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(57) Abstract: A method of determining a measure of wave speed or wave intensity in a fluid conduit comprises uses ultrasound
measurements to determine the conduit diameter, as a function of time, at a longitudinal position of the conduit, and uses ultrasound
measurements to determine tluid velocity, as a function of time, in a volume element at said longitudinal position of the conduit. The
ultrasound measurement to determine fluid velocity is effected by tracking objects within the fluid flow in successive frames
sampling the volume element, and obtaining displacement vectors for the objects. A wave speed may be determined from a ratio of
the change in fluid velocity at the longitudinal position as a function of time and the change in a logarithmic function of the conduit
diameter as a function of time. A measure of wave intensity may be determined as a function of change in determined conduit dia-
meter and corresponding change in fluid velocity.
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FLUID FLOW ANALYSIS

The present invention relates to methods and apparatus for using ultrasound to analyse
fluid flow in fluid conduits. In particularly, though not exclusively, the invention applies to
such methods and apparatus useful for analysing fluid flows in human or animal circulatory

systems.

When the heart contracts during each heartbeat, it increases the pressure and speed of
the blood in the arteries immediately connected to it. This disturbance propagates as a
wave down the arterial system. An everyday example of this phenomenon is that the
pulse can be felt in the wrist. The wave travels at a speed or velocity that depends on the
stiffness of the arteries, and reflections of the wave occur at any point where the vessel
geometry or wall properties change. The velocity of the waves and the intensity of the
initial wave and its reflections therefore contain information about the performance of the
heart and the state of the vessels. It is therefore useful to measure these properties to
provide a useful means for diagnosing cardiovascular disease and those at risk from it.

Pulse waves in arteries can therefore be used for assessing (a) the performance of the
heart, since it generates the waves, (b) arterial stiffness, which determines the velocity of
the waves, and (c) changes in arterial or peripheral vessel cross section or mechanical
properties, which reflect the waves. Wave phenomena can readily be assessed from
invasive, catheter-based measurements and are increasingly used for the functional
assessment of coronary artery stenosis. Their use in other areas of cardiovascular
medicine has been impeded by the difficulty of making accurate, non-invasive

measurements.

It is an object of the invention to provide a method and apparatus for analysis of fluid flows
in fluid conduits such as arteries which can preferably be implemented non-invasively. In
one aspect, the invention seeks to provide an ultrasound-based system for assessing
wave phenomena that is non-invasive and suitable for the clinical investigation of heart
failure, arterial stiffening, altered vascular tone and endothelial dysfunction, for example.

According to one aspect, the invention provides a method of determining a measure of

wave speed in a fluid flowing through a fluid conduit, the method comprising:
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using ultrasound measurements to determine the conduit diameter or conduit
cross-sectional area, as a function of time, at a longitudinal position of the conduit;

using ultrasound measurements to determine fluid velocity, as a function of time,
in a volume element at said longitudinal position of the conduit, the ultrasound
measurement to determine fluid velocity being effected by tracking objects within the fluid
flow in successive frames sampling the volume element, and obtaining displacement
vectors for the objects;

determining a wave speed from a function of (i) the change in fluid velocity at the
longitudinal position as a function of time and (ii) the change in the conduit diameter as a

function of time.

The wave speed may be determined from a ratio of the change in fluid velocity at the
longitudinal position as a function of time and the change in a logarithmic function of the
conduit diameter as a function of time. The wave speed may be determined from a ratio
of a change in fluid velocity at the longitudinal position within a time interval and a
corresponding change in a logarithmic function of the conduit diameter within the same
time interval. The wave speed may be determined from the change in fluid velocity at the
longitudinal position within a time interval and a corresponding change in the conduit
diameter within the same time interval. The fluid velocity may be determined using
imaging velocimetry. The ultrasound measurements for determining fluid velocity may
comprise a series of B-mode images or B-mode RF data. Obtaining displacement vectors
may comprise correlating the locations of the tracked objects in successive frames of the
B-mode images or B-mode RF data. The ultrasound measurements for determining
conduit diameter and fluid velocity may be both derived from a common ultrasound
transducer head. The common transducer head may be directed orthogonally to the fluid
flow axis of the fluid flow conduit. The ultrasound measurements for determining conduit
diameter and fluid velocity may be both derived from common ultrasound excitation and
response signals. The ultrasound measurements for determining conduit cross-sectional
area and fluid velocity may be both derived from common ultrasound excitation and
response signals. The wave speed, ¢, may be determined according to the equation ¢ =
0.5(dU / dInD), where dU is a change in the fluid velocity as a function of time and dinU is
a change in the natural logarithm of D as a function of time. The fluid conduit may
comprise a part of the human or animal circulatory system. The method may include
repeating the ultrasound measurements and determining a wave speed at multiple times
during a cardiac cycle and correlating the measurement of wave speed with time within
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the cardiac cycle. The method objects being tracked may comprise red blood cells, white
blood cells, platelets or contrast agent entities. The method may include determining a
measure of fluid conduit wall elasticity or distensibility at the volume element, from the
wave speed. The wave speed, ¢, may be determined according to the equation ¢ =
AdU/dA or ¢ = dU/dInA, where A is the cross-sectional area, dA is the change in cross-
sectional area as a function of time, dU is the change in the fluid velocity, and dInA is the
change in the natural logarithm of A as a function of time. ‘

According to another aspect, the invention provides a method of determining a measure
of wave speed in a fluid flowing through a fluid conduit, the method comprising:

using ultrasound measurements to determine the conduit diameter, as a function
of time, at a longitudinal position of the conduit;

using ultrasound measurements to determine fluid velocity, as a function of time,
in a volume element at said longitudinal position of the conduit, the ultrasound
measurement to determine fluid velocity being effected by tracking objects within the fluid
flow in successive frames sampling the volume element, and obtaining displacement
vectors for the objects; ;

determining a change in flow rate through the conduit based on the fluid velocity
measurements and the conduit diameter measurements;

determining a change in cross-sectional area of the conduit based on the conduit
diameter measurements; and

determining a wave speed from a ratio of the change in flow rate at the longitudinal
position as a function of time and the change in conduit cross-sectional area as a function

of time.

The fluid velocity may be determined using imaging velocimetry. The ultrasound
measurements for determining fluid velocity may comprise a series of B-mode images or
B-mode RF data. Obtaining displacement vectors may comprise correlating the locations
of the tracked objects in successive frames of the B-mode images or B-mode RF data.
The ultrasound measurements for determining conduit diameter and fluid velocity may be
both derived from a common ultrasound transducer head. The common transducer head
may be directed orthogonally to the fluid flow axis of the fluid flow conduit. The ultrasound
measurements for determining conduit diameter and fluid velocity may be both derived
from common ultrasound excitation and response signals. The wave speed, ¢, is

determined according to the equation ¢ = dQ / dA), where dQ is a change in the fluid flow
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rate and dA is a change in the cross-sectional area of the conduit. The fluid conduit may
comprise a part of the human or animal circulatory system. The method may include
repeating the ultrasound measurements and determining a wave speed at muitiple times
during a cardiac cycle and correlating the measurement of wave speed with time within
the cardiac cycle. The objects being tracked may comprise red blood cells, white blood
cells, platelets or contrast agent entities. The method may include determining a measure

of fluid conduit wall elasticity or distensibility at the volume element, from the wave speed.

A method of determining a measure of wave intensity in a fluid conduit, the method
comprising:

using ultrasound measurements to determine the conduit diameter, as a function
of time, at a longitudinal position of the conduit;

using ulirasound measurements to determine fluid velocity, as a function of time,
in a volume element at said longitudinal position of the conduit, the ultrasound
measurement to determine fluid velocity being effected by tracking objects within the fluid
flow in successive frames sampling the volume element, to obtain displacement vectors
for the objects;

determining a measure of wave intensity as a function of change in determined

conduit diameter and corresponding change in fluid velocity.

The fluid velocity may be determined using imaging velocimetry. The ultrasound
measurements for determining fluid velocity may comprise a series of B-mode images or
B-mode RF data, and obtaining displacement vectors comprises correlating the locations
of the tracked objects in successive frames of the B-mode images or B-mode RF data.
The ultrasound measurements for determining conduit diameter and fluid velocity may be
both derived from a common ultrasound transducer head. The commeon transducer head
may be directed orthogonally to the fluid flow axis of the fluid flow conduit. The ultrasound
measurements for determining conduit diameter and fluid velocity may be both derived
from common ultrasound excitation and response signals. The method may include
determining a wave speed in the fluid conduit. The measure of wave intensity may be
determined as a function of the determined conduit diameter, the determined fluid velocity
and the determined wave speed. The measure of wave intensity may be determined

according to the equation:
2

1 D
= 4+
dl 4(D/2c) (dD 2c dU)

4
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where dl+ is the forward wave intensity, di- is the backward wave intensity; D is the conduit
diameter; dD is the change in the conduit diameter; c is the wave speed; dU is the change
in fluid velocity. The measure of wave intensity is determined according to the equation
dl = dDdU, where dl is the wave intensity; dD is the change of conduit diameter; and dU
is the change of fluid velocity. The method may include determining wave energy by
integrating the wave intensity over a period of time. The wave speed may be determined
as a function of a ratio of the change in fluid velocity at the longitudinal position as a
function of time and the change in a logarithmic function of the conduit diameter as a
function of time. The wave speed, ¢, may be determined according to the equation ¢ =
0.5(dU / dInD), where dU is a change in the fluid velocity as a function of time and dinU is
a change of the natural logarithm of D as a function of time. The fluid conduit may
comprise a part of the human or animal circulatory system. The method may include
repeating the ultrasound measurements and determining a wave intensity at multiple
times during a cardiac cycle and correlating the measurement of wave intensity with time
within the cardiac cycle. The objects being tracked may comprise red blood cells, white
blood cells, platelets or contrast agent entities. The method may include determining a
measure of fluid conduit cross-sectional properties upstream and or downstream of the
sampled volume element from the wave intensity. The method may include determining

a cardiac output profile from the wave intensity.

According to another aspect, the invention provides an apparatus for determining a
measure of wave speed in a fluid conduit, comprising an analysis module configured to
perform the steps of any of the methods of determining wave speed as described above.

According to another aspect, the invention provides an apparatus for determining a
measure of wave intensity in a fluid conduit, comprising an analysis module configured to
perform the steps of any of the methods of determining wave intensity as described above.

Embodiments of the present invention will now be described by way of example and with
reference to the accompanying drawings in which:

Figure 1 is a schematic diagram of a fluid conduit and ultrasound transducer in
cross-section useful in explaining a fluid flow analysis technique;

Figure 2 is a schematic functional block diagram of an ultrasound fluid flow analysis

system;
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Figure 3 shows results of fluid velocity measurements in an artery (figures 3a and
3b) and conduit diameter measurement (figure 3c¢);
Figure 4 shows results of measured wave intensities in a rabbit central ear artery.

Arterial pulse waves and their relation to clinically important cardiovascular properties

a) Wave fundamentals

Pulse waves originate from the heart and travel forwards from the proximal (upstream) end
of the arterial system towards the periphery. Reflections originate more peripherally, at
sites where vascular properties change; the reflected waves travel backwards, and can
then re-reflect forwards and backwards between reflection sites until they dissipate.
Pushing more blood into the artery gives a compression wave whereas suction gives a
decompression wave. A compression wave will increase pressure and accelerate flow if it
originates proximal to the measurement site, whilst a decompression wave will decrease
pressure and retard flow. Methods described in this disclosure may generally relate to
measuring the speed and / or intensity and / or reflection of such compression /
decompression waves travelling through a fluid flowing in a fluid conduit such as the
circulatory system. The waves may generally be considered to comprise disturbances in
fluid pressure, fluid velocity and fluid conduit diameter that propagate along the fluid
conduit with time. In preferred arrangements exemplified herein, the fluid is blood and the
fluid conduits comprise blood vessels and components of the circulatory system.

b) Waves and cardiac performance

The left ventricle generates forward-going waves in non-coronary systemic arteries. A
compression wave arises at the start of systole because the contraction of the ventricle
causes the pressure and flow of blood to increase. A forward expansion wave that arises
in late systole is thought to be generated by momentum, which carries the blood forward
as ventricular contraction slows and then relaxes, resulting in a decrease in pressure and
flow. These waves are altered in clinically-important conditions. For example, the left
ventricle produces a smaller compression wave in patients with systolic heart failure,
including dilated cardiomyopathy [1, 2], whereas hypertrophic cardiomyopathy causes

diastolic dysfunction and results in a less powerful expansion wave [2].

c) Local arterial compliance
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The speed, ¢, of wave travel in arteries is conventionally termed Pulse Wave Velocity
(PWV). It is related to the distensibility of the wall and the density of blood by the Bramwell
Hill equation

c?= 1/ (density x distensibility).
Hence PWYV is a measure of arterial stiffness: the stiffer the artery, the faster the wave
speed. Peripheral arteries have a higher PWV than central ones, and arteries stiffen with
age [3]. PWV is clinically important because it is a strong, independent cardiovascular risk

factor [4], and because arteries stiffen when they become diseased [5].

Elasticity of a blood vessel can be obtained from wave speed (or PWYV) by the Moens-
Korteweg equation:

¢? = (Einc h)/(2 r rho)
where Ei is the incremental elastic modulus, h is the vessel wall thickness, r is the vessel

radius, and rho (p) is blood density.

A stretchy artery has low elastic modulus and high distensibility, so for the same vessel
(i.e. for the same h and r), they are reciprocally related:
Distensibility = (2 r)/(h Einc).

d) Wave reflections

Pulse waves are reflected at vascular sites where there is a change in cross-sectional area
or wave speed. Changes in area occur at sites of branching or taper, and changes in wave
speed occur where wall structure alters. Wave reflections are clinically important; the
ASCOT trial, for example, showed increased reflection to be a strong independent
predictor of cardiovascular events in hypertensives [6]. Wave reflections can account for
the different left ventricular masses in patients taking different anti-hypertensive
medication, despite similar brachial blood pressures [7], and they maintain systolic blood

pressure in patients with heart failure [1].

Measurement of arterial pulse wave characteristics

PWYV has been assessed by transit time methods. In an invasive transit-time technique, a
catheter having two pressure sensors a known distance apart is inserted into an artery,
and the time delay between the arrival of the pressure wave at the two sites is used in
conjunction with their separation to find the wave speed. Non-invasive assessment of PWV
using this principle is also possible. Detection can be based on pressure measured by

7
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applanation tonometry, velocity measured using Doppler ultrasound, or volume measured
by photoplethysmography. It is also possible to make measurements with MRI [9,10] but
this may be too costly for routine use. Sites are much further apart than with the invasive
technique: typically, transit times between the carotid and femoral arteries are assessed.

The catheter-based method is considered too invasive for routine use in people.
Unfortunately, the non-invasive methods also suffer from limitations. First, it is difficult to
obtain an accurate value for the path-length from the heart to each of the measuring sites,
especially in patients with obesity or tortuous vessels. Second, the methods give a PWV
averaged over several vessels, rather than local values. That is an important issue
because different arteries stiffen with age at different rates [3] and have different relations
to disease [10,11]; local measurements should have much greater clinical value (although
since they are less widely used, there have been few attempts to validate their predictive
value). Third, femoral waveforms may be difficult to record accurately or may be modified
in patients with a range of medical conditions. Fourth, and most importantly, all these
methods assess the velocity of the waves but not their intensity or reflection.

Attempts have been made to overcome these issues by developing methods for obtaining
PWYV at a single site. That eliminates the problems associated with averaging PWV ovér
large arterial distances and obviates the need for estimating those distances. Additionally,
the measurements required for determining PWV at a single site generally also make it
possible to analyse wave intensities and reflections, as explained below. Theoretically,

then, such techniques could be of great value.

In these single-site methods, wave properties are determined by continuously and
simultaneously measuring both blood pressure (P) and biood velocity (U). PWV can be
derived from the ratio of the change in P (dP) to the change in U (dU) between successive
measurements, if P and U are measured during phases of the cardiac cycle when forward
waves dominate [12]. Further characterisation of the waves was revolutionised by the
Wave Intensity Analysis (WIA) methods developed over the last 20 years by Parker and
co-workers [13]; an on-line tutorial is given at [14]. Their mathematical derivation is
complex but the equations derived for their practical application are straightforward. The
wave intensity, dl, at any time in the cardiac cycle is obtained from the product of dP and
dU. Knowing PWV (see above) additionally allows the wave to be decomposed into

forward and backward components.
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P and U can be measured invasively with catheter-based arterial probes. This method has
been used in many WIA studies, for example where WIA is used to determine the severity
of coronary stenosis [15]. However, the invasive nature of the technique is highly
restrictive. Attempts have therefore been made to develop non-invasive alternatives.

In locations where arteries overlie hard structures and are relatively close to the body
surface, P can be measured by applanation tonometry and U by Doppler ultrasound [1].
Utility is limited by the number of vessels that can be accessed in this way, as well as by
the need to calibrate the tonometer data. (Peak systolic pressures vary between arteries
due to different patterns of wave reflection; hence, pressures should be assessed by
sphygmomanometry of the brachial artery to obtain absolute mean and diastolic pressures
- these are constant throughout the arterial system and can therefore be used to calibrate
tonometric measurements from the vessel of interest. Alternatively, pressures could be
assessed by tonometry that has been calibrated by sphygmomanometry of the same
vessel.) Most importantly, it is impossible to apply both probes to the same site at the same
time; this means that the P and U data streams have to be acquired separately, ensemble

averaged and then time aligned by the ECG, introducing significant errors.

Another non-invasive method [2] has been implemented which uses a combination of
Doppler and M-Mode ultrasound to measure U and arterial diameter D, respectively. A
linear relation between the diameter of the artery and the pressure inside it is assumed, in
order to obtain the P required for conventional WIA. The use of Doppler and M-Mode can
be problematic since these modes require different beam angles, making it difficult to
image the same arterial segment. Furthermore, the calibration of the pressure-diameter
relationship is complex, as just described for tonometry. (In practice this is so involved that
it is rarely done, and carotid diameters are incorrectly calibrated by simple brachial
sphygmomanometry.)  Finally, the assumption that P and D are proportional is
fundamentally incorrect since arteries have non-linear stress-strain curves. Beulen et al
[16] have suggested methods to overcome this last issue by non-linearly estimating P from
D, but these involve a long chain of assumptions and have not been tested under
physiological conditions. Another technique combining Doppler with B-mode or M-mode

ultrasound is given in [55].
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The invention overcomes the limitations of existing systems because it obviates the need
for measuring P (invasively) or estimating it (inaccurately) from measurements of diameter,
D.

An alternative form of WIA is based directly on U and D, rather than U and P [17]. PWV
can be obtained from the ratio of the change in U to the simultaneous change in the natural

logarithm of D (preferably, at a point in the cycle when forward waves dominate):
¢ =0.5(dU/dinD).

Wave intensity is given by:

1 2

D
=——(dD +—
dl 4(D/2c) (dD ~ 2 dU)
where dl+ is the forward wave intensity, dl- is the backward wave intensity; D is the conduit
diameter; dD is the change of the conduit diameter; ¢ is the wave velocity; dU is the change

of fluid velocity.

This analysis technique has been validated in silicon model systems [18] (including a
geometrically and mechanically accurate model of the human aorta and its major branches
[19]) and with data acquired in human aortas by Dr Wilkinson and colleagues (Cambridge),
using MRI [20].

Ultrasound may be used to obtain the D and U data required by this new analysis
technique, thereby avoiding the use of costly MRI. Conventional ultrasound B-mode
methods can be used to determine D. To avoid the problem of different beam angle
requirements inherent in Doppler and M-mode measurements (discussed above), in a new
technique described herein, Doppler ultrasound is not used to determine U. Instead, a form
of particle image velocimetry known as ultrasound image velocimetry (UIV) is used. In this
method, a series of B-mode images, or the radio-frequency (RF) data from which they
derive, is acquired and regional cross correlation is performed on sequential images to
determine the local displacement of the ultrasound scatterers. The ultrasound scatterers
may be any suitable objects, such as red blood cells, white blood cells, platelets or
microbubble contrast agents, which can be tracked through consecutive image frames.

From these displacements, and the acquisition frame rate, a full 2-D velocity field is found.
10
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Combining the axial velocities obtained by this method with the new WIA equations means
that for the first time, wave velocities, intensities and reflections can be obtained non-
invasively, without unreliable conversion of D to P, from data streams obtained

simultaneously at the same location.

With reference to figure 1, a fluid conduit 1 has a longitudinal axis 2 which may be referred
to as the z-axis and conveys a fluid 3 therethrough with a dominant flow direction 4
generally along the z-axis. In an example, the fluid conduit 1 may be a vessel in the human
or animal circulatory system. An ultrasound transducer 10 is positioned to direct ultrasonic
excitation energy along a beam axis 11 which is transverse to the fluid conduit longitudinal
axis 2, and preferably is orthogonal to the fluid conduit longitudinal axis 2, i.e. the beam
axis 11 is on the y-axis as shown, the x-axis being into the plane of the drawing. The
transducer preferably comprises an array of transducer elements.

The ultrasound transducer 10 generates an excitation beam 12 comprising excitation
signals configured to sample a longitudinal position or extent 13 of the conduit 1 along the
z-axis and a lateral extent along the x-axis. The transducer 10 receives response signals,
from which are generated a succession of image frames. At least a part of each image
frame represents a volume element 15. The volume element 15 represents a finite
segment of the conduit along the z-axis, and may represent a portion of the conduit in x-
and y-space (orthogonal to the dominant flow axis) or may represent a full slice through
the conduit, i.e. the full conduit width in one or both of x and y. In a basic configuration,
UIV is performed on the volume element which is a full slice through the conduit diameter
and the stated finite segment of the conduit along the z-axis, and variation in wave velocity

across the conduit diameter is not considered.

Each image frame provides a spatial map of ultrasound-scattering objects in the flow and
correlation of successive image frames enables the velocity of selected objects passing
through the volume element 15 to be determined, in accordance with established
ultrasound imaging velocimetry techniques. The objects may, for example, be red blood
cells, white blood cells or platelets in blood flow through an artery in the human or animal
circulatory system. The objects may, for example, be microbubble contrast agents within
the blood flow. More generally, the objects may be any objects such as single particles or
clumps of particles capable of being distinguished in the ultrasound images from received

ultrasound echo signals. In one arrangement, identifiable objects in the first image of the

11
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volume element 15 are identified in a successive, e.g. second, image of the volume
element to see how far the objects have travelled. The objects may be speckles or speckle
patterns. The identification of the objects in the second image may be performed using an
autocorrelation method. The autocorrelation method may be applied to groups of objects.

The ultrasound transducer 10 may also be configured to transmit ultrasound excitation
signals to the conduit 1 and to receive corresponding ultrasound response signals
indicative of the positions 16 of the conduit walls. Successive measurements are used to
determine changes in diameter D of the conduit 1 at the longitudinal position 13, which
measurements are correlated in time with corresponding object velocity measurements.
The transducer 10 effecting the velocity measurements and the transducer effecting the

conduit wall positions 16 may comprise the same transducer head.

The fluid flowing in the conduit 1 is subject to pressure waves such as those caused by
the heart pumping action, arterial elasticity and arterial topology as discussed earlier. The
wave velocity of such pressure waves may be determined according to the expression ¢ =
0.5(dU / dInD), where dU is a change in the fluid velocity as a function of time and dInD is
a change in the natural logarithm of D as a function of time. The expression "as a function
of time" is intended to encompass any changes determined by successive measurements
of the relevant property at known time intervals such as unit time intervals (e.g. the
ultrasound imaging frame rate) or variable time intervals, or at times when two different
properties being measured can be correlated to a common point in time or time interval,
as well as an instantaneous measurement of the first time derivative of that property. Ina
preferred arrangement, D and U are determined periodically according to the frame rate
of the ultrasound transducer 10. In another arrangement, dU/dt and dinD/dt may be used
to determine wave speed or velocity.

The change in fluid velocity within the volume element 15 may be determined by
measuring the fluid velocity at two or more successive times, e.g. using the ultrasound
imaging velocimetry technique. The change in the logarithmic function of D may be
determined by measuring the diameter from the ultrasound response signals at the same

two or more successive times.

Wave velocity ¢ can then be determined by direct computation of the ratio of these two
changes. Alternatively, the rate of change of fluid velocity, dU/dt, may be determined for

12
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a sample period and the rate of change of the logarithmic function of conduit diameter,
dinD/dt, may be determined for a corresponding, but not necessarily identical, sample
period. The sample periods are preferably coextensive or overlapping or contiguous, but
in any event are sufficiently close in time that measured changes in fluid velocity are

correlated in time with measured changes in conduit diameter.

In general aspect, the measured fluid velocity U may be that of a single object or group of
objects as discussed above, or may be aggregated over a plurality of objects within the
volume element. In this respect, the fluid velocity may be expressed as an average fluid
velocity for the volume element 15. As stated earlier, the volume element can comprise a
full cross-section of the conduit diameter and the average fluid velocity can therefore be

the mean velocity across the conduit diameter.

The ultrasound response signals used to derive both fluid velocity and conduit diameter
may comprise B-mode image data. The B-mode image data may comprise RF data from
which B-mode images may be derived, and the fluid velocity may be determined directly
from the RF data. The B-mode image data may comprise B-mode images. The ultrasound
response signals used to derive both fluid velocity and conduit diameter may be obtained
as responses to common ultrasound excitation signals. The ultrasound response signals
used to derive both fluid velacity and conduit diameter may comprise B-mode data. The
conduit diameter may be obtained with fewer transducer elements than required for a B-
mode image, even down to a single fransducer element used more frequently, e.g. M-
mode. This could be interleaved with the full B-mode imaging used to obtain the velocity.
Use of the M-mode could give a more accurate measure of the diameter as a function of

time.

For measurements made in a human or animal circulatory system, the fluid velocity and
conduit diameters may be determined at multiple times during each cardiac cycle. The
determination of wave velocity may then be determined at multiple times during each
cardiac cycle and / or the wave velocity may be determined only at selected times during
each cardiac cycle. The wave velocity may be determined at a point in the cardiac cycle
when forward waves dominate at the longitudinal position 13.

From the measurements of wave velocity, a measure of the fluid conduit wall elasticity, at

the longitudinal position 13 of the volume element 15, may be made.
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In an alternative arrangement, the wave velocity may be computed according to a slightly
different methodology. The ultrasound data used to determine the conduit diameter D, as
a function of time, at the longitudinal position 13 of the conduit 1 may be used to calculate
a cross-sectional area A of the conduit as a function of time. The ultrasound
measurements used to determine fluid velocity as a function of time, in the volume element
15 at the longitudinal position 13 of the conduit 1, may be used to calculate a total flow
rate Q through the conduit as a function of time. Again, the expression "as a function of
time" is intended to encompass any changes determined by successive measurements of
the relevant property (e.g. Q or A) at known time intervals such as unit time intervals or
variable time intervals, or at times when two different properties being measured can be
correlated to a common point in time or time interval, as well as an instantaneous
measurement of the first time derivative of that property. In a preferred arrangement, Q
and A are determined periodically according to the frame rate of the ultrasound transducer
10. The measurements Q and A can be determined from velocity measurements U and
diameter measurements D by assuming radial symmetry. Alternatively, with some more

recent 3D ultrasound systems, it may be possible to obtain Q and A directly.

The wave velocity ¢ may then be determined according to a ratio of a change in flow rate
and a corresponding change in cross-sectional area of the conduit, e.g. ¢ = dQ / dA.
Change in flow rate through the conduit may be based on successive fluid velocity
measurements and conduit diameter measurements. Change in cross-sectional area of
the conduit may be based on successive conduit diameter measurements.

The wave velocity ¢ can also therefore be determined according to a ratio of a change in
fluid velocity and a corresponding change in cross-sectional area of the conduit, e.g. using
a relationship as outlined in [52],
¢ = AdU/dA = dU/dInA,

where A is the cross-sectional area, dA is the change in cross-sectional area, and dU is
the change in flow velocity. It can be understood that if changes in area are negligible
compared to changes in velocity, then the ¢ = dQ/dA expression [53] would be equivalent
to ¢ = AdU/dA. Otherwise they are only approximately the same.

Since A, and changes in A, can be determined according to the ultrasound measurements
of D, this can be seen as a function of changes in conduit diameter. Thus, in a general
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aspect, wave speed can be determined from a function of (i) the change in fluid velocity
at the longitudinal position as a function of time and (ii) the change in the conduit diameter
as a function of time, or wave speed can be determined from a ratio of the change in flow
rate at the longitudinal position as a function of time and the change in conduit cross-
sectional area as a function of time. It will be understood that in this context, a measure
of the change in cross-sectional area in a conduit having a circular cross-section can
readily be obtained from the measure of change in cross-sectional diameter. It will also
be understood that for a conduit with, e.g. a non-circular cross-section, multiple
measurements of diameter (at different angles about the conduit longitudinal axis) or
multiple chord measurements (which may or may not include a "diameter" in the strict
mathematical sense of a line passing through the centre of the conduit) may be used to
determine cross-sectional area and thereby to determine changes in cross-sectional area.

A measure of wave intensity can also be calculated from the ultrasound measurements
as described above, and in particular from the determined conduit diameter and fluid

velocity. A measure of wave intensity may be determined according to the equation:
dl, = ———-—1—-(dD + —D—dU)2
= 4(D/2c) 2c
where dI+ is the forward wave intensity, dI- is the backward wave intensity; D is the conduit
diameter; dD is the change in the conduit diameter; ¢ is the wave speed; dU is the

corresponding change in fluid velocity.

A measure of wave intensity can also be determined according to the equation di = dDdU,
where dl is the wave intensity; dD is the change of conduit diameter; and dU is the

corresponding change of fluid velocity.

A measure of wave energy, |, can also be determined by integrating the wave intensity dl
over a period of time. The period of time may be from the start of a wave to the end of a
wave and / or over a predetermined portion of a cardiac cycle. Determining wave energy

| may be useful for long lasting waves of low intensity.

From the measure of wave intensity at longitudinal position 13, it is possible to determine
a measure of performance of the heart. It is also possible to determine a measure of fluid
conduit wall stiffness and cross-sectional properties at the longitudinal position and also
both upstream and downstream of the longitudinal position 13 by suitable analysis over

the cardiac cycle, for example by analysis of reflections, particularly by calculating the
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intensity of reflected waves, the reflection coefficients and the distance to reflection sites.
The cross-sectional properties may include properties such as wall stiffness, wall
thickness, vessel cross-sectional area, branching, bifurcation, pathological alteration of

wall properties, etc.

With reference to figure 2, an exemplary apparatus for determining wave velocity and wave

intensity and wave energy is described.

Ultrasound transducer 10 is coupled to an ultrasound system module 20. An excitation
module 21 or driver provides signals 22 to the transducer 10 to generate ultrasound
excitation signals for insonification of the fluid conduit 1, particularly adapted to generate
response signals from a selected volume element 15 at a longitudinal position 13 of the
fluid conduit 1 as seen in figure 1. Response signals 23 from the transducer 10 are passed
to an ultrasound imaging velocimetry (UIV) analysis module 24 and to a geometric
structure analysis module 25. The UIV analysis module 24 is configured to determine a
succession of fluid velocity measurements, i.e. to determine fluid velocity as a function of
time, using UIV techniques as described above. The UIV analysis module 24 may also or
instead be configured to calculate the total flow rate Q through the conduit as a function of
time, also as discussed above. The geometric structure analysis module 25 is configured
to determine a succeséion of conduit diameter measurements, i.e. to determine conduit
diameter as a function of time, derived from ultrasound response signals from the conduit
walls, using techniques as described above. The geometric structure analysis module 25
may also be configured to determine a succession of cross-sectional area measurements

of the conduit from the successive diameter measurements.

The measurements of fluid velocity as a function of time and conduit diameter as a function
of time are passed to wave velocity analysis module 26 and / or wave intensity analysis

module 27.

Wave velocity analysis module 26 is configured to determine wave velocity either (i) from
a ratio of the change in fluid velocity and the corresponding change in logarithmic function
of conduit diameter, or (ii) from a ratio of the change in flow rate and the change in conduit
cross-sectional area, at the longitudinal position 13 of the conduit, using techniques as

described above.
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Wave intensity analysis module 27 is configured to determine wave intensity as a function
of change in conduit diameter and corresponding change in fluid velocity, using techniques

as described above.

Examples

In a preferred arrangement, improved UIV methods such as those described in [21-24]
may be used. These were implemented on an Ultrasonix scanner and showed that,
although the data were noisy, they give bload flow velocities comparable to theoretical
predictions and to invasive measurements in vitro, and that they non-invasively give
velocity measurements comparable to those obtained by Doppler ultrasound in a rabbit
aorta in vivo as shown in Figure 3. Figure 3a shows flow velocity data from UIV analysis
in the rabbit aorta. Velocity measurements are indicated by the magnitudes of arrows 30
for a plurality of spatial locations along the conduit flow axis (z) and transverse to the
conduit flow axis (x). These represent a velocity vector field overlaid on an ultrasound B-
mode image. Any one or more of these velocity measurements 30 may be used to derive
the velocity in a volume element 15 of figure 1. A succession of such velocity
measurements 30 over time, which may be averaged over the conduit cross-section, may
be used to derive fluid velocity as a function of time, as discussed above, and thereby
change in velocity. A set of the velocity measurements 30 through a cross-section of the
fluid conduit (e.g. all measurements 30 along a cross-sectional (x) axis may be used to
determine a flow rate through the conduit. Figure 3b shows maximum measured velocity
from a Doppler spectrum (line 31) from a Doppler ultrasound technique compared to
maximum velocity as measured by the UIV technique (line 32). Figure 3c shows a
measurement of conduit diameter (aorta diameter) measured from the B-mode images

using a simple intensity peak method.

From the UIV data, diameters obtained from the same scans, and the new approach
described herein, we calculated a wave speed of 3.6 m/s, which is well within the accepted

range of values.

Ultrafast ultrasound imaging systems have recently been developed for medical
applications [25]. They beam-form and acquire data from all transducer elements in
parallel instead of line by line, giving a frame rate up to two orders of magnitude higher
than conventional scanners. The technique is likely to form the basis of the next generation

of clinical scanners. For our purposes, the massively increased frame rate enables more
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accurate tracking of the rapid changes in flow and diameter that occur in arteries, and it
also reduces signal-to-noise ratios by allowing averaging of repeat measurements even
while meeting the stringent temporal resolution requirements. We have implemented UIV
on the new system and validated it in straight tubes, arterial phantoms and in the rabbit
aorta by comparison against analytical solutions and Doppler measurements [26]; data

quality was vastly improved by the higher frame rate [26].

The ultrasound system module 20 of figure 2 may be further adapted to include a real-time
graphical user interface 28 that shows a current B-mode image and a preliminary estimate

of velocity from UlV, allowing a user to select a region for analysis.

The system module 20 may further include a semi-automated echo tracking method for
monitoring arterial diameter. The position of the luminal surface of upper and lower conduit
walls may first be marked manually, e.g. using interface 28. A cross correlation of the RF
signals may then be used to track their position and hence obtain changes in conduit

diameter D.

Imaging and UlV variables such as plane wave steering angles and UIV tracking window
sizes may be optimised for accuracy and precision. RF data filtering may be incorporated

to optimise the ultrasound signals for UIV measurements.

A recently-described factor [27] that corrects PWV for effects of wave reflections may be
incorporated into the control software of the system module 20.

All data from the system may be transmitted to a database 29 for further processing. Wave
velocity and/or wave intensity analysis modules 26, 27 may be provided as separate
apparatus, e.g. for off-line processing and calculation of wave speed, intensity and

reflection from data captured to the database 29.

The system 20 may be used to detect circulatory abnormalities in humans and animals by
monitoring changes in wave intensities, which are altered in heart failure patients, using

the non-invasive techniques described.

Assessment of endothelial function: it has been noted that the vasodilator nitric oxide (NO)
changes the height of the dichrotic notch (a point of inflection between the systolic and
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diastolic peaks) in the pressure or volume wave. Substances which stimulate NO release,
such as acetylcholine (ACh), lower the height of the dichrotic notch. Substances like L-
NAME that inhibit NO production raise the height of the dichrotic notch, relative to the
overall amplitude of the wave. It has been shown that these changes are quite specific to
NO (and the related nitrovasodilators); they do not reflect general influences of vasoactive
agents on peripheral tone, blood pressure or heart rate. The effect may be due to altered
wave reflections as illustrated in figure 4. The system 20 may be deployed to determine

the effects of NO on wave reflections.

In figure 4, wave intensities in a rabbit central ear artery are shown. Figure 4a illustrates
wave intensity as a function of time for a baseline condition; figure 4b illustrates wave
intensity as a function of time after administration of ACh; and figure 4c illustrates wave
intensity as a function of time after administration of L-NAME. The initial wave (forward
compression) has been truncated to more clearly show its reflection from the lower body
(line 41, second wave). In figure 4b, which illustrates the maximum NO condition, this is a
single peak 43. It develops a shoulder 44 in the baseline state (less NO) and a double
peak 45 with L-NAME (least NO), indicating that NO is altering these reflections.

The system 20 may be usable to detect heart failure, age-related arterial stiffening and

NO-dependent wave reflection in pre-clinical models.

Traditional methods for analysing pulse waves are based on Fourier analysis. The resulits
are in the frequency domain, which makes it hard to relate them to any feature of clinical
relevance. Wave Intensity Analysis, in contrast, conceptualises waves as being built up
of infinitesimal wavefronts that travel forward or backwards with known intensities at
specific times. The breakdown of the pulse wave in this way makes it much easier to relate
its features to real cardiac and vascular properties.

WIA may be used in procedures that evaluate the functional significance of coronary
stenoses, and hence determine whether intervention is required. It identifies naturally
wave-free periods during the cardiac cycle. At such points, the ratio of pressure upstream
and downstream of a stenosis can be used to assess the resistance it causes. In a
conventional procedure, such periods are not identified and waves may have to be

eliminated by administering vasodilating drugs, which is time consuming, expensive,
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unpleasant for the patient and not feasible in some patient groups. The techniques

described herein may provide a non-invasive method without requiring catheterization.

The system may be used for investigating Heart Failure. Curtiss et al [1] compared normal
subjects and patients with compensated systolic heart failure. The energy in a re-reflected
expansion wave (the X wave) was 80% lower in the patients. Interestingly, the
augmentation index based on tonometry — a supposed measure of wave reflections that
is not based on WIA — was unchanged. Takaya et al [37] examined patients having chronic
heart failure with normal ejection fraction under exercise testing, an accepted method for
predicting survival. No transthoracic echocardiography parameters correlated significantly
with any exercise parameter, but the intensity of the forward expansion wave (W2)
correlated significantly with all exercise parameters, implying that this simple non-invasive
measure will better predict outcome. Vriz et al [38] conducted a longitudinal study of
patients with heart failure and reduced ejection fraction, comparing wave parameters with

echocardiographic indices of left ventricular function. Average follow-up was >3 yr. On

stepwise backward multiple regression, only a wave parameter - the intensity of W2 - was
an independent predictor of outcome. Li and Guo [39] assessed the value of WIA in
differentiating non-obstructive hypertrophic cardiomyopathy (NOHCM) from left ventricular
hypertrophy secondary to hypertension (LVHSH). They examined the forward going
compression (W1) and expansion (W2) waves and an area of negative wave intensity (NA)
resulting from peripherél reflections. W2 was lower in NOHCM than in LVHSH and in
normal subjects. NA was higher in LVHSH than in NOHCM and normal subjects. The wave
intensity parameters differed to a much greater extent than the transthoracic echo
parameters: W2 differed 3-fold and NA nearly 2-fold between NOHCM and LVHSH groups,
whereas the largest TTE changes were about 40%. Thus WIA is likely to be useful for
differentiating between different types of heart failure. Siniawski et al [40] examined
patients suffering from end-stage dilative cardiomyopathy and awaiting transplant.
Univariate logistic regression analysis was performed to assess the predictive value of
WIA, VO2max, invasively assessed pressures and stroke volume, and
echocardiographically-measured ejection fraction. The strongest predictor of events was
the 1st peak of wave intensity. Indeed it was only on the basis of the wave parameters that
the two groups could be distinguished, again suggesting WIA will predict outcomes.

The clinical need for measuring arterial stiffness, or PWV as a surrogate, is well known —

it has frequently been reviewed, and is the subject of consensus or policy documents from
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expert groups [41,42]. The difficulties and disadvantages of estimating global PWV are
presented above. There is much interest in assessing local wall stiffness for clinical
purposes and many manufacturers have consequently devised non-invasive methods for
doing so. These methods are based on echotracking — they use ultrasound to measure
the change in arterial diameter over the cardiac cycle. In order to obtain wall stiffness, it is
also necessary to know the local systolic and diastolic pressures. Unfortunately, this brings
us back to the problems discussed for applanation tonometry, above. In the method
described herein, by contrast, local PWV is obtained from measurements of U and D —
pressures are not required — and measurements are feasible from all vessels that can be
imaged by ultrasound (including substantial segments of the aorta).

The methods described herein may be used to diagnose endothelial dysfunction through
its influence on wave reflections. Endothelial dysfunction — characterised principally by a
reduction in NO bioavailability — is a strong risk factor for cardiovascular disease but rarely
assessed. That is unfortunate because a number of lifestyle changes have been shown to
improve endothelial function. Several pharmacological approaches are also under
investigation [43, 44]. It is likely to reflect the technical challenge of measuring such
dysfunction. The only method approaching acceptance, at least in a research context,
involves inducing flow mediated dilatation: an occlusive cuff is placed around the forearm,
inflated above systolic pressure for several minutes, and then released. The increased
flow resulting from reactive hyperaemia increases haemodynamic shear stress on the
brachial artery endothelium, leading to NO release and dilatation of the vessel. The
increase in diameter is assessed from ultrasound images [45]. Although this measure is
related to cardiovascular risk [46], many technical issues remain: methods of normalisation
for baseline diameter introduce artefacts [47]; cuff position, duration of occlusion and
timing of measurement seem critical, and with some the dependence on NO is
questionable [48]; there is individual variation in the degree of reactive hyperaemia but
normalising by the shear siress appears to cause additional problems [49]; and there is
great operator dependence that needs to be minimised by holding the probe with a
micrometer-adjustable stereotaxic apparatus [48). In the methods described herein,
endothelial function could be assessed from the effect of NO on pulse waves rather than

solely on diameter.

Current ultrafast ultrasound systems can resolve down to 100 microns, which is more than

adequate for obtaining sufficient accuracy in the dD term and the resolution in velocity is
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<1% of peak velocity and leads to acceptably small errors in dU. Furthermore, the speed
of such system (>1000 frames/s) is sufficient to “freeze” the motion of vessels that move
during the cardiac cycle. To date, signal-to-noise ratios have been acceptable and
microbubble contrast agents could be used to improve them further, for example by
distinguishing non-linear signals emitted by the microbubbles and linear signals emitted
by the tissue.

The methods of determining wave speed and / or determining wave intensity generally
have application in any non-rigid fluid conduit system, particularly within a system
exhibiting elastic behaviour in the walls in at least part of the system. The expression
'conduit’ encompasses pipes and tubes which may have varying diameters and cross-
sectional profiles, which may be branching and which may have chambers connected
thereto. Generally, the techniques described could be applied in any elastic walled fluid
conduit which has sufficient transparency to ultrasound to enable the tracking of objects
within a flow of fluid within the conduit. The techniques could generally be applicable to a
system where compression / decompression waves may arise within the fluid conduit, e.g.

from the operation of valves within the system.

The equations used as described above, to determine wave speed, wave intensity, and /
or wave energy, can be modified for greater accuracy to take into account other
measurable properties of the system such as viscosity of the fluid medium (e.g. blood),
viscoelasticity of the conduit walls and other non-linear effects. In one method [57], this
may be achieved by making additional measurements of D or U (or equivalently additional
measurements of A or Q) at a second site along the conduit. The equations used to
determine wave speed could be modified to take account of reflections, e.g. using a

correction factor as derived by P Segers et al [27].
Wave intensity analysis techniques such as those used in this disclosure can be improved
by subtracting "windkessel" effects, i.e. subtracting the pressure that is caused by the

elastic vessels being pumped full of blood, and not by waves [56].

Other methods for calculation of wave speed

Using pressure and velocity, wave speed is conventionally calculated as
¢ = (1/rho)(dP/dU)
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where rho (p) is fluid density. This method and those exemplified earlier in this document

may be used in early systole, when reflections can be considered to be negligible.

Wave speed can also be calculated when waves are not unidirectional using the “sum-of-
squares” method [54]:

¢ = (1/rho) [(Z dP?)/ (Z dU?)]°5
where % is the sum over the cardiac cycle.

It may be possible to convert this to an equation based on A (cross-sectional area) and D
(conduit diameter), such as

¢ = 0.5 [(Z dU?)/ Z dInD?)]°3
thereby also falling within the general ambit of a function of (i) the change in fluid velocity
at the longitudinal position as a function of time and (ii) the change in the conduit diameter

as a function of time.
Other embodiments are intentionally within the scope of the accompanying claims.
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CLAIMS

1. A method of determining a measure of wave speed in a fluid flowing through a fluid
conduit, the method comprising:

using ultrasound measurements to determine the conduit diameter or conduit
cross-sectional area, as a function of time, at a longitudinal position of the conduit;

using ultrasound measurements to determine fluid velocity, as a function of time,
in a volume element at said longitudinal position of the conduit, the ultrasound
measurement to determine fluid velocity being effected by tracking objects within the fluid
flow in successive frames sampling the volume element, and obtaining displacement
vectors for the objects;

determining a wave speed from a function of (i) the change in fluid velocity at the
longitudinal position as a function of time and (ii) the change in the conduit diameter or

conduit cross-sectional area, as a function of time.

2. The method of claim 1 in which the wave speed is determined from a ratio of the
change in fluid velocity at the longitudinal position as a function of time and the change in
a logarithmic function of the conduit diameter as a function of time.

3. The method of claim 2 in which the wave speed is determined from a ratio of a
change in fluid velocity at the longitudinal position within a time interval and a
corresponding change in a logarithmic function of the conduit diameter within the same

time interval.

4. The method of claim 1 in which the wave speed is determined from the change in
fluid velocity at the longitudinal position within a time interval and a corresponding change

in the conduit diameter within the same time interval.

5. The method of claim 1 in which the fluid velocity is determined using imaging
velocimetry.
6. The method of claim 1 in which the ultrasound measurements for determining fluid

velocity comprise a series of B-mode images or B-mode RF data, and obtaining
displacement vectors comprises correlating the locations of the tracked objects in
successive frames of the B-mode images or B-mode RF data.
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7. The method of claim 1 in which the ultrasound measurements for determining
conduit diameter and fluid velocity are both derived from a common ultrasound transducer
head.

8. The method of claim 7 in which the common transducer head is directed
orthogonally to a fluid flow axis of the fluid flow conduit.

9. The method of claim 7 in which the ultrasound measurements for determining
conduit diameter or conduit cross-sectional area, and fluid velocity are both derived from

common ultrasound excitation and response signals.

10. The method of claim 1 in which the wave speed, ¢, is determined according to the
equation ¢ = 0.5(dU / dIinD), where dU is a change in the fluid velocity as a function of time
and dInD is a change in the natural logarithm of D as a function of time.

11. The method of claim 1 in which the fluid conduit comprises a part of the human or

animal circulatory system.

12. The method of claim 11 further including repeating the ultrasound measurements
and determining a wave speed at multiple times during a cardiac cycle and correlating the

measurement of wave speed with time within the cardiac cycle.

13.  The method of claim 11 in which the objects being tracked comprise red blood
cells, white blood cells, platelets or contrast agent entities.

14, The method of claim 1 further including determining a measure of fluid conduit wall

elasticity or distensibility at the volume element, from the wave speed.

15. The method of claim 1 in which the wave speed, ¢, is determined according to the
equation ¢ = AdU/dA or ¢ = dU/dInA, where A is the cross-sectional area, dA is the change
in cross-sectional area as a function of time, dU is the change in the fluid velocity as a
function of time, and dInA is the change in the natural logarithm of A as a function of time.
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16. A method of determining a measure of wave speed in a fluid flowing through a fluid
conduit, the method comprising:

using ultrasound measurements to determine the conduit diameter, as a function
of time, at a longitudinal position of the conduit;

using ultrasound measurements to determine fluid velocity, as a function of time,
in a volume element at said longitudinal position of the conduit, the ultrasound
measurement to determine fluid velocity being effected by tracking objects within the fluid
flow in successive frames sampling the volume element, and obtaining displacement
vectors for the objects;

determining a change in flow rate through the conduit based on the fluid velocity
measurements and the conduit diameter measurements:

determining a change in cross-sectional area of the conduit based on the conduit
diameter measurements; and ,

determining a wave speed from a ratio of the change in flow rate at the longitudinal
position as a function of time and the change in conduit cross-sectional area as a function

of time.

17. The method of claim 16 in which the fluid velocity is determined using imaging

velocimetry.

18. The method of claim 16 in which the ultrasound measurements for determining
fluid velocity comprise a series of B-mode images or B-mode RF data, and obtaining
displacement vectors comprises correlating the locations of the tracked objects in

successive frames of the B-mode images or B-mode RF data.

19.  The method of claim 16 in which the ultrasound measurements for determining
conduit diameter and fluid velocity are both derived from a common ultrasound transducer
head.

20. The method of claim 19 in which the common transducer head is directed
orthogonally to the fluid flow axis of the fluid flow conduit.

21.  The method of claim 20 in which the ultrasound measurements for determining
conduit diameter and fluid velocity are both derived from common ultrasound excitation

and response signals.
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22. The method of claim 16 in which the wave speed, c, is determined according to
the equation ¢ = dQ / dA), where dQ is a change in the fluid flow rate and dA is a change

in the cross-sectional area of the conduit.

23. The method of claim 16 in which the fluid conduit comprises a part of the human

or animal circulatory system.

24.  The method of claim 23 further including repeating the ultrasound measurements
and determining a wave speed at multiple times during a cardiac cycle and correlating the

measurement of wave speed with time within the cardiac cycle.

25.  The method of claim 23 in which the objects being tracked comprise red blood

cells, white blood cells, platelets or contrast agent entities.

26. The method of claim 16 further including determining a measure of fluid conduit

wall elasticity or distensibility at the volume element, from the wave speed.

27. A method of determining a measure of wave intensity in a fluid conduit, the method
comprising:

using ultrasound measurements to determine the conduit diameter, as a function
of time, at a longitudinal position of the conduit;

using ultrasound measurements to determine fluid velocity, as a function of time,
in a volume element at said longitudinal position of the conduit, the ultrasound
measurement to determine fluid velocity being effected by tracking objects within the fluid
flow in successive frames sampling the volume element, to obtain displacement vectors
for the objects;

determining a measure of wave intensity as a function of change in determined

conduit diameter and corresponding change in fluid velocity.

28.  The method of claim 27 in which the fluid velocity is determined using imaging

velocimetry.

29.  The method of claim 27 in which the ultrasound measurements for determining
fluid velocity comprise a series of B-mode images or B-mode RF data, and obtaining
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displacement vectors comprises correlating the locations of the tracked objects in
successive frames of the B-mode images or B-mode RF data.

30.  The method of claim 27 in which the ultrasound measurements for determining
conduit diameter and fluid velocity are both derived from a common ultrasound transducer
head.

31. The method of claim 30 in which the common transducer head is directed
orthogonally to the fluid flow axis of the fluid flow conduit.

32. The method of claim 30 in which the ultrasound measurements for determining
conduit diameter and fluid velocity are both derived from common ultrasound excitation

and response signals.

33. The method of claim 27 further including determining a wave speed in the fluid
conduit, and in which the measure of wave intensity is determined as a function of the
determined conduit diameter, the determined fluid velocity and the determined wave

speed.

34. The method of claim 27 in which the measure of wave intensity is determined

according to the equation:

2

D
dl, dD + —dU)
- 2c

1
=157
where dl+ is the forward wave intensity, dI- is the backward wave intensity; D is the conduit
diameter; dD is the change in the conduit diameter; ¢ is the wave speed; dU is the change
in fluid velocity.

35.  The method of claim 27 in which the measure of wave intensity is determined
according to the equation dl = dDdU, where dl is the wave intensity; dD is the change of

conduit diameter; and dU is the change of fluid velocity.

36. The method of claim 34 or 35 further including determining wave energy by

integrating the wave intensity over a period of time.
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37. The method of claim 33 in which the wave speed is determined as a function of a
ratio of the change in fluid velocity at the longitudinal position as a function of time and the

change in a logarithmic function of the conduit diameter as a function of time.

38. The method of claim 37 in which the wave speed, c, is determined according to
the equation ¢ = 0.5(dU / dInD), where dU is a change in the fluid velocity as a function of
time and dinU is a change of the natural logarithm of D as a function of time.

39.  The method of claim 27 in which the fluid conduit comprises a part of the human

or animal circulatory system.

40. The method of claim 39 further including repeating the ultrasound measurements
and determining a wave intensity at multiple times during a cardiac cycle and correlating

the measurement of wave intensity with time within the cardiac cycle.

41.  The method of claim 38 in which the objects being tracked comprise red blood

cells, white blood cells, platelets or contrast agent entities.

42. The method of claim 27 further including determining a measure of fluid conduit
cross-sectional properties upstream and or downstream of the sampled volume element

from the wave intensity.

43.  The method of claim 39 further including determining a cardiac output profile from

the wave intensity.

44,  Apparatus for determining a measure of wave speed in a fluid conduit, comprising:
an analysis module configured to perform the steps of any of claims 1 to 26.

45.  Apparatus for determining a measure of wave intensity in a fluid conduit,

comprising:
an analysis module configured to perform the steps of any of claims 27 to 43.
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