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Blood Noise Reduction in
Intravascular Ultrasound Imaging

Aage Gronningsaeter, Bjørn A. J. Angelsen, Senior Member, IEEE,
Audun Gresli, Hans G. Torp, Member, IEEE, and David T. Linker

Abstract— Scattering from red blood cells (blood noise) in-
creases significantly as the ultrasound frequency is increased
above 10 MHz. This reduces the contrast between the vessel wall
and the lumen in intravascular ultrasound imaging which makes
it difficult to localize the vessel wall and plaque. A blood noise
filter based on beam tilting and digital lateral low pass filtering
is described. Beam tilting introduces a Doppler shift from blood
which results in a frequency separation of the vessel wall signal
and the blood noise. The performance of the filter is investigated
by simulations and by in vitro experiments. The filter is found to
be effective for blood velocities exceeding approximately 50 cm
s�1 at a 20 MHz ultrasound frequency with a beam tilt angle of
10 degrees and a frame rate of 15 f.p.s. By increasing the system
frequency to 40 MHz, increase the beam tilt angle to 15 degrees
and reduce the frame rate to 10 f.p.s., the filter is effective for
blood velocities below 10 cm s�1.

I. INTRODUCTION

INTRAVASCULAR ultrasound imaging has developed
rapidly since the end of the 1980s [1]–[7]. Interesting

applications are lumen area measurements, plaque characteri-
zation and 3D lumen imaging. In order to achieve acceptable
resolution with small catheters ( 10 F), a high ultrasound
frequency ( 10–40 MHz) is required. As the ultrasound
frequency is increased above 10 MHz, scattering from blood
(blood noise) becomes apparent, reducing the contrast between
the lumen and the vessel wall. In real time imaging it may
still be possible to see the transition between the blood and
the vessel wall due to the temporal fluctuation of the blood
noise [7]. However, on frozen images the blood noise makes
it difficult to trace the vessel wall for measurements and
3D-reconstruction.

It is of great clinical value to obtain a precise definition
of the border between blood and the vessel wall, for instance
for device sizing and stent placement. Applying a blood noise
filter would make the discrimination simpler in both real time
imaging and on still images. However, soft plaque and stagnant
blood represents a challenge since the acoustic impedance
differ little from that of blood. The result is low scatter from
the plaque which requires a very effective blood noise filter in
order to differentiate it from blood.
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Recently available fast analog to digital converters and
random access memories make it possible to acquire and
store the received high frequency ultrasound RF-signal in real
time. This means that digital signal processing algorithms can
be applied to the linear RF-signal along the beam (radial
direction), from pulse to pulse (lateral direction) and from
frame to frame (along the image frame coordinate or temporal
direction). This opens up for noise reduction techniques that
were not possible with analog techniques, however little work
is published in this field so far. Some papers describe common
imaging artifacts and geometric errors in intravascular ultra-
sound imaging without specifying signal processing that may
correct for it [8]–[12].

The linear RF-signal contains information about scattering
properties and movements of the biological structures. The
sampling interval along the beam is in the order of 0.1 s,
so short that movements in tissue or blood can hardly be
registered from sample to sample. However, it is possible to
observe changes in the vessel wall and blood signal in the
lateral direction and along the image frame coordinate since
the sampling intervals are in the order of 1 ms and 100 ms,
respectively.

This paper presents one method for blood noise reduction
based on signal processing in the lateral direction. The blood
movement makes it possible to discriminate the blood signal
from the vessel wall signal. The lateral power spectrum from
a fixed vessel wall will be centered around zero frequency,
and the shape of the spectrum is primarily determined by
the beam profile. The lateral (temporal) frequency content is
inversely proportional to the transit time which is given by the
beam profile and the beam angular velocity. Blood that is not
moving yields a spectrum of the same shape and frequency
content. However, as the blood velocity increases, the transit
time drops and the spectrum broadens.

If the ultrasound beam is tilted a few degrees up or down
stream, then a Doppler shift is introduced in the blood noise,
and a frequency separation between vessel wall signal and
blood noise occur. A lateral low pass filter implemented in
each depth location will pass the vessel wall signal through
while fractions of the blood noise is suppressed.

Blood noise is primarily caused by scattering from the red
blood cells. These are disc shaped and approximately 2 m
thick and 7 m in diameter. The scattering intensity from
blood is frequency dependent. Shung et al. [13] has reported
a frequency dependency equal to (Rayleigh scattering) for
frequencies up to approximately 15 MHz, and Lockwood et al.
[14] has measured it to approximately in the 35–65 MHz
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TABLE I
SYMBOLS AND ABBREVIATIONS

frequency range. The blood scatter will increase significantly
as the ultrasound frequency is increased above 10 MHz as
illustrated in Fig. 1 where three images at 10, 20 and 30 MHz
are compared (all acquired under different conditions).

In Section II.A, a linear model for the received RF-signal
is presented, valid close to the focus of the beam. This model
is used to derive an expression for the power spectrum in
the lateral direction. Section II.B lists some typical blood,
vessel wall and catheter tip velocities and their frequency shift
and broadening effects on the power spectrum in the lateral
direction. Section II.C presents a simulation that quantifies
possible frequency separation and blood noise reduction in
case an ideal lateral low pass filter is applied. Section III
demonstrates blood noise reduction by an in vitro experiment
with a simple lateral FIR-filter applied. Data is acquired from
a rubber hose flushed with a blood mimicking liquid.

The symbols and abbreviations that occur most frequently
in the paper are listed in Table I.

II. SIGNAL ANALYSIS

A. Signal Model

The ultrasound spatial RF image is formed by assigning the
received RF-signal from a defined beam direction, to the image
along the direction of the beam-axis, using the time to range
transform: . The angular coordinates of the image are

the same as the angular coordinates of the beam axis. The total
received RF-signal is the superposition of the contribution of
the individual scatterers, hence the complex preenvelope can
be written as an integral:

(1)

where the scatterer coordinates are ( ) and the image
coordinates are ( ) as shown in Fig. 2. The expression

is a small volume element in the scatterer space.
The spatial scattering distribution is denoted

and the echo signal response ESR ( ) is the
signal from a point scatterer located at ( ). The angular
variation of the ESR is determined by the beam profile, and
the range variation is determined by the received pulse. The
received pulse waveform depend in general on the location of
the scatterer within the beam, but close to the focus one can
separate the range and angular dependency. The echo signal
response (complex preenvelope) can then be written

(2)
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(a)

(b)

(c)

Fig. 1. (a) 10 MHz image of pig ascending aorta. Blood noise is not visible.
(Rotating mirror catheter, CVIS); (b) 20 MHz image of pig ascending aorta.
Blood noise is visible. (Rotating mirror catheter, CVIS); (c) 30 MHz image
of human external iliac. Blood noise represents a major contrast problem.
(Rotating transducer catheter, Boston Scientific)

is a gain factor including the amplitude of the trans-
mitter, the insertion loss of the transducer, the range dependent

Fig. 2. Coordinate system for intravascular ultrasound imaging with a
catheter. The beam coordinates are given by (r; �;  ) and the scatterer or
object coordinates are specified by (r0; �0

;  
0).

receiver gain (time gain compensation, TGC) and frequency
dependency of the scattering and absorption in the medium.

takes care of loss due to spherical wave expansion
by diffraction in the transmit and receive beams.
is the complex envelope of the signal received from
a point scatterer.
is the wave number,
describes the complex phase of the signal.
is the two way angular sensitivity function of the
transducer.

Equation (2) is spatially invariant in and , but not in
range due to the spherical wave expansion and the gain
factor . The gain factor can be approximated by a
constant by proper time gain compensation and by neglecting
frequency dependent scattering and attenuation. The received
RF-signal can then be written

(3a)

(3b)

which is a convolution between the spatial scattering distribu-
tion and a spatial invariant impulse response define
by

(4)

This model will be used to derive an expression for the power
spectrum in the lateral direction.

Doppler Shift: Scatterer movement along the beam axis
will generate a Doppler shift in the received signal. This can
be seen from the complex envelope of the echo response from



GRONNINGSAETER et al.: BLOOD NOISE REDUCTION IN INTRAVASCULAR ULTRASOUND IMAGING 203

a single scatterer which is obtained by multiplying the echo
signal response in (2) with (quadrature demodulation):

(5)

This equation describes a complex low pass signal in both
the radial and the lateral direction. The radial position versus
time for a point scatterer that moves with velocity along
the beam axis is

(6)

where is the range at . Inserting this equation into the
complex phase term of (5) yields

(7)

The first phase factor depends on the scatterer position
at while the second term relates complex phase and
scatterer velocity through the Doppler equation:

(8)

Power Spectrum in the Lateral Direction: The ultrasound
beam scans 360 degrees around the catheter axis, sending
repetitive pulses, uniformly spaced in angle. The two
dimensional (2D) image presented on the screen is a 2D
mapping of a 3D scattering distribution. When the signal
is analyzed in one dimension only (in the radial, lateral
or temporal direction), then a 3D scattering distribution is
mapped to a 1D signal. A model for the 1D lateral power
spectrum from stationary scatterers is found, making the
following assumptions: The scatterers are small compared
to the wavelength and randomly distributed, i.e. the spatial
power spectral density from the scatterers is constant. Then the
Wiener-Khintchine theorem [15] can be applied to the Fourier
transform of (3) and integration over the elevation frequency
range can be performed. By setting the range parameter
constant, the following expression is obtained, see Appendix:

(9)

where is the two dimensional spatial Fourier
transform of the two way angular sensitivity function , .

A specific solution to (9) is required for quantitative assess-
ments on blood noise reduction by lateral filtering. The simple
analytical expression for the far field radiation from a plane
circular piston transducer (excited uniformly by continuous

Fig. 3. Model for the power spectrum in the lateral direction from a large
number of small, randomly distributed and stationary scatterers. The spatial
frequency content is limited to � 2k0a, where “a” is the transducer radius
and “k0” is the wave number.

waves) has been used to derive the following expression [16]
as shown in (10) at the bottom of this page. Equation (10)
describes a circular symmetric cone shaped function. The
model of the lateral power spectrum is now found by
numerical integration of (9) with (10) inserted. A linear plot is
shown in Fig. 3. Note that this spatial frequency content from
stationary scatterers is limited to

(11)

The proposed model for the lateral power spectrum is only
valid in the far field and for continuous wave excitation. Pulsed
wave excitation changes the angular properties of the beam,
but the error in lateral power spectrum is assumed to be low
for relatively long transmit pulses like the ones that have been
used in this work (transducer 6 dB fractional bandwidth is

25%).
The beam profile from a plane transducer expands propor-

tional to range (in the far field). However, most intravascular
catheters use a focused beam, either by curving the transducer
or the mirror. In this case the beam expands more rapidly distal
to the focus. The expression in (9)–(11) is only valid close to
the focus. Distal to the focus, this model overestimates the
lateral bandwidth.

Sampling Criteria: Three sampling criteria should be met
in order to avoid aliasing:

elsewhere

(10)
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a) In the radial direction, a sampling frequency of at least
twice the bandwidth of the transducer is required (typical
values: 10–40 MHz).

b) In the lateral direction, the beam density should ensure
sufficiently beam overlap in order to avoid aliasing in
the lateral spatial frequency domain. The lateral spatial
sampling frequency equals the number of beams per
revolution , and this number should be no less than
twice the maximum spatial frequency component from
stationary tissue (see (11)):

(12)

Typical value: 225 ( 0.7 mm, 20 MHz,
1560 m s ).

c) The lateral temporal frequency is proportional to the
lateral spatial frequency, the constant of proportionality
is , the frame rate, see (13a). The spatial frequency
(unit less) in a specific depth is independent on the speed
of rotation, while the temporal frequency (in Hz) equals
the product of the frame rate and the spatial frequency.
The lateral temporal sampling frequency is given by
(13b)

(13a)

(13b)

and should be no less than twice the maximum
temporal frequency component from the Doppler shifted
and broadened spectrum from blood which typically
ranges between 5–15 kHz. Lateral temporal sampling
frequencies in the range 10–30 kHz is therefor required.
The corresponding beam densities are 666–2000
at the typical frame rate 15 f.p.s.

B. Signal Properties in the Lateral Direction

Doppler Shifts: Three kind of movements cause radial ve-
locity components along the beam axis as illustrated in Fig. 4:
blood flow in the -direction (if the beam is tilted), vessel
wall and catheter tip velocities.

The corresponding Doppler shifts are given by

(14)

(15)

(16)

The Doppler shift from blood increases with the beam
tilt angle at the expense of geometrical distortion of the
displayed image. This distortion equals unless it is
compensated for (1.5% error for 10 ). A minor drop in
back scattered intensity is expected due to beam tilting in the
range 5–15 degrees [17], [18]. The Doppler shifts in (14)–(16)
may be directed in the same or in the opposite direction along
the frequency axis depending on: the beam tilt angle, the
direction of blood flow relative the catheter tip, catheter tip
movement and whether the blood flow is systolic (peripheral
arteries) or diastolic (coronary arteries). A description of some
typical blood, vessel wall, and catheter tip velocities is listed
below in order to quantify the Doppler shifts.

Fig. 4 Three kinds of movement yield velocity components in the radial
beam direction: � Blood flow with velocity VB in the catheter axial direction. �
Vessel wall dilatation of velocity VVW. � Catheter tip translation with velocity
VCT perpendicular to the catheter axis. The components of these velocities
in the beam radial direction are VBr , VVWr and VCTr , respectively.

Blood Velocities: The phasic blood velocity is highest in
the ascending aorta, with typical systolic peak velocity being
100 cm s [19]. The peak velocity will be lower in the
peripheral and coronary arteries. Typical peak velocities in the
femoral and the iliac artery are 40–80 cm s [19], [20], with
systolic flow dominating. In the coronary arteries, diastolic
flow dominates, and peak velocities exceeding 50 cm s may
occur [21], [22]. However, there are large variations in what
is normal.

Vessel Wall Velocities: Published work on measurements of
vessel wall velocities is sparse. One paper describes the
measurement of the diameter of a femoral artery with an A-
mode ultrasound instrument by tracking the two vessel walls
with two independent phase locked loop systems [23]. The
following maximum vessel wall velocity was calculated from
the diameter traces: 2.7 mm s .

More data is available on radial dilatation: the relative
change in vessel radius . Nichols tabulates some mea-
sured values for some peripheral and coronary arteries in
humans and dogs [19]. Values exceeding 5% rarely occur.
Assume that the maximum vessel wall velocity occurs dur-
ing the rise time of the systolic pressure, here estimated to
last a minimum of 100 ms, then the maximum
radial vessel wall velocity can be estimated to:

0.25 D [ mm s ] where D is the diameter
of the vessel (in mm). Applied to arteries of diameter 3 mm
and 10 mm, the estimated maximum vessel wall velocities are
0.75 mm s and 2.5 mm s , respectively.

Catheter Tip Velocities: The catheter tip velocity adds to
the vessel wall velocity, i.e. the measured Doppler shift is
caused by the relative velocity between the catheter tip and
the vessel wall. In contrast to vessel wall velocities that are
often directed in the radial direction (with reference to Fig. 2),
the catheter tip movement will often follow a back and forth
translation in the plane. The result is a Doppler shift
that depends on the beam lateral scan position. The Doppler
shift may for example be at its maximum when the beam is
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Fig. 5. Simulated temporal power spectrum in the lateral direction from an expanding vessel wall and from blood in a typical 20 MHz imaging situation.
The lateral filter used for blood noise reduction is an ideal low pass filter with bandwidth equal to 65% of the bandwidth from stationary tissue.

directed in the 12 and 6 o’clock position, and zero in the 3
and 9 o’clock position.

Spectrum Broadening: The power spectrum from blood is
subject to a frequency broadening due to reduced transit time
through the sample volume as the blood velocity increases.
Frequency broadening and Doppler shift can be described
separately since the echo signal response (see (2)) is separable
in range and angle. First consider no beam tilting: The transit
time for scatterers that do not move relative to the catheter is
determined by the beam profile and the velocity of the sample
volume: (the beam angular velocity times
the observation depth ). The scatterers traverse through the
sample volume in a pure lateral direction (constant range).
Blood flow in the -direction introduces an azimuthal and a
radial velocity component in addition. The sum of the lateral
and the azimuthal components yields an angular velocity
component (constant range) which determines the transit time.
The spectrum from flowing blood will therefor be a broadened
version of the spectrum from stationary scatterers when the
beam is circular symmetric as stated in the model. A scale
factor (equal to the ratio of the transit times for stationary and
moving blood scatterers, respectively) is denoted the Blood
Spectrum Broadening factor and given by

(17)

The radial component generates one positive chirp as the
scatterer enters the beam and one negative chirp as it leaves
the beam. The result is frequency broadening, but simulations
has shown that this effect is negligible.

Next consider beam tilting: Tilting the beam causes the
broadened spectrum from flowing blood to be shifted in

frequency due to the radial velocity component (see (14)). The
Doppler shift is sensitive to beam tilting while the transit time
is not. Practical beam tilting causes no additional frequency
broadening since the trajectory distance through the sample
volume changes little by tilting the beam.

C. Reduction of Blood Noise by Lateral Low Pass Filtering

A simulation is performed to demonstrate typical frequency
separation by beam tilting and blood noise reduction by lateral
low pass filtering:

Frequency Separation: First the lateral spectrum from an
expanding vessel wall is found by using (9) (Fig. 3), convert
it from spatial to temporal frequency by multiplying by
(see (13a)) and shift it according to the Doppler equation (15).
Next, the spectrum from blood is calculated for several blood
velocities and plotted in the same diagram for comparison.
The same procedure is used for the blood spectrum except
that (9) is first scaled in frequency and amplitude by
and , respectively (see (17)). The result for a typical
20 MHz 8 F catheter is shown in Fig. 5 ( mm s ,

20 MHz, 0.7 mm, 15 f.p.s., 10 ,
1560 m s and 3 mm).

The Doppler shift from the vessel wall is 50 Hz in this
example, i.e. small compared to the bandwidth of the signal.
Catheter tip movements will generate an additional Doppler
shift in some beam directions. However, vessel wall and
catheter tip velocities in the order of 1 mm s generate so
small Doppler shifts that the effect can be neglected in the
design of the lateral low pass filter.

Lateral Filtering: An ideal low pass filter is used in the
simulation to quantify potential blood noise reduction by
lateral filtering. The filter frequency response is centered
around zero frequency and should be broad enough to pass
the vessel wall signal through with an acceptable level of
distortion, the Doppler shift taken into account (negligible).
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Fig. 6. Simulated Blood Noise Rejection Ratio (BNRR) versus the blood velocity for different scanning parameters (c = 1560 m s�1 and r0 = 3 mm): (a)
f0 = 20 MHz, a = 0.7 mm, fm = 15 f.p.s.,  = 10� (b) f0 = 30 MHz, a = 0.4 mm, fm = 15 f.p.s.,  = 10� (c) f0 = 30 MHz, a = 0.46 mm,
fm = 10 f.p.s.,  = 15� (d) f0 = 40 MHz, a = 0.35 mm, fm = 10 f.p.s.,  = 15�.

Fig. 5 illustrates that better blood noise reduction can be
achieved by reducing the bandwidth of the filter. The side
effect is reduced lateral resolution. The filter bandwidth was set
to 65% of the total bandwidth from stationary tissue (see (11))
in the simulation, yielding a 1.7% (0.075 dB) drop in vessel
wall signal power. This frequency narrowing is probably not
far from what can be tolerated in a practical situation.

Now the Blood Noise Rejection Ratio is defined as the ratio
of the noise power from flowing blood to the noise power
from stationary blood:

(18)

This ratio is plotted in Fig. 6 for four different conditions:
Curve (a) and (b) represent typical imaging situations with a
20 MHz 8 F and a 30 MHz 5 F catheter, respectively (same
beam opening angle). The beam tilt angle is 10 and the
frame rate is 15 f.p.s. In (c) and (d) the beam tilt angle is
increased to 15 and the frame rate decreased to 10 f.p.s. in
order to optimize for blood noise reduction at 30 and 40 MHz,
respectively (at the expense of higher geometric distortion and
a relatively low frame rate). This simulation demonstrates that
the blood noise filter is effective (BNRR 10 dB) for blood
velocities exceeding 50 cm s in a typical 20 MHz setup,
but significant improvements can be made by optimizing for
blood noise reduction.

III. EXPERIMENTS

A. Materials and Methods

The work was carried out by doing computer simulations
on a Macintosh computer and by in-vitro experiments in
a vascular flow model. The RF-data was acquired with an
intravascular scanner modified to collect sequences of full-

image, RF-data (CVIS Insight, Cardiovascular Imaging Sys-
tems, Inc., CA). Up to 14 frames were stored in memory and
transferred to the computer for analysis and post processing.

The scanner was modified by including a quadrature demod-
ulator at 20 MHz (mixing the band pass signal with two 20
MHz clocks, 90 degrees out of phase, followed by low pass
filters). The in-phase and quadrature components were then
digitized by the two already built in 8 bits AD-converters (20
M samples s ). An analog logarithmic amplifier was used in
the system in order to get a high dynamic range (approximately
55 dB). The disadvantage of nonlinear signal processing was
assumed to be less than the advantage of a high dynamic range.
Recently available AD-converters can digitize the band pass
signal directly with 10 bits at 60 M samples s , making both
the log-amp and the analog quadrature demodulator obsolete
in future designs.

The following setup was used for in vitro assessment of
the blood noise filter: A 20 MHz, 8 F catheter with a rotating
focused mirror (CVIS, Inc.) was located in a 45 cm long rubber
hose of inner diameter 5 mm, the catheter tip was centered in
the tube. The transducer radius was measured to 0.75 mm,
and the beam tilt angle was approximately 8 degrees. The focal
depth was approximately 3.8 mm. Water containing blood
mimicking particles (Sephadex G-25/Superfine, Pharmcia Fine
Chemicals, Uppsala, Sweden) was flushed through the hose
with a pump. The mean flushing velocity was adjustable and
the velocity was calibrated by collected flow measurements.
The data format was 64 samples per beam, 1024
beams per revolution, and the data was acquired with frame
rate: 15 f.p.s. The raw RF-data was transferred to a
computer for lateral low pass filtering, decimation, magnitude
detection, scan conversion and display. The setup corresponds
approximately with curve (a) in Fig. 6.
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Fig. 7. Blood noise reduction by beam tilting and lateral low pass filtering with a filter of length 5. Water with blood mimicking particles immersed was
flushed through a rubber hose of diameter 5 mm (the bright outer ring) and imaged with a 20 MHz (8 F) rotating mirror catheter: (a) VB = 0 cm s�1, (b)
VB = 20 cm s�1, (c) VB = 40 cm s�1, (d) VB = 50 cm s�1, (e) VB = 80 cm s�1, (f) A reference image with VB = 0 cm s�1 and no filter applied.
Catheter artifacts are shown as a bright cloud between 11 and 12 o’clock and as rings close to the catheter.

B. Results

A simple moving averaging filter was implemented in each
depth location of the image, i.e. each of the 64 circular data
segments consisting of 1024 lateral samples was filtered with
a FIR-filter with rectangular impulse response. The filter order
was increased until the desired vessel wall signal was slightly
distorted (filter length 5) to ensure that the cutoff frequency
was set as low as possible for maximum blood noise reduction.
The result of the test is shown in Fig. 7 for five different
flushing velocities, from zero velocity in (a) and up to 80 cm
s , in (e). A significant blood noise reduction is obtained in
(d) and (e) and where the velocity exceeds 40 cm s , and
this corresponds well with the simulation. The picture in ( )
is a reference image with zero water velocity and no filtering.
This image is more noisy than the image in (a) although both
represent zero velocity. The reason is that the filter reduces not
only blood noise, but also some electronic background noise
present in all images. The display unit accepts 256 beams per
frame which means that the filtered data is decimated from
1024 to 256 beams per revolution.

IV. DISCUSSION AND CONCLUSION

Both the simulation and the in vitro experiment demon-
strates that the lateral low pass filter reduces blood noise
significantly for blood velocities exceeding 50 cm s in a

typical 20 MHz imaging situation (8 F catheter with 10 tilt
angle and frame rate equal to 15 f.p.s.). In an in vivo situation,
this filter will reduce blood noise only in systole of peripheral
arteries and rarely in coronary arteries.

The frequency separation and the filter efficiency can be
increased by changing the ultrasound frequency, the beam tilt
angle, the frame rate and the beam width (transducer aperture).
The simulation shows that the blood noise reduction ratio
improves dramatically by increasing the frequency to 30 or 40
MHz, increase the beam tilt angle to 15 and reduce the frame
rate to 10 f.p.s. Unfortunately, the backscattered intensity from
blood also increases with the ultrasound frequency, resulting in
less contrast between blood and the vessel wall for very low
blood velocities (when the filter is not effective), but better
contrast for high blood velocities (when the filter is effective).
Running the system with frame rates below 10 f.p.s. may be
acceptable in vessels with little dilatation and/or catheter tip
movements.

The blood velocity will vary with time and by image
coordinates. The proposed model is able to predict the blood
noise rejection ratio for a small sector (determined by the filter
length) in a constant depth and for a known constant blood
velocity in this area. The degree of blood noise reduction is
therefor subject to variations across the lumen.

The experiment in Section III was carried out by applying
a simple averaging filtering of length 5 to each depth location,
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i.e. every lateral sample along the circle was the average of
the 5 nearest neighbors. The filter bandwidth was the same for
all depths. This is the correct choice as long as the beam
width is proportional to range (as assumed in the model).
However, using a focused beam means that the sample volume
is broader outside the focus than the model predicts. For
optimal performance one can implement filters that fit to the
actual beam width in that particular depth. The price paid is
increased cost and complexity.

The measurements includes an analog logarithmic amplifier
while the simulations is based on a linear model. For this
reason, the two methods cannot be compared directly. The log-
amp causes the lateral spectrum from vessel wall and blood
noise to be slightly broader than in the linear case, but a minor
effect on the frequency separation is expected [16].

The low scattering from soft plaque makes discrimination
between blood and plaque difficult. The proposed filter re-
quires quite high velocities in order to reduce noise. This
means that in situations where the catheter inhibits the blood
flow (close to a tight lesion), little or no effect is obtained. Ac-
tually, soft plaque may be better visualized without an active
blood noise filter in a real time situation due to the absence of
fluctuating blood noise. The difference in temporal properties
between blood noise (fluctuating) and vessel wall and soft
plaque (stationary) may be used for automatic differentiation.
Signal analysis along the temporal coordinate (frame to frame)
is the topic for another paper that is in progress.

APPENDIX

The power spectrum in the lateral direction from stationary
scatterers is modeled by (10). The following equations describe
how this result is obtained, starting with (3) (leaving out ):

(A.1)

The Fourier transform of this equation is written

(A.2)

The corresponding autocorrelation function of the received
signal is given by

(A.3)
If the scattering distribution is a stationary random process,

the Wiener-Khintchine theorem can be applied to (A.2) yield-
ing

(A.4)

where “ ” is the power spectral density of
in three dimensions.

A random stationary scattering distribution is characterized
by the following autocorrelation function:

(A.5)

if the power spectrum is constant as assumed here:

(A.6)

The three-dimensional representation of the signal can be
reduced to a two-dimensional (radial and lateral) represen-
tation by setting the azimuthal angle equal to zero in the
autocorrelation function, i.e. integrating over the azimuthal
frequency range:

(A.7)

The power spectrum in the lateral direction is then (for a
constant range to the scatterers)

(A.8)

Inserting (A.4) and (A.6) in (A.8) one obtains

(A.9)

where the Fourier transform of the impulse response H( ,
, ) is separated in a radial and an angular

term . For a constant range “ ”, this yields the
following expression for the one-dimensional power spectrum
in the lateral direction for stationary scatterers:

(A.10)

This lateral spectrum is obtained by keeping the range pa-
rameter constant. In real imaging, scatterers from all depth
locations within the sample volume will contribute to the
signal. However, the spectra from different depths will all have
the same shape as given by Eq. A.10. This model is therefor a
good description of the lateral power spectrum from stationary
scatterers.
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