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Abstract—The objective of the project was to study the influence of various hemodynamic and rheologic factors
on the accuracy of 3-D power Doppler angiography (PDA) for quantifying the percentage of area reduction of

a stenotic artery along its longitudinal axis. The study was performed with a 3-D power Doppler ultrasound (US)
imaging system and anin vitro mock flow model containing a simulated artery with a stenosis of 80% area
reduction. Measurements were performed under steady and pulsatile flow conditions by circulating, at different
flow rates, four types of fluid (porcine whole blood, porcine whole blood with a US contrast agent, porcine blood
cell suspension and porcine blood cell suspension with a US contrast agent). A total of 120 measurements were
performed. Computational simulations of the fluid dynamics in the vicinity of the axisymmetrical stenosis were
performed with finite-element modeling (FEM) to locate and identify the PDA signal loss due to the wall filter of
the US instrument. The performance of three segmentation algorithms used to delineate the vessel lumen on the
PDA images was assessed and compared. It is shown that the type of fluid flowing in the phantom affects the
echoicity of PDA images and the accuracy of the segmentation algorithms. The type of flow (steady or pulsatile)
and the flow rate can also influence the PDA image accuracy, whereas the use of US contrast agent has no
significant effect. For the conditions that would correspond to a US scan of a common femoral artery (whole
blood flowing at a mean pulsatile flow rate of 450 mL mim%), the errors in the percentages of area reduction were
4.3 = 1.2% before the stenosis—2.0 = 1.0% in the stenosis, 11.5 3.1% in the recirculation zone, and 2.8+
1.7% after the stenosis, respectively. Based on the simulated blood flow patterns obtained with FEM, the lower
accuracy in the recirculation zone can be attributed to the effect of the wall filter that removes low flow velocities.

In conclusion, the small errors reportedin vitro may support the clinical use of this technique. © 2001 World
Federation for Ultrasound in Medicine & Biology.

Key Words:Peripheral arterial disease, Lower limb arteries, Arterial stenosis, Power Doppler ultrasound, Blood
echogenicity, Computational fluid dynamics, 3-D reconstruction.

INTRODUCTION locity, the characterization of Doppler spectral broaden-
Duplex ultrasound (US) scanning has been the most 9" the dgteguon .Of blood flow d|sturbanpes W.'th color
. i . . . . flow velocity imaging, and Doppler velocity ratio mea-
widely applied noninvasive technique to quantify the .
4 . : surement. Although the use of modern US technologies
severity of arterial stenoses. Several strategies were pro- . X . .
. . . may avoid the need for arteriography in some patients,
posed to specifically evaluate lower limb arterial obstruc- . T
recent studies showed limitations of duplex US for quan-

zggzbv_v'tgvg;:: gleg;odléggérfoﬁ(tj:rl{ ;'?21?; fg%g?t e'phe tifying lower limb arterial lesions. For example, although
. o : - ' ' controversial (Allard et al. 1999; Aly et al. 1998a; Sen-

diagnosis with duplex scanning has been based on ve-_.

locity waveform analysis, measurement of absolute ve- sier et al. 1996), the accuracy of duplex US may be
y ysIS, limited in the case of multisegmental arterial lesions.

Also, the quantification of the severity of stenoses in very
Address correspondence to: Dr. G. Cloutier, Laboratoire tde Ge (istal segments (below the knee) and runoff vessels is

nie Biomalical, Institut de Recherches Cliniques de Moalrel10 difficul ith .. ith |

Avenue des Pins Ouest, Mofaile Qudec H2W 1R7 Canada. E-mail: ifficult to assess with precision with US (Koelemay et

cloutig@ircm.qc.ca and durandlg@ircm.qc.ca al. 1997; Larch et al. 1997). Duplex or color Doppler US
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measures the hemodynamic repercussions of arterial ~ 0 Mean flow rate = 100 mL min’!
stricture (.e., acceleration at the site of the stenosis or .S 554 |
dampening of the systolic upstroke downstream of the £ 200 f
stenosis). Up to now, this information is not sufficientto g 150t
plan surgical or endovascular therapy. Therefore, in most g 1901
cases, digital subtraction or magnetic resonance angiog- & 53 \
raphy is required (Larch et al. 1997). Another alternative 3 _50

is power Doppler imaging, which gives a better demon- ;o_ -100 5 03 " 3 5
stration of the vessel lumen than duplex US by estimat- ' Time (s) '
ing the integrated Doppler power spectrum (Rubin et al.
1994) ~ Mean flow rate = 450 mL min’!

To our knowledge, power Doppler angiography "= 1200
(PDA) has never been clinically applied to quantify ‘g 1000 |
lower limb arterial stenoses. Three-dimensional PDA —= 800
images of stenotic vessels were, however, obtained g 600
vitro in steady and pulsatile flow models filled with a 9:; 400
blood-mimicking fluid (Guo and Fenster 1996). The val- ; 200
idation of the technique was extended by using porcine 2

B~ 0 0.5 1.5 2

whole blood (Allard et al. 1997). In this last study, the
degree and length of the stenosis obtained from the 3-D
reconstruction of PDA images varied with the flow rate.
In contradiction to what was observed with a blood- L 2000
mimicking fluid (Guo and Fenster 1996), porcine blood ‘g 1600 I
echogenicity variations within PDA images seemed to -
affect the segmentation accuracy of the arterial lumen £ 1200
(Allard et al. 1997). Thus, the aim of this work was to % 800
study the influence of various hemodynamic and rheo- = 44 |
logic factors on the accuracy of 3-D PDA for arterial © i
stenosis quantification, and to evaluate the effect of & 0 0.5 1
changes in blood echogenicity on the segmentation per- Time (s)
formance. Although PDA is introduced as a method to
improve the assessment of lower limb arterial obstruc-
tion, the stenosis model is general and can be extended to
other arterial segments.

1
Time (s)

Mean flow rate = 800 mL min"!

D

1.5 2

Fig. 1. Flow waveforms obtained for pulsatile flow experi-
ments.

straight and long enough to ensure a fully developed
METHODS . : . ;
laminar flow before the stenosis. Blood was circulated in
Flow model and blood preparation the flow model with a roller pump for steady flow, and a
The experiments were performed at room tempera- pulsatile blood pump (Harvard Apparatus, South Natick,
ture in a horizontal mock flow model. A phantom con- MA; Model 1421) for pulsatile flow. As described in
taining a wall-less vessel surrounded by a tissue mimic Allard and Cloutier (1999), a damping reservoir located
made of water (89%), agar (3%) and glycerol (8%) was between the roller pump and the test section was used to
made to simulate a stenotic artery with an 80% area eliminate oscillations for steady flow experiments. The
reduction. This phantom had an acoustic velocity similar flow rate was measured with a cannulating probe (Model
to that of biologic tissue (Rickey et al. 1995). The diam- SF625) coupled to an electromagnetic flowmeter (Clini-
eter of the nonobstructed lumen was 7.96 mm. Pouring flow Il, Model FM701D, Carolina Medical Electronics,
the molten tissue mimic around a rod, that was removed King, NC). The stroke rate of the pulsatile pump was 70
after the tissue mimic set, formed the wall-less vessel. beats/min and the phase ratio (% systole:% diastole) was
The lumen diameter was measured with a micrometer on 30:70. Examples of pulsatile flow profiles obtained at
the rod used to create the lumen. The phantom does notl00, 450 and 800 mL min* are shown in Fig. 1.
absorb water and was preserved from drying; the lumen, Fresh porcine blood, collected from an abattoir, was
thus, maintained its original dimension over time. The anticoagulated with ethylenediamine-tetraacetic acid
symmetrical stenosis had a cosine shape with a length ofsalt, the erythrocytes and buffy layers were separated by
20 mm. The inlet length of the wall-less vessel was centrifugation, and the hematocrit was adjusted to 40%
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by remixing the erythrocytes with plasma or a saline (16), the dynamic image filtering option was not acti-
solution. Four types of fluid were circulated in the flow vated, the focal point was set near the center of the tube,
model (porcine whole blood, porcine whole blood with a the highest color priority was chosen, the persistence
US contrast agent, porcine blood cell suspension andlevel was set to maximum (7) and the frame rate for these
porcine blood cell suspension with a US contrast agent). settings was 6 Hz. Because a linear grey-scale power
The blood suspension was prepared by washing andmap was used in PDA mode, the background noise was
centrifuging blood cells twice with a 0.9% normal phys- displayed as almost black and the flow field as grey
iologic saline solution. The plasma was discarded, and levels related to the backscattered intensity.
the blood cells were resuspended in the saline solution A 3-D imaging system developed at the John P.
before measurement. To reproduce the clinical situation Robarts Research Institute and produced by Life Imaging
of using an ultrasonographic contrast agent in suboptimal System Inc. (London, ON, Canada) was used for 3-D
examinations, an ultrasound contrast agent (DMP-115, image acquisition and display. A discrete movement (0.5
DuPont-Merck Pharmaceutical Co., N. Billerica, MA) mm) step motor was used to scan the wall-less artery
was used in some experiments to enhance the backscationgitudinally over a distance of 9.6 cm at a slow veloc-
tered power. The DMP-115 is a perfluoropropane gas- ity of 0.25 mm/s. This slow scanning velocity ensured
filled, lipid-encapsulated microbubble fluid that is stable that each acquired image had no residual information
in blood for several min. Before adding DMP-115 to from previous images due to the persistence level and
blood, it was shaken for 45 s at room temperature t0 jow frame rate of the US instrument. A set of 192
generate the bubbles. The concentration of DMP-115 crgss-sectional 2-D PDA images was acquired at a
used in all measurements was 0.03 mL/L of blood. Doppler angle of 70°. These 2-D images had a dimension
Experiments were conducted and repeated, with five of 256 x 256 pixels and were digitized with a precision
different blood samples, for each flow condition (steady of g hits/pixel. After acquisition, the PDA images were
or pulsatile), and for each fluid used (whole blood or reconstructed perpendicular to the vessel axis following
blood cell suspension). For each experiment, measure-poppler angle compensation. A total of approximately
ments were done with and without the US contrast agent 180 s|ices was kept for 3-D visualization and analysis.
at flow rates of 100, 450, and 800 mL mih Reported  The voxel dimensions were scaled by positioning two
values of the flow rate at rest in the common femoral -rsors in the x and y directions on the zoomed ATL
artery by using electromagnetic flowmeters are in the screen, and by measuring their respective distance in mm
range of 100 to 660 mL min® (Vanttinen 1975). Much  anq pixel number. The averaged voxel dimension of the
higher values were reported during exercise or papaver-3.p yolume was 0.095< 0.085 X 0.5 mm? Ipixel. No

ine injection (Dedichen_ and Kordt 1974; Hlavoeaal.  flow gating was performed by the instrument under pul-
1965). Thus, the experimental protocol allowed the sim- gaiile conditions.

ulation of femoral flow rates and the acquisition of a total
of 120 3-D PDA volumes for statistical analysis.
Segmentation algorithms

PDA image acquisition and preprocessing In previous studies (Allard et al. 1997; Guo et al.

An ATL Ultramark 9 HDI US system with a 38-mm ~ 1998; Guo and Fenster 1996), thresholding based on the
aperture linear-array probe (L7-4) was used for all cross- maximum intensity of each PDA image was used to
sectional PDA measurements. This probe was operatedsegment the vessel lumen from the image background.
at 5 MHz for B-mode imaging and at 4 MHz in the Various threshold levels were tested between 10% to
Doppler power mode. The B-mode was used to identify 75% of the maximum grey-level intensity of the PDA
the lumen of the vessel and to help in adjusting the images. For the experimental conditions tested, a thresh-
intensity in PDA mode. Before each measurement, by old of 25% of the maximum intensity was found to be a
adjusting the US-transmitted power and color gain, the good selection to estimate the percentage of area reduc-
flow field area of the PDA image proximal to the stenosis tion of the stenosis (Allard et al. 1997; Guo et al. 1998).
was matched visually to the lumen area observed in To improve the characterization of the stenosis, two new
B-mode. Then, the tissue signal of the B-mode image segmentation algorithms were developed and their
was shut off to display only the flow field. In PDA mode, threshold adjusted to obtain the best performance in
a pulse-repetition frequency (PRF) of 700 Hz was used terms of percentage of area reduction. No optimization
to increase the imaging sensitivity. The lowest wall filter was performed on the absolute area because this param-
cut-off frequency (25 Hz) was selected because there eter can be affected by the adjustment of the Doppler
was little wall movement in the phantom under pulsatile gain and transmitted power. Both the gain and transmit-
flow. The depth and zoom of the system were fixed for ted power were kept constant for a given 3-D scanning.
all experiments. The color sensitivity was maximum The description of each algorithm is given below:
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1. This is the algorithm used in our previous studies. viation) for E,z were computed over all experiments for
For each 2-D PDA image of the 3-D volume, the four specific positions along the arterial lumen: 1. 4 cm
segmentation threshold was fixed to 25% of the before the central position of the steno$tg( 2. atP, 3.
maximum image intensityl,.,. The flow area of 1 cm afterP and 4. 5 cm afteP,. For positions 1, 3 and
each 2-D slice was calculated by counting pixels 4, the mean errors were obtained by averadtpg over
with intensities higher than the segmentation level. 16 consecutive PDA images (image 1 corresponds to the
To compute the percentage of area reduction, a “nor- position given above and image 16 to the downstream
mal nonobstructed cross-section” had to be deter- position shifted by 0.8 cm). For position 2, only the PDA
mined and used as a reference area. For this purposeimage located at the central position of the stenosis was
the reference area was obtained by averaging the 10used for averaging purposes.
largest area values of the whole 3-D volume. The

percentage of area reductionAj% at a given loca  podeling of the flow velocities and binary PDA images

tion was computed by the following equation: At least two instrumental factors may limit the
performance of the PDA method to delineate the vessel
%A = 100 X Aet — A ) lumen. These factors are the limited resolution of the US

R Aet system and the effect of the wall filter. A simulation

model was developed to determine the signal loss on the
PDA images due to the effect of the wall filter.
Finite-element modeling (FEM) of the flow veloc-

f ities in the vicinity of the stenosis was performed with
Fidap (Fluent Inc., Lebanon, NH, version 8). The en-
level at 25% of|, for the reference ared.. trance length, dimension, and shape of _th(_—} stenosis sim-
Starting from the first slice, the segmentation level ulated by FEM had the same characteristics as those of

was then increased (or decreased) by steps of 5%thein vitro model. The problem was 2-D axisymmetric
each time the flow area of a given slice was reduced and nonlinear, and the flow was considered laminar. The

(or increased) by 10% comparedAq... This alge mesh of the flow region was composed of 6000 nodes
rithm allows a segmentation level higher than 25% a_nd 5681 _fou.r-node guadrilateral elements. The succes-
within the stenosis, which results in the removal of SIV€ substitution method was used to solve the problem
more pixels to compensate for the blurring of the d_ue t.o.its large radius of convergence and the re!ative
PDA image due to the limited sample volume reso- simplicity of the flow region geometry. A relaxation
lution of the instrument. For each slice, the percent- factor of 0.5 was usgd to improve the rate of conver-
age of area reduction was computed by using egn gence. The fluid densny and V|scos.|ty were 1000 !<g3m
). gnd 3.5 cP, respectively. A parabolic veloc_lty profile was
imposed at the entrance of the flow region for steady
flow. Under pulsatile flow, the time-dependent longitu-
dinal component of the total normal stressj was used
as boundary condition at the inlet. The general form of
this parameter is given by (see page 360 of Munson et al.

whereA, is the reference area of the nonobstructed
lumen computed from 10 PDA images, afds the
area of a given slice of the 3-D volume.

2. This segmentation method is an adaptive version o
the first algorithm. It starts by using a segmentation

3. A third algorithm was tested to take into consider-
ation the distribution of the histogram image inten-
sities of each PDA. The segmentation level was set
t0 11,a/0-3 lhean Wherel .., iSs the mean image
intensity of the histogram. The constant of 0.3 was
the mean value that optimized the quantification of 1994):
the percentage of area reduction, eqn (1), over all

experimental conditions tested. _ b ) VAT, z, 1)
For all three algorithms, the segmentation level, in term oAl 2, = = P(r, 2,0 + 2 dz '’
of absolute image intensity, depends lgn, and, thus, (2)

varies along the vessel segment.

whereP is the pressurey is the fluid viscosityV, is the

Accuracy of the segmentation algorithms longitudinal velocity component of the fluid, is the

To quantify the accuracy of each algorithm, the radial coordinatezis the longitudinal coordinate, ands
estimation errors on the area reduction were computed.time. Because the entrance length was long enough, the
The error was determined b.g = %Az — %Arruey term woV,/9z is negligible and the pressufedoes not
where % is the percentage of area reduction given by vary withr at the inlet, so thadr,(z, ;) =~ —P(Zjec!).-
eqn (1), and %gare) IS the true percentage of area By assuming that the pressure drop due to turbulence is
reduction of the lumen (known from the dimensions of negligible andP(z,,4) = O, then the inlet pressure can
the flow phantom). The statistics (meanstandard de-  be written as a function of the pressure gradi@(t,, )
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A F was greater than the wall filter cut-off frequency (25
so\)(\ ,a(\e . . .
e o o reconstructed Hz) were used in the theorenca! reconstruqnon of the
20 plane stenosis geometry (theoretical binary PDA image). To
¥ 0 simulate the persistence used with the US instrument,
r ’ egn (3) was computed at each node by taking the max-
L Y imum of each Doppler shift over time. For pulsatile flow,
( /( i the maxima were determined over one flow cycle. In
z AN, PDA mode, the persistence of the instrument affects the
displayed power intensity, whereas it is the velocities at
each node that were modified by the simulated persis-
tence function (maximum frequency shift). It should be
Fig. 2. Definition of the coordinates involved in the computa- noted that the image processing performed by the man-

tion of eqn (3). The figure only displays a straight segment of yfacturer when the persistence function is activated in
the simulated vessel. The coordinates were used for the Pro-ppA or color-flow velocity mode is unknown.
jection of the velocity components simulated before, within and

after the stenosis.

Statistical analyses
All data were expressed as meahsone standard
~ LAP(t), whereL is the length of the vessel anP is deviation (SD). Analyses of yariance (ANOVA) were
the pressure gradient. The parametB(t) was estimated ~ used to assess differences in the meansgf as a
from the Womersley method (McDonald 1974) by using function of the segmentation algorithm, type of _fI_U|d,
the flow rates of Fig. 1. In the simulation, the length of type of flow and flow rate for each of the four positions
the vessel and the variation of the tube diameter were 80ng the vessel axis (SigmaStat statistical software,
obtained from then vitro flow model characteristics. SPSS, San Rafael, CA, version 2.03). Nonparametric
Based on the velocities obtained with the FEM ANOVA tests (ANOVA on ranks) were used in the cases
simulations, the Doppler-shifted frequencies were calcu- of nonGaussian statistical distributions. Pairwise multi-

lated at each point of the mesh by using the following ple comparisons were performed with the Tukey test for
equation: all ANOVA. A value of p < 0.05 was considered sig-

nificant.
F(r, z, t) = 2Fy(V,(r, z, t)sinf, cosp

+ V,/(r, z, t)codp)/c, (3) RESULTS
Effect of the segmentation algorithm on the percentages
whereF is the Doppler frequency shifE, is the ultra of area reduction
sound transmitted frequency, andV, are the axial and To test the effect of the segmentation algorithm on
longitudinal velocity components of the fluidy, is the Ear the data from all measurements were pooled and
Doppler angle, andp is the angle between the recon- compared for the four positions along the simulated
structed image plane used for the FEM visualization and vessel (one-way ANOVA). As shown in Table 1, the
the vertical axis. Figure 2 describes the coordinates usedpercentages of area reduction were overestimated by

in egn (3). Only the points of the mesh whose frequency more than 4.2% before the stenosis, for all algorithms.

Table 1. Errors in the estimate of the percentage of area redudigg) for four locations along the simulated
artery, as a function of the segmentation algorithm selected

Before the stenosis, In the stenosis, Recirculation zone, After the stenosis,
mean=x SD (%) mean= SD (%) mean= SD (%) mean= SD (%)
Algorithm #1 4.2+ 4.7 —13.0£ 4.2 12.2+ 12.0 6.1+ 4.1
(*#1 vs. #3)
Algorithm #2 4.3+ 4.8 —-23*4.0 15.0+ 15.5 6.4+ 4.7
(*#2 vs. #1 and #3) (*#2 vs. #3)
Algorithm #3 6.1+ 6.6 -58=*+5.0 14.6+ 13.7 7.9+ 5.0
(*#3 vs. #1)

The means and standard deviations (SD) were computed over 120 measurements (all data) performed under steady and pulsatile flows, by usir
porcine whole blood and porcine blood cell suspension with and without US contrast agent, at flow rates of 100, 450 and 800.r&tatistically
significant interactionsp(< 0.05) of the one-way ANOVA tests.
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Table 2. Errors in the estimate of the percentage of area redudjgy for four locations along the simulated
artery, as a function of the type of fluid circulating in the flow model

Before the stenosis, In the stenosis, Recirculation zone, After the stenosis,
mean= SD (%) mean= SD (%) mean= SD (%) mean= SD (%)
Whole blood (W) 3.3:4.4 -1.7*+4.6 19.0+ 14.7 6.3t 4.9
(*W vs S) (*W vs S and SC)
Whole blood+ contrast agent (WC) 3352 —-29+33 17.1+ 16.1 5255
(*WC vs S) (*WC vs S and SC)
Cell suspension (S) 66 5.3 —-2.0x4.4 11.0+ 15.4 7.6x 3.2
Cell suspensiont+ contrast agent (SC) 44 35 -25+38 12.8+ 15.1 6.5+ 4.8

The means and standard deviations (SD) were computed over 30 measurements performed under steady and pulsatile flows of 100, 450 and 8(
mL min~!. Segmentation algorithm #2 was used. *Statistically significant interactjprs .05) of the three-way ANOVA tests.

Because the Fxqe) IS zero at this position, this means and in the recirculation zong (< 0.001). These results
that artefactual narrowing of the vessel lumen was mea- were obtained after considering the effects of differences
sured. No significant difference was found in the values in the type of flow and flow rate. As summarized in Table
of Eag computed from the three segmentation algorithms 2, the use of US contrast agent had no significant effect
before the stenosisp(= 0.28). Within the stenosis, on E,g The statistical differences measured before the
significant differences were observegl € 0.001). Al- stenosis and in the recirculation zone were only related to
gorithm #2 outperformed all others with a mean under- the type of blood flowing in the phantom (whole blood or
estimation of the % of 2.3% (the 80% area reduction blood cell suspension). Before the steno&igg values
stenosis was identified as a 77.7% stenosis). An impor- were lower for whole blood than blood cell suspension,
tant overestimation of the 8¢ was found in the recir whereas it was the contrary for measurements in the
culation zone after the stenosis. For this position, no recirculation zone.
significant differences in the values &, were ob Table 3 shows the differences g for steady and
served when comparing the three algorithmms=(0.36). pulsatile flow measurements. The statistical method used
After the stenosis, both the first and second algorithms took into consideration the effects of differences in the
performed better than algorithm #3€ 0.005). With the type of fluid and flow rate. Statistically significant dif-
exception of measurements in the throat of the stenosis,ferences (three-way ANOVA) were found before the
the percentages of area reduction were always overesti-stenosis [§ < 0.001) and in the recirculation zonp €
mated when compared to theAf e, In summary, 0.001). The errors in the percentages of area reduction
algorithm #2 provided the best results in term of mini- were smaller for steady flow before the stenosis. In the
mization of E,g. From here on, all results are presented recirculation zone, the values Bf for steady flow were
for the segmentation algorithm #2. approximately twice those observed for pulsatile flow.
The effect of the flow rate ok,g was mainly noted at
Effect of the type of fluid, type of flow and flow rate on the 100 mL min * (Table 4).The three-way ANOVA anal-
percentages of area reduction yses confirmed the effect of the flow rate BRy in the
Based on three-way ANOVA analyses, the differ- stenosis [§f < 0.001), in the recirculation zone (<
ences in the mean values Bfy for the different fluids 0.001), and after the stenosip & 0.001). With the
were greater than what would be expected by chance forexception of the measure before the stenosis, the mean
measurements performed before the stengsis 0.006) values ofE,z monotonically increased with a decrease of

Table 3. Errors in the estimate of the percentage of area redudjgy for four locations along the simulated
artery, as a function of the type of flow

Before the stenosis, In the stenosis, Recirculation zone, After the stenosis,
mean= SD (%) mean= SD (%) mean= SD (%) mean= SD (%)
Steady flow (S) 2.1+ 3.0 —25+52 21.1+ 188 6.9+ 4.1
(*Svs P) (*Svs P)
Pulsatile flow (P) 6.6- 5.2 —-2.0+23 8.8+ 7.1 5.8+ 5.2

The means and standard deviations (SD) were computed over 60 measurements performed with the different fluids given in Table 2 at flow rates
of 100, 450 and 800 mL min*. Segmentation algorithm #2 was used. *Statistically significart@.05) interactions of the three-way ANOVA tests.
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Table 4. Errors in the estimate of the percentage of area redudjgy for four locations along the simulated
artery, as a function of the flow rate

Before the stenosis,
mean= SD (%)

In the stenosis,
mean= SD (%)

Recirculation zone,
mean= SD (%)

After the stenosis,
mean= SD (%)

100 mL min 1 3.9+54 ~5.9+38 29.2+ 17.3 9.8+ 6.0
(*100 vs 450 and 800) (*100 vs 450 and 800) (*100 vs 450 and 800)
450 ml min t 47+38 ~1.1+3.0 10.2+ 8.5 4.8+ 2.4
(*450 vs 800)
800 ml min * 43+51 ~0.1+25 5.4+55 4.6+ 2.6

The means and standard deviations (SD) were computed over 40 measurements performed under steady and pulsatile flows by using the differe

fluids given in Table 2. Segmentation algorithm #2 was used. *Statistically signifipant(q.05) interactions of the three-way ANOVA tests.

the flow rate. These last results considered the effect of
differences in the type of flow and type of fluid.

The results reported in Tables 2 to 4 can be
summarized as follows: 1. the hemodynamic condition
(type of flow and flow rate) and the fluid selected
(whole blood or blood cell suspension) affect the
accuracy of PDA; 2. the enhancement of the echo
intensity with US contrast agent has no effect on the
segmentation performance; 3. the errors in the esti-
mate of the percentages of area reduction are not
uniform along the simulated atherosclerotic artery; 4.
the smalles€,g are usually found in the throat of the
stenosis; 5. the largest errors are measured in the
recirculation zone (the use of whole blood under a
steady flow of 100 mL min! emphasizes this effect);
and 6. for all positions along the vessel, a low flow has
a negative impact oB,. For the five experiments that
would correspond to a US scan of a typical common
femoral artery (whole blood, pulsatile flow of 450 mL
min~*, no US contrast agent), the valuesEfs were
4.3 = 1.2% before the stenosis;2.0 = 1.0% in the
stenosis, 11.5= 3.1% in the recirculation zone, and
2.8 = 1.7% after the stenosis, respectively. Figure 3
shows examples from one of these experiments of the
variation of the %\ along the simulated vessel for
pulsatile flow rates of 100, 450 and 800 mL min It
is clear from this figure tha€,g is affected by a
reduction of the flow rate, and this effect is especially
noticeable in the recirculation zone. Figure 4 presents
the %A as a function of the position along the tube for
porcine whole blood circulating under a steady flow
rate of 100 mL mint. As noted before, in Table 3, the
major difference between steady and pulsatile flow on
the segmentation performance of PDA images is
mainly noted in the recirculation zone (see Fig. 3a for
comparison).

Comparison of measured and simulated PDA images
To understand the nature of the signal loss in the

recirculation zone, the experimental PDA images of the

stenosis were compared qualitatively to the simulated

images obtained under steady and pulsatile flows. The
left panels of Fig. 5 show the simulated binary PDA
images for steady flow; the white color indicates the
presence of flow and black means the absence of echoes.
In the simulations, the absence of echoes within the tube
(identified by dotted lines) is due to the effect of the wall
filter (Doppler frequency shifts, when projected on the
transducer axis, below 25 Hz). The right panels of Fig. 5
present 2-D angle-corrected PDA images obtained by
selecting the vertical image plane of the 3-D volumes (
= 0%in eqn (3), the top of the images corresponds to the
upper surface of the flow phantom). At 100 mL min
the FEM simulation shows that the wall filter has an
important impact on the low-velocity signal loss in the
recirculation zone. The length of the stenosis appears
longer than it really is. Some losses of the signal are also
noted along the vessel wall. These observations are com-
parable to those of the corresponding PDA images. At
450 mL min %, the FEM simulation predicted a loss of
signal in the shear layer between the jet and the recircu-
lation zone. When projected on the transducer axis, the
simulated flow velocity components in the shear layer
were below 0.5 cm/s (25 Hz). The shear layer was not
obvious on the experimental PDA images. However, this
signal loss created some blurring in the recirculation
zone. The simulation performed at 800 mL minalso
predicted the signal loss in the shear layer. This time, it
could not be inferred from the experimental image be-
cause it was much thinner. The 3-D reconstruction of the
PDA image adequately depicted the shape of the dis-
eased vessel at 800 mL mih

Figure 6 shows the comparison of the FEM simu-
lation with a typical experiment at a pulsatile flow of 100
mL min~%. A perfect recovery of the shape of the -dis
eased vessel was predicted by the simulation. The verti-
cal 2-D slice of the experimental 3-D volume & 0°)
adequately matched the simulation. The signal loss pre-
viously observed in the recirculation zone under a steady
flow rate of 100 mL min* disappeared. Similar theoret
ical predictions and experimental results were obtained
at higher flow rates (results not shown).
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Fig. 4. Percentage of area reduction as a function of the position

along the tube for a typical experiment performed with porcine

whole blood circulating under a steady flow rate of 100 mL
min— ™.

Observations on blood echogenicity

Longitudinal and radial variations in blood echoge-
nicity were observed on the PDA images. As noted in
Fig. 5, for whole blood flowing under a steady flow rate
of 100 mL min %, the signal intensity was stronger
around the central axis for all positions along the vessel.
At higher flow rates (Fig. 5), the intensities of the ex-
perimental PDA images were more uniform. Some vari-
ations of the echogenicity were also noted with whole
blood under pulsatile flow. As seen in Fig. 6, for a flow
rate of 100 mL min?, the echo intensity varied longi
tudinally and radially, and it was maximum in the throat
of the stenosis. Longitudinal variations of the echogenic-
ity were more evident for experiments performed with a
blood cell suspension. As seen in Fig. 7 (450 mL
the echo intensities were stronger after the stenosis than
before. This phenomenon was emphasized for steady
flow. Similar observations were noted at a higher flow
rate of 800 mL min? (results not shown). With US
contrast agents, the echogenicity was generally more
uniform within the vessel.

DISCUSSION

Power Doppler angiography has been developed to
overcome some of the limitations of color Doppler im-
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Fig. 5. Comparison of simulated (left panel) and experimental

(right panel) PDA images obtained with porcine whole blood

under steady flow rates of 100, 450 and 800 mL mirThe

2-D views of both simulated and experimental PDA images

were obtained from the 3-D volumes by selecting a plane

parallel to the transducer axis (the top of the images corre-
sponds to the upper surface of the flow phantom).

aging to map the blood flow field (MacSweeny et al.
1996; Rubin et al. 1994). This technique is more sensi-
tive to blood motion than color Doppler flow, has a better
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Steady flow

Pulsatile flow

Fig. 7. 2-D views of PDA images obtained with blood cell

suspension at steady and pulsatile flow of 450 mL mirThe

2-D views of the 3-D volumes were selected parallel to the

transducer axis (the top of the images correspond to the upper
surface of the flow phantom).

using a blood-mimicking fluid (water-glycerol mixture

with scattering particles), a 50% area reduction stenosis
was quantified, on average, as a 46% stenosis. Less
accurate results were obtained with a 80% stenosis. For
instance, this stenosis severity was identified as a 70%

signal-to-noise ratio, and is less affected by aliasing and lesion on average (Guo et al. 1998). By using porcine

Doppler angle. PDA was showin vitro to be relatively
accurate for quantifying moderate obstructions in terms
of percentage of area reduction (Guo et al. 1998). By

m'um

Fig. 6. Comparison of simulated (top panel) and experimental
(bottom panel) PDA images for the case of porcine whole
blood under a pulsatile flow rate of 100 mL mih The 2-D

views of the PDA images were obtained from the 3-D volumes

by selecting a plane parallel to the transducer axis (the top of
the images corresponds to the upper surface of the flow phan-

tom).

whole blood in a similar flow phantom, Allard et al.
(1997) detected the 80% area reduction stenosis as a 54
to 71% lesion (mean % = 65%). In both studies
(Allard et al. 1997; Guo et al. 1998), PDA measurements
were performed with an ATL-HDI Ultramark 9 system
and the segmentation of the US angiographic images was
obtained with algorithm #1 (the segmentation level was
fixed to 25% of the maximum image intensity,,,). The
difference in accuracy between both studies can be re-
lated to the scattering properties of the fluid (blood
mimic or whole blood), the flow characteristic (steady or
pulsatile), and the flow rate (300 to 900 mL miror 120

to 1250 mL min %).

Unpublished preliminary experiments have also
been performed to test the accuracy of PDA to quantify
unobstructed straight vessels of different diameters. Al-
though the gain setting could bias the restitse gen-
erally noted an underestimation of the true area for the
largest vessels tested (diameters of 5 and 8 mm) and an
overestimation for vessels smaller than 2 mm in diame-
ter, approximately. We then hypothesized that the signal
loss for the largest vessels was due to the effect of the

1A bias can exist for absolute area measurements but, in terms of
percentage of area reduction, there is no bias introduced by the gain
because it is a relative measure, see eqn (1).
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walll filter, whereas the blurring effect for the smallest tubes same hemodynamic flow conditions did not produce the
could be related to the limited spatial resolution of the PDA same effect on the PDA images (see Figs. 5 and 6). The
images. To overcome the blurring effect in the throat of the mechanisms explaining these differences still remain to
stenosis, segmentation algorithm #2 was proposed. Accord-be explored.

ing to Table 1, this approach allowed significant reduction
of Exg in the stenosis when compared to previous studies
for which the stenosis was underestimated by more than 9%
(Allard et al. 1997; Guo et al. 1998). A third algorithm was
tested to consider the histogram of the PDA image intensi-
ties. It was expected that this approach could be less af-
fected by changes in echogenicity attributed to variations in
the hemodynamic flow conditions. This algorithm did not
perform better than algorithm #2. Other segmentation strat-
egies based on the Markov field approach were recently
tested on PDA images (Sayeet al. 1999). We also at-

Effect of the type of fluid, type of flow and flow rate on the
percentages of area reduction
According to Table 2, the use of whole blood or

blood cell suspension influenced the accuracy of the
PDA image segmentation before the stenosis and in the
recirculation zone. The presence of RBC aggregation in
some experiments (especially those performed at 100 mL
min~ 1), and the effect of turbulence on the echogenicity
of blood cell suspension may explain the differences in

tempted to simply remove the background (black) from the Ear @t these locations. Axial and radial echogenicity
PDA images, but this method produced large variability. It Variations affect the value df,, that was used in the
became clear to us that the optimization of more sophisti- S€9mentation algorithm #2. These echogenicity varia-
cated methods is difficult because the PDA images obtained!ionS can also modify the histogram distribution of the
with ATL-HDI Ultramark 9 systems are limited in term of DA image intensities. Figure 8 shows histograms cor-
dynamic range (14 grey-level intensities logarithmically "€SPonding to the PDA image of Fig. 7 for the case of
compressed) and spatial resolution. The use of the latestStéady flow (top panel). This example, which corre-
generation of US systems may improve the accuracy of SPONds to an experiment without RBC aggregation, can
PDA. Further studies would, however, be necessary to exp!am t_he d|fferences_found in Table 2 befc_>re the ste-
determine the extent of this potential improvement, as well NOSIS. It is clear from Fig. 8 thaf,,, and the histogram

as that of other segmentation strategies. distribution changed along the vessel. If we assume a
constant segmentation level at 25%Iqf,, for this ex

It is known that porcine whole blood forms red #110. Because of the discrete nature of the histograms,

blood cell (RBC) aggregates under certain flowing con- the segmentation threshold is, in fact, the same for both
ditions, and that red cells suspended in a saline solution 2-D frames. The highet, before the stenosis for blood
do not form aggregates, whatever the value of the flow Cell suspension is explained by the fact that the propor-
shear rate. It is also well recognized that RBC aggrega- tion of echoes removed was higher before than after the
tion increases the echogenicity of blood (Sigel et al. stenosis (for the example of Fig. 8, 6480 and 5862 pixels
1982), and that this phenomenon is promoted at low Were removed before and after the stenosis, respectively;
shear rates (Schmid-Satieein et al. 1968). As shown in  the total number of pixels was 13,875).

Fig. 5, for a flow rate of 100 mL min?, the level of RBC One important hemodynamic consequence of the
aggregation can affect the radial distribution of blood presence of RBC aggregation is the increase in blood
echogenicity; a similar observation was recently reported Viscosity (Chien 1967). The flow characteristics and the
by Allard and Cloutier (1999). RBC aggregation can also effects of RBC aggregate formation may specifically
modify the echogenicity before, within and after the explain the differences noted in Table 2 for the recircu-
stenosis (see Fig. 6). In addition to RBC aggregation, lation zone. For example, the signal loss in the recircu-
other factors can affect the echogenicity of blood. For lation zone was more important for whole blood than
example, by using A-mode pulse-echo and Doppler US blood cell suspension. The presence of RBC aggregation
methods, turbulence was shown to significantly increase and a higher viscosity may result in lower flow velocity
the US backscattered power (Cloutier et al. 1996; Shung components and the removal of more echoes by the wall
et al. 1984). This phenomenon has been observed for redfilter. The validation of this hypothesis would require the
cells suspended in saline, but has never been demon-use of a non-Newtonian fluid in the finite-element mod-
strated for whole blood experiments. According to Fig. 7, eling of the blood flow velocities.

an increase in blood echogenicity for experiments per- According to Table 3, the type of fluid significantly
formed with a blood cell suspension could be observed influenced the segmentation results before the stenosis
on PDA after the stenosis. These echoicity variations are and in the recirculation zone. As demonstrated by the
likely due to the presence of blood flow turbulence. Itis finite-element modeling of Fig. 5, the wall filter is the
interesting to note that the use of whole blood under the cause of the signal loss under steady flow in the recircu-
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4000 whereas it probably decreased below the expected true
3500 - Frame #10 diameter for the rest of the flow cycle. Because the
X 3000 Before the stenosis duration of diastole was higher than systole, thisXvas
:—;_ overestimated by 6.6% on average.
s 2500 | As predicted by the finite-element modeling of Fig.
+ 2000 5, a low flow rate should increade,, for all positions
8 1500 - along the vessel, except in the throat of the stenosis. As
g 1000 | seen in Table 4, contradictory results were obtained
pd experimentally in the stenosis. For example, the percent-
500 | A J\ A A age of area reduction at this position was underestimated
0 , ! L) A r — ; by 5.9% on average at a flow rate of 100 mL mtnFor
0 32 64 96 128 160 192 224 256 all other flow rates, the errors were below 1.1%. Because
Gray level the true area is not known in practice, we computed the

percentage of area reduction based on a reference area,

4000 N A, defined as the 10 largest area values of the PDA
__ 3500 ¢ Frame #110 images along the vessel. In clinical practice, this would
£ 3000 - After the stenosis be the optimal method to use. However, becaljsgvas
2 5500 | biased because the wall filter removes echoes along the
Y 1 :
o 2000 vessel wall at 100 mL min™, the computation of eqn (1)
o) artificially underestimated the percentage of area reduc-
'g 1500 | tion in the stenosis. The statistically larg&sj found in
3 1000 | able 4, for measurements in the recirculation zone an
3 Table 4, f in th irculati d

500 - after the stenosis, are due to the wall filter.
o LILL L anna gt ]
0 32 64 96 128 160 192 224 256 Other considerations

The use of a high persistence during the recording
of the PDA images seemed important to adequately

Fig. 8. Histograms of the pixel intensities, in grey level, of the de'scrlbe the shape of the stenosls along 't,S longitudinal
PDA image of Fig. 7 for the case of steady flow. The frame aXiS. The selection of the maximum persistence of 7
number corresponds to the position of the cross-section in the provided the best signal-to-noise ratio of the images.
3-D volume (total number of frames 180). The grey level of  Under pulsatile flow, it also permitted reduction of the

16 corresponds to the background noise of the PDA image. To signal loss in the recirculation zone due to the effect of

display the text, the instrument uses the maximum intensity . . . .
level (white,i.e., 256). A total of 14 discrete grey levels were the wall filter. During the acceleration and deceleration

used to map the backscattered power. For each level, the©f th? _ﬂOW: 'th'e Igngth of th? recirculation zone ?‘nd the
histogram is not a Dirac function because of the uncertainties velocities within it vary considerably. The simulations of

(noise) introduced by the analog link between the ATL instru- the binary PDA images with Fidap showed that the use
ment and the 3—_D acquisition system (dlgltal-to-ana_log Conver- of the maximum velocity at each node instead of the
sion of the ATL instrument to generate the analog video signal, time-averaged velocities, for example, best mimicked the

and analog-to-digital conversion of the 3-D acquisition system . . '
to reproduce the digital video image). high persistence mode of the US instrument.

Gray level

CONCLUSIONS

lation zone. The higheE,x before the stenosis for pul It was shown that longitudinal and radial changes in
satile flow cannot be explained by axial and radial vari- blood echogenicity, the attenuation of echoes by the wall
ations of blood echogenicity. For example, we noted that filter, the limited spatial resolution and dynamic range of
pulsatile flow had the tendency to limit any echogenicity the US instrument, and possible vessel pulsation proxi-
changes, probably because pulsatility has a negative ef-mal to the stenosis, can all affect the accuracy of PDA. In
fect on RBC aggregation (Riha and Stoltz 1996). It is the present study, the purpose of using a blood cell
postulated that vessel pulsation due to the presence of asuspension (no RBC aggregation) was to compare the
tight stenosis downstream might explain the higBgg results with whole blood, for which the presence of RBC
before the stenosis for pulsatile flow. The agar flow aggregates at low flow shear rates is well documented. It
phantom used in this study is known to be compliant (de may be relevant to know, however, that some conditions
Korte et al. 1997). When blood accelerated during sys- may inhibit RBC aggregation and lead to PDA images
tole, the vessel diameter could increase momentarily, similar to those presented in this study for experiments



1500 Ultrasound in Medicine and Biology Volume 26, Number 9, 2000
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