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Abstract—Power Doppler imaging (PDI) has been shown to be influenced by the wall filter when assessing
arterial stenoses. Real-time 3-D Doppler imaging may likely become a widespread practice in the near future, but
how the wall filter could affect PDI during the cardiac cycle has not been investigated. The objective of the study
was to demonstrate that the wall filter may produce unexpected major signal losses in real-time 3-D PDI. To test
our hypothesis, we first validated binary images obtained from analytical simulations with in vitro PDI acqui-
sitions performed in a tube under pulsatile flow conditions. We then simulated PDI images in the presence of a
severe stenosis, considering physiological conditions by finite element modeling. Power Doppler imaging simu-
lations revealed important signal losses within the lumen area at different instants of the flow cycle, and there was
a very good concordance between measured and predicted PDI binary images in the tube. Our results show that
the wall filter may induce severe PDI signal losses that could negatively influence the assessment of vascular
stenosis. Clinicians should therefore be aware of this cause of signal loss to properly interpret power Doppler
angiographic images. (E-mail: guy.cloutier@umontreal.ca) © 2007 World Federation for Ultrasound in
Medicine & Biology.
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INTRODUCTION

Power Doppler imaging (PDI) was proposed in the 1990s
and developed as an alternative to conventional color
Doppler flow imaging (CDFI) for the evaluation of vas-
cular pathologies (Rubin and Adler 1993; Rubin et al.
1994; Winsberg 1995). Power Doppler imaging produces
color images based on a nonlinear map of the power of
the Doppler signal and depends essentially on the eryth-
rocyte scattering property within the sample volume (Ru-
bin et al. 1994; Allard and Cloutier 1999) if no ultra-
sound (US) contrast agent is used. On the other hand,
CFDI displays the flow velocity from the phase differ-
ences between transmitted and received echoes. Accord-
ingly, PDI is less dependent on the angle of insonation,
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is much less sensitive to noise and does not produce
significant aliasing artifacts (Jain et al. 1991; Rubin et al.
1994; Allard et al. 1996; Rubin 1999). For these reasons,
the flow information obtained from PDI has been ana-
lyzed widely in vitro and in vivo for the assessment of
vascular stenoses in kidneys (Helenon et al. 1998; Man-
ganaro et al. 2004; Kuwa et al. 2004), carotid arteries
(Griewing et al. 1996; Steinke et al. 1996, 1997; Schmidt
et al. 1998; Bluth et al. 2000; Koga et al. 2001; Muller et
al. 2001; Poepping et al. 2002; Yurdakul et al. 2004), the
coronary vasculature (Masugata et al. 2000, 2003; Vil-
lanueva et al. 2001; Rocchi et al. 2003) and lower limb
arteries (Guo and Fenster 1996; Guo et al. 1998; Cloutier
et al. 2000). Some investigators have shown that PDI
better assesses the severity of arterial stenoses than CDFI
(Steinke et al. 1996, 1997; Griewing et al. 1996; Villan-
ueva et al. 2001; Manganaro et al. 2004) and may even
give similar diagnostic as the X-ray angiographic method

in high-grade stenoses (Steinke et al. 1997). Thus PDI is
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nowadays considered as a powerful noninvasive tool, at
least as a screening test (Bluth et al. 2000; Bluth 2001),
for the diagnosis of arterial stenoses.

It has been reported, however, that PDI may also be
greatly influenced by instrument settings, including the
wall filter (Jain et al. 1991; Yoon et al. 1999; Mizushige
et al. 1999; Cloutier et al. 2000; Claudon et al. 2001).
The so-called wall filter is a high-pass filter applied to the
Doppler signal to attenuate artifacts that may arise from
the vessel wall motion. Wall filter settings are usually
preset by the manufacturer and a high, medium or low
wall filter is applied to PDI (Kruskal et al. 2004). During
a typical clinical examination, a wall filter in the range of
50 to 800 Hz is chosen. In slow flow, the wall filter is
kept at the lowest possible setting (in the 50–100 Hz
range) to avoid excessive loss of signal. It was shown in
vitro that the wall filter significantly affects the determi-
nation of the flow cross-sectional area when assessing
the severity of an arterial stenosis, which may lead to the
underestimation of the degree of stenosis (Jain et al.
1991; Cloutier et al. 2000; Claudon et al. 2001). These
studies were performed either under continuous flow
(Jain et al. 1991; Cloutier et al. 2000) or pulsatile con-
ditions (Claudon et al. 2001). How the wall filter could
affect PDI during the whole cardiac cycle has not yet
been investigated. Because the temporal and spatial res-
olutions of Doppler instruments are incessantly improv-
ing, and because more robust signal processing algo-
rithms are proposed for real-time imaging (Yu 2007),
one may expect that instantaneous (i.e., with no persis-
tence) 3-D echography will become a widespread prac-
tice in the near future, especially for cardiac imaging
(Claudon et al. 2002; Jones et al. 2003). More specifi-
cally, a few investigators recently studied some clinical
potentials of electrocardiogram-gated or real-time PDI
(Masugata et al. 2000, 2003; Nagao et al. 2002; Jones
et al. 2003). The objective of this study was therefore to
demonstrate that the wall filter can produce unexpected
major signal losses on real-time 3-D PDI. To test our
hypothesis, we first validated binary images obtained
from analytical simulations with in-vitro flow-gated PDI
acquisitions performed in a straight cylindrical tube un-
der pulsatile flow conditions. We then simulated flow-
gated PDI images for the case of a severe vessel stenosis
by means of finite element modeling (FEM) and we
quantitatively analyzed the effect of the wall filter on
PDI.

MATERIALS AND METHODS

In-vitro model
The experiments were performed in a mock flow

model at room temperature. The in-vitro model was

previously described in detail (Cloutier et al. 2000), the
only difference from our earlier study being the insertion
of a parallel centrifugal pump (see below). It was com-
posed of a wall-less cylindrical straight vessel whose
inner diameter was 7.96 mm. A liquid made of 33%
glycerol and of 66% saline water was used as a blood
substitute. Its viscosity and density at room temperature
were similar to that of blood under high shear rates (3.3
cP and 1080 kg/m3, respectively). Cornstarches were
added to the solution to provide US scatterers. The blood
substitute was circulated at 60 beats/min with a pulsatile
pump (Harvard Apparatus, model 1421, Holliston, MA,
USA) coupled in parallel with a magnetic centrifugal
pump (Micropump Inc., model 75225–10, Vancouver,
WA, USA). The check valves of the Harvard pump were
removed to produce periodic sinusoidal flows. The am-
plitude of the flow was regulated by changing the course
of the pulsatile piston pump, whereas the mean flow rate
was adjusted with the centrifugal pump. The resulting
flow rate was measured with an electromagnetic flow-
meter (Cliniflow II, Carolina Medical Electronics Inc,
King, NC, USA). The flow waveform and the mean flow
rate were not physiological in the in-vitro experiments.
Indeed, we deliberately chose nonphysiologic sine-
shaped flows to obtain a wide range of PDI image
patterns, as illustrated in the results section.

PDI acquisition
An ATL Ultramark 9 HDI US system (Philips Med-

ical System, Bothell, WA, USA) with a 38-mm aperture
linear-array probe (L7–4) was used for all PDI measure-
ments. This probe was operated at 4 MHz in Doppler
mode. The wall filter cutoff frequency was set at 50 or
100 Hz (low filter setting) and the Doppler angle was
70°. No persistence and no image filtering were selected.
The pulse repetition frequency was adjusted in such a
way that there was no aliasing in color flow (the aliasing
is easier to see in color velocity mode than in power
Doppler mode). The gain was not changed during the
acquisitions and it was selected to avoid image leakage
outside the vessel lumen. The video signal output of the
HDI US system was digitized (image acquisition card
PCI-1411, National Instruments, Austin, TX, USA) and
flow-triggered in real time by a homemade LabView
(National Instruments) software. Flow-gated PDI acqui-
sitions were performed at 20 linearly specific instants
during the flow period. For each time-gated instant, 50
PDI images were acquired at the rate of one acquisition
per cycle, and the average was computed. Averaging was
required to have a good definition of the cross-sectional
PDI images because no persistence was selected on the
US instrument to obtain the best time resolution. The
deformation (ellipsoid form of the lumen) of the aver-
aged PDI images as a result of the angle was corrected.
Two different sets of acquisitions were performed
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with a maximal flow rate of 300 mL/min. First, the
minimal flow rate was 0 mL/min (purely forward flow)
and the wall filter was set at 50 Hz. Then, the minimal
flow was fixed at –100 mL/min (forward and backward
flows) with a wall filter of 100 Hz.

Analytical flow simulations
To analyze how the wall filter could generate signal

losses, analytical simulations of pulsatile sinusoidal flow
through a straight cylindrical vessel were also performed.
The flow was considered laminar and axisymmetric, the
fluid incompressible and Newtonian, with properties
similar to those used during the in-vitro experiments
(viscosity of 3.3 cP and density of 1080 kg/m3). The flow
rates used for the analytical simulations were those re-
corded from the electromagnetic flowmeter during the
aforementioned in-vitro experiments. In the in-vitro ex-
periments, the peak Reynolds number did not exceed
600, whereas the Womersley number was 5.7. According
to Peacock et al. (1998), the flow was therefore laminar.
As a result of the flow and fluid properties, the Navier-
Stokes equations were thus reduced to the Womersley
equation, which yields the radial and time-dependent
longitudinal component of the velocity as a function of
the flow rate (Womersley 1955a, 1955b):
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n��N
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where Qn is the nth harmonic of the flow rate waveform
Q, N is the number of harmonics, R is the cylinder inner
radius (3.98 mm), i is the imaginary unit, r is the radial
coordinate, t is time, � is 2�/T where T is the period of
the flow, J0 and J1 are the Bessel functions of order zero
and one, and � and � are the density and the dynamic
viscosity of the fluid. Re in eqn (1) represents the real
part of the function. The number of harmonics N was
chosen in such a way that the normalized total error
between the actual and reconstructed flow rates was
smaller than 10–3. As described later, theoretical binary
PDI images were then constructed from these analytical
velocity profiles and compared with the PDI images
obtained in the first series of experiments.

Finite element modeling simulations
Finite element modeling (FEM) simulations of the

flow in the vicinity of a cosine-shaped stenosis with an
80% area reduction were also performed with Fluent v.

6.1 (Fluent Inc., Lebanon, NH, USA) to mimic a phys-
iological pathologic condition. The diameter of the feed-
ing vessel was 7.96 mm and the stenosis had a length of
20 mm. The geometry (but not the FEM meshing) was
axi-symmetric and the flow was considered turbulent.
The mesh of the flow region was composed of 102,102
nodes and 98,830 hexahedral cells, and it was refined
near the wall. The segregated solver was used and the
value of residual was set at 10–3 as the criterion of
convergence. The time step value was T/100 (T � period
of one cycle) and six cycles were simulated to eliminate
transient flow effects. The k � � method was used as the
turbulent model (Rodi 1993). The fluid dynamic viscos-
ity and density were set at 3.3 cP and 1080 kg/m3,
respectively. A null velocity was imposed at the wall
(no-slip condition) and a time-dependent velocity profile
was imposed as boundary condition at the inlet. Inlet
velocities Vz(r, t, z � 0) were calculated from a typical
physiological flow rate (mean flow � 500 mL/min, 70
beats/min, see Fig. 6) using eqn (1). These conditions
reflect a normal flow within a human femoral artery.

Theoretical binary PDI
Based on the velocity fields obtained from the an-

alytical or FEM simulations, the Doppler-shifted fre-
quencies were calculated at each point of the mesh by
using the following equation:

F�r, 	, z, t� �
2F0

c 	�Vr sin	 
 V	 cos	�sin�D


 Vz cos�D
, (2)

where F is the Doppler frequency shift, F0 is the US
transmitted frequency (4 MHz); c is the sound velocity in
human tissues (1540 m/s); t is time; Vr, V	 and Vz are the
respective cylindrical components of the velocity; and �D

is the Doppler angle (70°). The component in square
brackets represents the projected velocity on the in-
sonation US axis. Variables r, 	 and z are the cylindrical
(radial, angular and longitudinal) coordinates. Only fre-
quencies whose value was greater than the chosen wall
filter cutoff frequency contributed to the white pixels of
the theoretical binary PDI images. Because Vr and V	 are
zero for a laminar flow in an axi-symmetric straight
vessel, note that for the analytical simulations, eqn (2) is
simply reduced to:

F�r, 	, z, t� �
2F0

c
Vz cos�D. (3)

Data analyses
Flow-gated PDI averaged acquisitions, obtained

with the straight vessel, were compared with the analyt-
ical binary PDI images. The images obtained in vitro

were converted to binary by thresholding. The threshold
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value was computed using Otsu’s method (Otsu 1979)
with MATLAB (The Mathworks Inc., Natick, MA,
USA). Otsu’s method chooses the threshold so that the
intraclass variance of the black and white pixels is min-
imized (Otsu 1979). The detected lumen area was esti-
mated from the total number of white pixels multiplied
by the pixel unit area ( � 0.011 mm2 in this study).
Measured lumen areas were compared with those pre-
dicted analytically using a linear regression. Regarding
the FEM simulations, the PDI signal loss was quantified
as the normalized amount of the total volume lost as a
result of the wall filter, throughout the cardiac cycle, in
the region-of-interest around the stenosis. Four wall filter
cutoff frequencies were tested: 25, 100, 500 and 800 Hz.

RESULTS

Simulated vs. experimental PDI in the straight vessel
Power Doppler imaging simulations revealed im-

portant signal losses within the lumen area at different
instants of the flow cycle. Figures 1 and 2 illustrate the
results of the two analytical simulations performed with
wall filter cutoff frequencies of 50 Hz and 100 Hz,
respectively. The cross section of the PDI-detected lu-
men is represented as a function of time. The black area
corresponds to a lack of Doppler signal as a result of the
wall filter. Signal losses were central, annular or even
covered the entire vessel cross-section. Similar patterns
were observed in vitro. The annular flow patterns (see
Fig. 4 at 40 ms) were induced by the presence of partic-
ular velocity profiles looking like the double humps on a
camel’s back. Such profiles can arise during the decel-
eration phase when a reverse pressure gradient tends to

Fig. 1. Top: Simulated binary PDI images as a function of time
in the straight vessel (wall filter cut-off frequency � 50 Hz).
The snapshot illustrates the complete reconstruction of the
theoretical PDI image at time t � 0.4 s. Bottom: Corresponding
flow rate in mL/min as a function of time.
inverse the flow so that relatively low axial velocities
appear. In some circumstances, the wall filter only pre-
serves the two humps (higher velocities), which produce
an annular pattern when the flow is axisymmetric. Fig-
ures 3 and 4 compare five averaged PDI images obtained
in vitro, with their corresponding binary and theoretical
images, at linearly spaced instants, for the two different

Fig. 2. Top: Simulated binary PDI images as a function of time
in the straight vessel (wall filter cut-off frequency � 100 Hz).
The snapshot illustrates the complete reconstruction of the
theoretical PDI image at time t � 0.4 s. Bottom: Corresponding

flow rate in mL/min as a function of time.

Fig. 3. Five examples among the 20 PDI images available
within the flow cycle and their corresponding binary and the-
oretical images, obtained with the flow rate illustrated in Fig. 1
and a wall filter cut-off frequency of 50 Hz.
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flow rates depicted in Figs. 1 and 2. There was a very
good concordance between measured and predicted PDI
binary images. Figure 5 shows the relationship between
predicted and measured areas for the whole set of PDI
images. The boundary layer as a result of wall friction may
be responsible for the underestimation (y � 0.77 x � 0.73)
of the lumen area. Another factor could be the threshold
method used in this study. A good correlation, however,
was observed (r2 � 0.91, SEE � 4.60 mm2, n � 32),
which validates our hypothesis that the wall filter is
mostly responsible for the signal losses on signal-gated
PDI.

Fig. 4. Five examples among the 20 PDI images available
within the flow cycle and their corresponding binary and the-
oretical images, obtained with the flow rate illustrated in Fig. 2

and a wall filter cut-off frequency of 100 Hz.

Fig. 5. Relationship between lumen areas (in mm2) measured
from the binary in-vitro PDI images and those predicted by the
analytical simulations.
Simulated PDI images in an 80% area reduction stenosis
Figure 6 illustrates simulated PDI images issued

from the FEM simulations with a wall filter cut-off
frequency of 500 Hz. Figure 7 depicts the measured
lumen volume as a function of time for cut-off fre-
quencies ranging from 25 to 800 Hz. As with the
straight vessel, important signal losses appeared dur-
ing the flow cycle, even when the wall filter cut-off
frequency was as low as 25 Hz. According to our
simulations, the stenosis would be clearly visible at
peak flow (time � 0.12 s) whatever the chosen cut-off
value of the wall filter. It would become, however,
undetectable during diastole with high cut-off values
(medium to high wall filters). It should be noted that
the loss of visible volume was always higher than 5%
with a wall filter cut-off frequency of 800 Hz, even at
peak flow. These results show that cardiac-gated PDI
imaging may induce severe PDI signal losses that
could negatively influence the severity assessment of
vascular stenosis. It should be noted that our FEM
simulations depicted an ideal hypothetical case (severe
stenosis, high flow rate and low wall filter cutoff
frequency) so that one can expect to observe more
significant signal losses in a typical clinical situation
(low to medium flow rates with medium to high wall

Fig. 6. Theoretical PDI images around a severe stenosis under
pulsatile flow whose mean value is 500 mL/min. The wall filter
cut-off frequency was set at 500 Hz. The white area represents

the visible flow.
filters).
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DISCUSSION

Effects of the wall filter on PDI
Although conventional color Doppler ultrasonog-

raphy encodes the mean Doppler frequency shift,
power Doppler displays the power of the backscattered
signal and is, as a consequence, less affected by flow
velocity. However, because the low velocity tissue
structures may produce high intensity Doppler signals,
PDI necessitates the utilization of a high-pass wall
filter to remove the resulting artifacts. A few investi-
gators have demonstrated that the wall filter may
greatly influence the qualitative information provided
by power Doppler images (Jain et al. 1991; Mizushige
et al. 1999; Cloutier et al. 2000; Claudon et al. 2001).
More precisely, an increase of the filter cut-off fre-
quency has been shown to diminish the signal inten-
sity of power Doppler images (Mizushige et al. 1999),
to decrease the detected flow areas (Jain et al. 1991;
Claudon et al. 2001) and to underestimate the severity
of a vascular stenosis but overestimate its length
(Cloutier et al. 2000; Claudon et al. 2001). In the
present study, we analyzed the effect of the wall filter
on real-time 3-D PDI with a straight vessel and a
vessel with a severe stenosis. Consistent with previous
studies, we observed that the wall filter can induce an
important underestimation of the measured flow area.
But more interestingly, our experiments revealed that
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Fig. 7. Top: Normalized visible total volume as a function of
time for different wall filter cut-off frequencies (25, 100, 500
and 800 Hz) according to the FEM simulations. Bottom: Cor-
responding normalized flow rate. Note that extrema appeared
for 25 Hz at about t � 0.7 s because the flow rate oscillated
around 0 L/min (see Fig. 6). At this instant, the flow deceler-
ation was thus successively followed by an acceleration and

another deceleration.
the wall filter can also produce astonishing annular
patterns, as illustrated in Figs. 2 and 4, or even com-
pletely mask any flow signal. Such intriguing results
were not observed previously with continuous-aver-
aged PDI imaging because a high time persistence is
usually used with this modality. As shown in this
study, the effect of wall filter appears to depend on the
blood flow velocities, the flow patterns and the degree
of filtering so that it would be difficult to quantify each
effect precisely. Physicians should be aware of these
factors when assessing vessel stenoses.

Effects of other settings on PDI
It is usually recognized that PDI is relatively angle

independent (Rubin 1999), although it was found that the
power backscattered by blood can depend on the Doppler
angle if the phenomenon of red blood cell aggregation is
considered (Fontaine and Cloutier 2003). Interestingly, it
has been demonstrated recently in vitro that an increase
in the pulse repetition frequency (PRF) and in the in-
sonation angle could lead to severe underestimation of
stenosis severity (Claudon et al. 2001). To explain these
findings, it can be noticed that increasing the insonifica-
tion angle diminishes the Doppler frequency shift and
thereby augments the amount of Doppler signal that falls
into the reject band of the wall filter (Rubin 1999), thus
inducing PDI signal loss. With regard to the effect of the
PRF, it is very important to note that increasing PRF
induces an automatic increase of the wall filter cut-off
frequency in most US instruments, including the one
used by Claudon et al. (2001) (ATL, HDI 3000, Philips
Medical System) as well as the one we used in the
present study (ATL, HDI 9). The cut-off frequencies
indeed vary with the velocity scale; the lowest filter
cut-off frequencies cannot be used with the highest ve-
locity ranges and vice versa (Kruskal et al. 2004). Here
again, the effect of the wall filter has to be considered
carefully as the main cause of PDI signal losses.

Clinical suggestions
Recent engineering advances in US largely im-

proved the temporal and spatial resolutions of US instru-
ments and one may therefore expect that real-time 3-D
ultrasonography will become a widespread practice in
the near future, especially for the evaluation of cardiac
diseases (Claudon et al. 2002). Particularly, dynamic 3-D
Doppler imaging has been introduced recently and its
performance has been studied during the last five years
by a few investigators (Haugen et al. 2000; Claudon et al.
2002; Mehwald et al. 2002; Mori et al. 2002; Herberg et
al. 2003; Jones et al. 2003; Sugeng et al. 2003; Brekke et
al. 2004; Chaoui et al. 2004). Also, Jones et al. (2003)
recently developed some acquisition and visualization
algorithms for exploring real-time 3-D power Doppler

data. But, in the light of our results, the use of real-time
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3-D power Doppler for the assessment of cardiac vessels
(aorta, pulmonary artery) or valvular pathologies may be
dubious. Our study indeed clearly shows that, even with
a low wall filter, very important signal losses can occur
during the flow cycle, which makes pointless any anal-
ysis of instantaneous power Doppler images to grade
stenoses. Rather, we suggest using flow information
throughout the complete cardiac cycle by setting persis-
tence at its maximal level because high persistence re-
duces temporal resolution to obtain a higher spatial res-
olution. Maximal persistence displays the maximum
power and assembles Doppler images sequentially over a
given period of acquisition, so as to produce a composite
image. The effect of the flow pulsatility can thereby be
abolished or reduced and delineation of the flow geom-
etry becomes largely improved. Accordingly, we have
previously shown in vitro that the selection of a maxi-
mum persistence provides the best signal-to-noise ratio
of PDI images and considerably reduces the signal loss
as a result of the wall filter (Cloutier et al. 2000). It
should also be noticed that the delineation of the vessel
lumen is highly dependent on spatial resolution, which is
at any given frame (or volume) rate, significantly re-
duced with the 3-D modality compared with 2-D imag-
ing. Besides the effect of the wall filter, a limited spatial
resolution may also affect the assessment of arterial
stenoses. This drawback, however, is very likely tempo-
rary as the resolution of US instruments is incessantly
improving. New clinical techniques are also developed to
better visualize the blood flow dynamics. For instance,
B-mode flow imaging provides images with a better
spatio-temporal resolution and gives a better definition of
the vessel wall (blood tissue interface) than conventional
color flow Doppler imaging (Umemura and Yamada
2001). The B-mode flow imaging modality, however,
also includes a wall filter (Chodakauskas et al. 2006) and
its benefits over PDI have not yet been investigated.

Miscellaneous
According to Fig. 6 and by considering the direct

relationship between the wall filter setting and the back-
scattered power of moving particles contributing to PDI
images, one may postulate a new application of this
imaging modality for hemodynamic studies. For in-
stance, by properly adjusting the wall filter to reject
echoes from blood moving in a given range of low
velocities, one may use real-time 3-D PDI to estimate the
position of the shear layer (recirculation zone) down-
stream of a stenosis. As seen in Fig. 6, the loss of signal
downstream of the obstruction varies according to the
timing within the flow cycle. Consequently, this may be
a way to track and quantify the magnitude of oscillatory
flow, which is known to play a role in the development

of atherosclerosis (Cheng et al. 2006).
CONCLUSIONS

In the present study, we demonstrated that signal
losses on PDI images were attributed to the wall filter. In
a straight tube, a correlation r2 of 91% was obtained
between flow-gated experimental measures of lumen ar-
eas and theoretical predictions, thus confirming the im-
pact of the wall filter on PDI signal losses and reductions
of measured lumen areas. Finite element simulations
were also presented to show the effect of the wall filter
on artifactual reductions of instantaneous estimates of
lumen areas around a severe stenosis. The PDI signal
losses were central, annular and even covered the entire
vessel cross section. Our results thus make the use of
real-time 3-D power Doppler questionable for the assess-
ment of cardiovascular pathologies. Clinicians should
therefore be aware of this cause of signal loss to properly
interpret power Doppler angiographic images.
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