]'
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Appendix C Fraunhefer condition in focal region

The pressure in the focus of a slightly curved circular transducer in an homogeneous
medium (Figure B.1) is described by the following relation {equation (B.6)):

fkr
Pr,$,0) = A D@, 0) S— (C.1)
4nr
in which D(¢,0) is the so-called directivity of the transducer (equation (B.7)).

2J,(ka,sing)
kasing

D(‘ps ﬁ)) = (C'Z)

In these equations r is the distance between the apex of the transducer and the point of
observation, ¢ is the angle with respect to the main axis of the transducer (Figure B.1) and
k is the wavenumber (k=w/c).
In the following the condition for which r in equation (C.1) can be replaced by z + 7, (2 is
the focal distance) is deduced.

The distance r between the point of observation and the apex of the wansducer equals:

F o= m (C3a)

or

2

(x> +y2) (C.3b)
(z +z)2

r= (Z+Zf) 1+

Expanding of the square root in equation (C.3b) into a Taylor series and confining to
quantities of the first order in (x*+y?)/(z+z)", the above equation evaluates to:
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Appendix C Fraunhofer condition in focal region

7= (2+Z) {1 +% :2 +y:2} (o8
Z+Z

From this equation it follows that, the amplitade 1/4mr of the pressure field (equation (C.1))
can be approximated by 1/4m(z+zf), if:
2%+ y?

<1 (C.5)
( + zpF

The phase -2kr of the incident pressure can be approximated by -2k(z+z,), if the following
condition is satisfied:

2, 2
kET+y) 4 (C.6)
@+z)
Equation (C.5) is known as the Fraunhofer condition [1].
The beamwidth in the focal region might be that small that the above condition is satisfied
in the whole focal region. As a measure of the beamwidih the distance between the first

two zero crossings of the Besine directvity function of equation (C.2) is chosen. At the
first zero crossings, the argument of the Besinc function equals +3.83:

kasing = £3.83 (C.7)

Then it follows that x,, y, and 1y, which are the values of x, y and r respectively at the first
zero crossing of the besine directivity function, are related as:

2 2
*p " Yo _ 3.83 (C.8)
,.6? ka

T

Using the expression for r of equation (C.3), this equation evaluates to:
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2, .2 15(Zf+2)2

x +y = (C-g)
T Rate15

in which the value of the square of 3.83 is approximated by 15.

A
o
=
D
=l
2
=
£
o
Slpp a5 -1.0 05 o 2.0
lateral position [mm]
focus directivity
B in focus

Figure C.I Fraunhofer condition of amplitude (A) and phase (B) behaviour of the pressure
field in the focal region of a curved transducer.
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Appendix C Fraunhofer condition in focal region

If K*a? »> 15, the above equation can be approximated by:

2 2 15 (Zf+2)2

o tVy & (C.19)
Ka?

If the beamwidth x*;+y?, satisfies the Fraunhofer condition of equation (C.6), then for each
point within the main lobe of the directivity function the variable r in equation (C.1) may
be replaced by 24z, Combining equation (C.6) and (C.10) it follows that the beamwidth
satisfies the Fraunhofer condition if:

T+ < ka\:,2 /15 (C.11)

If the length 1 in z-direction of the scattering volume is much smaller than the focal length
z; (I«z;), this condition can be simplified to:

z; < ka; 15 (C.12)
Both the approximation in amplitude and in phase are illustrated in Figure C.1.

The condition of equation {C.12) need not violate the weak focussing condition (a, < z)
provided that a, > A.

References

[13 Berkhout AJ.: Applied seismic wave theory. Amsterdam, Elsevier 1987

126




Appendix D Scattering from inhomogenities

D.1 Density inhomogenities

The backscatter pressure from a scattering inhomogenity with spatial fluctuations in density
Ap and in velocity Ac with respect to the reference medium with density p, and velocity

¢, can generally be described by (equation (B.23)):

PE Gy, ) = 2k pycy T (@) V(@) f GfryTo®)
V.

. ®.1)
[E X LV ApE)) Y, [Glrpr, )] dr,
% Bo

in which G{r,,r,,) is the so-called transducer Greens function, which gives the pressure
at r, generated by the transducer. The vector r, points at the center of the wansducer.

In this paragraph a condition is deduced, which enables to apply the following
approximation:

G.V(Ap) V.G, = —jkﬂgﬁ G? ®.2)
iz

For the following analysis it is convenient to apply c¢ylindrical coordinates defined with
respect to the origin in the scattering volume (Figure B.1). In relation to the Cartesian
coordinates (x,y,z) these cylindrical coordinates (R,o,z) are given by:

R = z%+ y?
¢ = atan(y/x) (D-3)
Z =2

Then the expression for the wansducer Greens function is (equation (C.4)):
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Appendic D Scattering from inhomogenities

o TKED
Glrpr,®) = A DR, @) (D.4)
4
in which the directivity function D(R,®) is given by:
D(R, 0) - e“szszf\’ (D.S)

where z;is the focal distance and fy is the so-cailed f-number of the transducer (fy = z/2a).

If ka, < 1, the second term in the integrand of equation (D.1) can be rewritien as:
e Jkizzp

G V.(Ap) VG = V.(Ap)A?| ——r
t s( P) s s( p) 411:(2_'_2)

(eRD—Z-% - ezjsz] (D.6)

In this equation ey and e, are unit vectors in directions of increasing R (cross-range) and
z (range) respectively. For most applications the inhomogenities are randomly distributed
within the scattering volume. Then the cross-range term of equation (D.6) can be neglected
if the summed contribution of all scatterers, at any fixed depth level z within the scattering
volume and at any fixed angle o, to the cross-range component is much smaller than their
coniribution to the range component:

[ DR ) DR 4p « k [ P®R,w) R ®.7)
0 aR L]

Using equation (D.4) and (D.5) this inequality evaluates into:
1
s R
2yn

This condition says that the cross-range component of the backscatter pressure from density
inhomogenities may be neglected if focussing is not too sharp.

fu (D.8)

For the transducer used in the experiments of this thesis, with f-number equal to 1.84, the
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DI Density inhomogenity

relative error induced by neglecting the cross-range term is maximally equal to 15 %.

Upon neglecting the cross-range components of G, V (Ap) V.G, equation (D.6) evaluates
into:

6, V.0 V.6, = k222 6 ®.9)

Applying this approximation to equation (0.1) results in:

Ac(r) N iaAp(rs)

Gz(r 7,0) dF
Co Po & e ’

PE(w) = 262 pye, T(@) V(@) [ | 27k
¥,

£

(D.10)

D.Z Velocity izhomogenities
Starting with equation (£.10), it will be shown in this paragraph that the effect of velocity
and density inhomogenities on the backscatter pressure can be taken together inte a function

of the acoustic impedance.

Applying equation (B.8) for G, in equation (D.10) results in:

PR(w) = 2k24% pyc, T(w) Vo) ”f Ay | 1 Ap(xyz)
VI

o fo oz (D.1D)
o
Dz(xsys CO)———— dxdydz
(4nz)

The imegrand in z of the velocity term in equation (D.11) can be replaced by:
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Appendic D Scattering from inhomogenities

Z. z
f 2R AEYD) ke g }r Actey) O(, ke g, (D.12)

) € s R dz

Partial integration gives:

z, z,
_ f Aclxyz) 0 (e—ij(zq).) j- 1 ‘_{3_“ (Acty.) e D g
A oz s € & D.13)
Ac ey
CO z_

Generally the integration boudaries can be chosen in such a way that the velocity change
Ac equals zero on the boundaries. Thus the second term in equation (D.13) can be omitted.
Then the final expression for the backscatter pressure is:

1 aAC(r) 1 SApGr)

Gi(ryr, ) d°r
&z po 0z «(o7p @) 77,

P¥(0) = 2k% pyc, T() V() | {

®.14)

With the definition of the acoustic impedance: Z=pc, the bracketed term in the integral
equals:
1 dAc
€y Oz

(D.15)

RIS

, 1 osp 1
P Z

oaz
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Appendix E Integration of the delta function

The foliowing 2D integral is evaluated.

I-= f f &) y(x,7) drdz

(E.1)
with  x(x,z) = 8(z - g(x)
in which the *delta’-function & 1s defined as:
1
8(z-g(x) = tim - Jor ze[ () - EX =, g(x) + —} E2)

0 elsewhere

The meaning of € and ¢, is illustrated in Figure E.1, for the linear functon g(x)=nx + q,.
For a general function g(x) the relation between € and &, is given by:

e (x) = eyl +gf(x)

(E.3)
with () = B
Substituting equation (E.2) in equation (E.1) results in:
2 +ref2
= I Fixglz) Sflzg(d) E.4
I }fﬁaxe dxg(x)faﬁdz f1/1+g(x)e a (ED

If g(x) is the linear function of Figure E.1, this equanon can be simplified into:

X,
I=y1+n [ /% g (E-5)
x_



Appendix E Integration of delta function

zZ =M%+ q,

Figure £.1: Geometric presentation of € and €, of a delta function around
z=g(x)=nx+q.
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Appendix F Some standard integral solutions

F.1

X

[ ottt a2 [ ol ] o - oo

(F.1)
. &
with p, = (G5
2./a,
in which erf, the so-called error-function, is defined as:
2 z
erfl) = —— f exp(x?) dx (F.2)
VT
for z—ee the error-function equals:
2 z
efiwtim 2 [ o g = 1 F3)
=%
F.2
£, _ 52—
im fe""z edesds = | T o % (F.4)
5o O Y
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Appendix G Least squares estimate

Appendix G Least squares estimates

Suppose N measurements of P™ are performed at N different angles of incidence. The
assumed relation between the pairs (P, 6,) is:

P = Pyexp(-a,(®; - 8%  for i=1.N (G.1)
Given the definitions:

¥, := m@™ G2)
Yo 1= In(Py

Equation {(G.1) can we rewritten into:

Y = Yo ~ 4,8, - 8y’ (G-3)

The sum of least squares, Q, for equation (G.3) is:

=N

QUp8pa) = 3. [7:-% + 4,8, - 8 (G4

i=1

The principle of least squares estimate now says: calculate the values of the parameters
(Yo 8, and a) for which Q is minimum.
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Samenvatting

Het doel van dit promotiewerk was de haatbaarheid van kwantitatieve weefseldifferentiatie
van vaatwandweefsel te onderzoeken, op basis van ultrasone puls-eche metingen met behulp
van een intravasculaire ultrasone catheter (3¢ MHz). Twee verschijnselen, waardoor de
kwantitatieve weefseldifferentiatic wordt bemoeilijkt, zijn nader onderzocht. Deze zijn het
hoekafhankelijke gedrag van het teruggestrooide drukveld {"backscatier”) door de vaatwand
en het strooigedrag van bloed bij 30 MHz.

Dit proefschrift bestaat uit drie gedeelten. Het eerste gedeelte (Hoofdstuk I} beschrjft een
experimentele studie van het kwantitatieve effect van de hoek van inval van de geluidsgolf
ten opzichte van de vaatwand op het backscatter vermogen. In het tweede gedeelte
(Hoofdstuk III en IV) wordt een onderzoeck van het akoestische gedrag van bloed
beschreven. Tenslotte wordt in het derde gedeelte (Hoofdstuk V) een wiskundige
beschrijving voor het akoestische gedrag van strooimedia, zoals vaarwandweefsel en bloed,
afgeleid en worden resultaten van numerieke simulaties van vaatwandweefsel en bloed
gepresenteerd. Voorafgaand aan deze drie deelstudies worden in de inleiding (Hoofdstuk
I) de morfologie van de vaatwand en de samenstelling van bloed beschreven.

In Hoofdstuk I wordt aangetoond dat variaties in de hoek van inval van de geluidsbundel
variaties in de B-mode afbeelding van de vaatwand vercorzaken, die niet direkr gerelateerd
zijn aan de morfologie van het betreffende bloedvat, Variaties in de hoek van inval zullen
bij de in-vivo toepassing van de echo-catheter regelmatig optreden, bijvoorbeeld als de
catheter excentrisch in het bloedvat ligt, als de doorsnede van het bloedvat niet circelvormig
is of als het bloedvat gebogen is. Het hockafhankelijke gedrag van het backscater vermogen
van de vaatwand bemoeilijkt de interpretatic van de B-mode afbeeldingen. Bovendien
beperkt het de toepasbaarheid van de bestaande weefseldifferentiatiemethoden, zoals
specirale analyse van het backscatter signaal.

In een in-vitro studie is het effect van de hoek van inval op het backscatter vermogen nader
onderzocht. Daarbij is onderscheid gemaakt tussen de hoekvariatie in het vlak loodrecht
op de hoofdas van het bloedvat (tangenti€ic viak) en de hockvariatie in het viak door de
hoofdas van het bloedvat (axiale vlak). In-vitro metingen aan 13 stukjes weefsel van de
arteri¢ [liaca toonden aan dat elk weefseltype een specifiek hoekafhankelijk gedrag vertoont.
Het hoekafhankelijk gedrag van zowel de elastische als de musculaire media biijkt
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anisotroop te zijn: in het tangenti€le viak is bet effect van de hoek van inval op het
backscatter vermogen sierker dan in het axiale vlzk. Bij een verandering van de hoek van
inval in het tangenti€le viak van 10 graden (ten opzichte van de normaal op de vaatwand)
neemt het backscatter vermogen van de musculaire media ongeveer 2 dB af en van de
elastische media ongeveer 7 dB. In het axiale vlak is er geen afname van het backscatter
vermogen van de musculaire media meetbaar, terwijl het backscatter vermogen van de
elastische media ongeveer 3 dB afneemt bij een hoekverdraaiing van 10 graden. Een
mogelijke verklaring voor het anisotrope gedrag van de musculaire media is de
aanwezigheid van de langgerekte gladde spiercellen, die, zoals waargenomen op
histologische coupes, circulair georienteerd zijn. De gemeten anisowropie van de ejastische
media is niet op basis van de histologie van dit weefseltype te verklaren.

Zowe] de vaste als de losmarzige collagene lesies in de intima vertonen geen anisoiroop
hoekafhankelijk backscatter gedrag. In beide viakken (tangendeel en axjaal) wordt een
afname van ongeveer 3 dB waargenomen bij een hoekverdraaiing van 10 graden.

Ook is het hoekafthankelijke gedrag van de adventitia en de lamina elastica exiemna gemeten.
De resultaten van de metingen aan beide weefseltypen vertonen een relatief grote spreiding.
Wat de adventida betreft, kan dit worden verklaard door het feit dat de adventitia een zeer
inhomogeen weefseltype is.

Uit iedere gemeten curve van het backscatter vermogen als functie van de hoek zijn twee
weefselparameters geschat. Eén daarvan is de zogenaamde directiviteitsparameter, die de
mate, waarin het backscatter vermogen van de hoek afhangt, aangeeft. De tweede parameter
is het maximale vermogen, hetgeen overeenkomt met het vermogen bij loodrechte inval.
Uit de metingen zijn twee directiviteitsparameters afgeleid, n.l. de directiviteitsparameter
in het tangenti€le viak en de directiviteitsparameter in het axiale viak. De resulterende
berekende parameters per weefseltype welcken sterk de indruk dat weefseldifferentiatie
mogelijk is door gebruik te maken van de drie parameters: de tangenti€le en de axiale
directiviteit en het maximale vermogen.

In Hoofdstuk Il wordt getoond wat het effect is van het hoge backscatter nivo van bloed
op de zichtbaarheid van de overgang tussen het lumen en de vaatwand bij het gebruik van
de inwavasculaire ulrasone catheter van 30 MHz. Een beknop: overzicht van de akoestische
eigenschappen van bloed, bekend uit de literatuur, wordt gegeven, In de literatuur worden
voornamelijk onderzoeksresultaten gegeven van metingen bij lagere frequenties, namelijk
van 1 MHz tot maximaal 15 MHz. Bij deze frequenties wordt niet die hoge echogeniciteit
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van bloed waargenomen, zoals die bij 30 MHz is waargenomen. Het is aangetoond dat bij
deze frequenties de Hematocrit waarde van het bloed, het optreden van aggregatie van rode
bloedcellen en de deformatie en orientatie van rode bloedeeilen belangrijke invloed hebben
op het akoestisch gedrag van bloed. Bovendien is het bekend dat bij deze frequenties het
akoestische gedrag van bloed beinvioed wordt door de schuifspanning in het bloed: het
verhogen van de schuifspanning resulteert in een lager backscatter vermogen. Omdat rode
bloedcellen aggregeren bij afnemende schuifspanning en deze aggregaten breken bjj
toenemende schuifspanning, wordt aangenomen dat het schuifspannings- athankelijke gedrag
van het backscatier vermogen een gevolg is van dit aggregatie proces.

De echogeniciteit van bloed, opgenomen met een intravasculaire ultrasone catheter van
30 MHz, is gemeten in de Iliaca van drie patienten gedurende de hartcyclus. Cyclische
variaties in de echogeniciteit van bloed werden waargenomen synchroon aan de variatics
in de bloeddruk. De resultaten soggereren dat deze variaties in echogeniciteit worden
veroorzazkt door veranderingen in de aggregatietoestand van de rode bloedcellen ten
gevolge van de varierende schuifspanning.

Hoofdstuk IV beschriift een onderzoek naar de akoestische eigenschappen van bloed in
het frequentiegebied van 20 to 40 MEz onder varierende aggregatie condities. Behalve dat
metingen zijn verricht aan samples van normaal (hwmaan) bloed, ziin ook gemanipuleerde
bloedsamples, waarvan of de aggregatie versterkt is of de aggregatie tegengegaan is,
onderzocht. Er zijn backscamtermetingen uitgevoerd aan de verschillende bicedsamples,
waarbij de schuifspanning is gevarieerd. Hiervoor is een speciale meetcel ontwikkeld, die
gebaseerd is op de Couette viscosimeter. In deze meetcel is de schuifspanning binnen het
akoestische meetvolume in benadering constant, hetgeen niet het geval is bij de door
anderen uitgevoerde studies waarbij het akoestische gedrag van bloed stromend door een
buis werd onderzocht.

De gemeten akoestische parameters zijn het geintegreerde backscatter vermogen en de
spectrale helling van het backscatter vermogen in het frequentie gebied van 20 tot 40 MHz.
Een afname van ongeveer 13 dB werd waargenomen in het backseatter vermogen van
normaal bloed als de schuifsnelbeid werd opgevoerd van 0.7 s™ tot 200 s™. De spectrale
helling nam toe van 1 tot 3 bij een schuifsnelheidstoename van 0.3 s7 tot 10 5. Bij de
aggregaat versterkie bloedsamples irad een vergelijkbare verandering van het geintegreerde
backscatter vermogen en van de spectrale helling op, echter er bleek een hogere
schuifsnelheid nodig te zijn om deze veranderingen te bewerkstelligen. Bij aggregaat
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Samenvaiting

onderdrukt bloed traden geen veranderingen van het geintegreerde backscatter vermogen
en de spectrale helling onder invloed van de schuifspanning op. De resultaten van dit
onderzoek tomen aan dat de schuifsnelheid, waarvan bekend is dat deze de aggregatie
toestand van de rode bloedcellen beinvloedt, een signifikant effect heeft op de backscatter
eigenschappen van bloed in het frequentiegebied van 10 tot 40 MHz. De veranderingen
in het geintegreerde vermogen en in de spekirale helling onder invloed van de
schuifsnelheid suggereren dat bij lage schuifsnelheden (< 0.3 s) er volledige aggregatie
optreedt. Voor schuifsnelheden van 0.3 7 tot 200 s worden deze aggregaten afgebroken,
en voor hogere schuifsnelheden dan 200 s zijn er alleen losse rode bloedcellen aanwezig.
De gemeten spectrale helling geeft ook aan dat bij een verdere toename van de gebruikte
frequentie de echogeniciteit van bloed nog meer zal toenemen, waarbij waarschijnlijk het
onderscheid tussen het lumen en de vaatwand nog minder duidelijk zichtbaar wordt.

In Hoofdstuk V wordt een wiskundige voorstelling van het akoestische backscatter gedrag
van vaatwandweefsel en bloed bij hoge frequentie (30 MHz) gegeven. Daarbij worden
zowel het vaatwandweefsel als het bloed met geaggregeerde rode bloedcellen voorgesield
als een drie-dimensionale verdeling van cylindervormige verstrooiers. De eigenschappen
van deze verdeling van verstrooiers zijn vastgelegd in verschillende parameters, zoals de
gemiddelde afstand en de spreiding in de afstand tussen de verstrociers, de gemiddelde
afmetingen en de spreiding in de afmetingen van de cylindrische verstrooiers en tenslotte
huon gemiddelde orientatie en de spreiding in de orientatie. Tevens zijn de eigenschappen
van de transducent meegenomen in het wiskundige model. Deze eigenschappen zijn
experimenteel bepaald met behulp van hoekafhankelijke reflektiemetingen aan een viakke
plaat.

Eerst is de invloed van de verschillende modelparameters op het gesimuleerde backscatter
gedrag onderzocht. Uit de resultaten blijkt dat het hockafhankelijke gedrag van het
backscatter vermogen van cen willekeurig onregelmatige verdeling van verstroolers
hoofdzakelijk wordt bepaald door de gemiddelde cigenschappen van de verswooier: zijn
afmetingen en orientatie. De gemiddelde onderlinge afstand tussen de verstrooiers heeft
bij een willekeurig onregelmatige verdeling nauwelijks invioed op het hoekafthankelijke
gedrag.

Vervolgens is het hoekafhankelijke gedrag van gesimuleerde weefsels onderzocht. De
musculaire media is voorgesteld als cen willekeurig onregelmatige verdeling van
cylindervormige verstrooiers, die in dezelfde richting georienteerd zijn. De gekozen
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afmetingen van de cylindervormige verstrooiers en de onderlinge afstand zijn de
waargenomen afimetingen van gladde spiercellen en hun onderlinge afstand op histologische
coupes. De resultaten van de simulaties aan een dergelijke verdeling van versirooiers komen
goed overeen met de experimenicle resuitaten van de hockafhankelijikheid van het
backscatter vermogen van de musculaire media. De collagene lesies zijn voorgesteld als
een willekeurige verdeling van dunne cylinders met een willekeurige orientatie evenwijdig
aan het vaatwandopperviak. Uit de simulaties blijkt dat de lengte van de cylinders
belangrijke invioed heeft op het hoekathankelifke gedrag. Voor een gemiddelde
cylinderlengte van 120 pm komen de resultaten van de simulaties goed overeen met de
experimentele resultaten. Tenslotie zijn de backscatter metingen aan bloed gesimuleerd,
Een bloedsample met aggregaten van rode bloedcellen is voorgesteld als cen willekeurige
verdeling van cylinders met gelijke orientatic loodrecht op de richting van het inkomende
golfveld. De toepame van de aggregatie is gesimuleerd door ecen toename van de
gemiddelde cylinderlengte met cen overeenkomstige afname van het aantal cylinders. Deze
gesimuleerde aggregatie had een vergelijkbaar effect op het backscatter vermogen als in
de experimenten.
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