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The purpose of this study was to quantify in-stent restenoses with 3D B mode and power Doppler
ultrasound �U.S.� imaging. In-stent restenoses were mimicked with vascular phantoms in which a
nonferromagnetic prototype stent �Boston Scientific� and a ferromagnetic clinical stainless steel
stent �Palmaz P295� were embedded. Each phantom had an 80% in-stent stenosis and a 75%
stenosis located outside the stent. These phantoms were compared to a reference phantom repro-
ducing both stenoses without stent. Data sets of 2D cross-sectional U.S. images were acquired in
freehand scanning using a magnetic sensor attached to the U.S. probe and in mechanical linear
scanning with the probe attached to a step motor device. Each 2D image was automatically seg-
mented before 3D reconstruction of the vessel. Results indicate that the reference phantom �without
stent� was accurately assessed with errors below 1.8% for the 75% stenosis and 3.2% for the 80%
stenosis in both B mode and power Doppler for the two scanning methods. The 80% in-stent
stenoses in Boston Scientific and Palmaz stents were, respectively, evaluated at 73.8��3.2�% and
75.8��3�% in B mode and at 82��2.5�% and 86.2��6.4�% in power Doppler when freehand scans
were used. For comparison, when linear scans were selected, in-stent stenoses in the Boston Sci-
entific or Palmaz stent were, respectively, evaluated at 77.4��2.0�% and 73.8��2.5�% in B mode
and at 87.0��1.3�% and 85.6��5.8�% in power Doppler. To conclude, 3D freehand U.S. is a
valuable method to quantify in-stent restenoses, particularly in B mode. It is thus hoped that, in the
clinical setting, noninvasive 3D U.S. may provide sufficient precision to grade in-stent
restenoses. © 2009 American Association of Physicists in Medicine. �DOI: 10.1118/1.3062944�
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I. INTRODUCTION

Currently, digital subtraction angiography is the gold stan-
dard procedure to image in-stent restenosis, but it is invasive.
Arterial in-stent restenoses have been quantified hemody-
namically using duplex ultrasound �U.S.�. The Doppler peak
systolic velocity �PSV� and PSV ratio between two sites
�PSV at the stenosis divided by PSV in a presumably normal
segment� allowed the detection of in-stent restenoses. How-
ever, depending on the operator and ultrasound scanners, dif-
ferent thresholds of velocities or PSV ratios can be proposed

for the same vascular territory. As an example, PSV thresh-
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olds varying between 150 cm/s �Ref. 1� and 300 cm/s �Ref.
2� have been suggested to detect moderate-to-severe in-stent
stenoses after carotid stenting.3 Current knowledge suggests
the need for a redefinition of diagnostic velocity thresholds
following stenting.

Stent imaging with computed tomography �CT� angiogra-
phy is afflicted by artificial narrowing of the in-stent lumen
and beam hardening artifacts that may hamper restenosis
assessment.4 Magnetic resonance �MR� angiography is also
limited by susceptibility and radio-frequency shielding arti-
facts related to the metallic composition of the stent.5 A mor-

6
phological characterization using B-flow imaging similar to
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2D and 3D MRA and CTA acquisitions could be more ob-
jective and reproducible for the evaluation of in-stent rest-
enoses.

Three-dimensional U.S. appears nowadays as a good al-
ternative to CT and MR, especially in assessing peripheral
vessels.7,8 Ultrasonography is advantageous since it is inex-
pensive and noninvasive �no hazard related to ionizing radia-
tion, iodine, or gadolinium contrast agent injection� and be-
cause it is possible to acquire images in real time. 3D U.S.
compensates the disadvantages of 2D U.S. that is limited by
the 2D sight; it also allows precise measurements of an or-
gan’s volume and the visualization of anatomy in 3D.9

Three-dimensional ultrasonography requires three stages:10

data acquisition, 3D reconstruction, and visualization. Within
the past few years, 3D U.S. methods using B mode or power
Doppler angiography �PDA�8,11–13 have been successfully
used to quantify models of stenotic arteries. However, the
presence of an endoprosthesis such as a metallic stent is sus-
pected to create artifacts on 2D U.S. images and 3D recon-
structions, increasing the difficulty to accurately evaluate the
degree of in-stent restenosis.

Although 3D Doppler ultrasound has already been used in
a clinical setting to detect in-stent stenosis after carotid
stenting,6 systematic evaluation of the influence of stent de-
sign and 3D acquisition protocol on stenosis measurement
error have not been investigated. The first objective of this
study was to determine if stents have an impact on the diag-
nosis with 3D ultrasonography. Furthermore, because elec-
tromagnetic tracking devices �commonly used with freehand
U.S. imaging systems� are very sensitive to ferromagnetic
metals, the second objective was to compare 3D reconstruc-
tions of ferromagnetic and nonferromagnetic stents using
such a positioning device.

II. MATERIALS AND METHODS

II.A. Vascular phantoms

The study was performed on vascular phantoms. Three
phantoms with double arterial stenoses of 75% and 80% area
reductions were compared: a reference phantom without
stent, a phantom with a prototype stent �Boston Scientific
Corporation, Munich, Germany�, and another one with a
stent used in clinical practice �Palmaz, Cordis,
Johnson&Johnson, Miami Lakes, FL�, both stents covering
the 80% stenosis.

II.A.1. Phantom fabrication

A cylindrical vessel containing both stenoses �75% and
80%�, made with a cerrolow shank, was put in a polyethyl-
ene box that was subsequently filled with a tissue-mimicking
gel composed of water �89%�, glycerol �8%�, and agar �3%�.
The solidified gel had similar acoustic properties �attenuation
and sound velocity� as human tissues.14 The wall-less lumen
was created by liquefying and removing the shank by heating
the phantom above the melting point of cerrolow. The wall-
less vessel avoided diffraction of the U.S. beam, which may

15
be encountered when using tubelike artery models. Each
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vessel contained two adjacent stenoses as shown in Fig. 1.
Two phantoms were created with the 80% stenosis covered
by a stent. When pouring the liquid gel in the phantom dur-
ing the fabrication process, it passed through the mesh of the
stent before solidifying, filling the space around the cerrolow
shank. The phantom identified as the “Boston phantom” in-
cluded a prototype MR compatible stent, whereas we used a
commercially available Palmaz stent for the “Palmaz phan-
tom.” Vascular phantoms were kept in water to prevent dry-
ing and, consequently, to preserve the initial dimension of
the lumen.

II.A.2. Phantom dimensions

All phantoms had identical stenosis severities and dimen-
sions. The diameter of the nonobstructed lumen �V1 on Fig.
1� was 7.9 mm. The length of each stenosis, between the
proximal and distal segments with a diameter equivalent to
V1, was 20 mm. The distance between the centers of each
cosine-shaped stenosis was 23.7 mm. We used similar phan-
toms in a recent flow modeling and experimental study.16

II.A.3. Stent characteristics

The Boston Scientific stent prototype is nonferromag-
netic, has an open cell design, and was expanded to a diam-
eter of 8 mm giving a length of 16 mm �Fig. 2�a��. It is made
of 99% nobium and 1% zirconium; its design is similar to the
BSC liberté stent �Boston Scientific, Natick, MA�. On the
contrary, the Palmaz balloon expandable stent is ferromag-
netic and made of stainless steel and has a closed cell design.
We used a Palmaz P295 stent �Cordis-Johnson&Johnson,
Warren, NJ� expanded to 8 mm giving a length of 24 mm
�Fig. 2�b��. We experimentally measured with a camera and

FIG. 1. Phantom lumen dimensions �at scale�. V1 indicates the proximal
segment of the artery and S1 and S2, respectively, represent the 75% and
80% area reduction stenoses.
FIG. 2. �a� Boston Scientific stent prototype; �b� Palmaz stent.
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an image processing software the free cell area and �free
cell/metal� area ratios �n=10 cells�. They were
10��0.9� mm2 and 4.5 for the Boston Scientific stent and
6.1��0.1� mm2 and 4.8 for the Palmaz one.

II.B. Data acquisition methods

Two scanning methods were used to produce 3D U.S.
images of each phantom. A linear scan with the U.S. probe
attached to a step motor, as in Refs. 8 and 11, was first
performed. Although it is very constraining for clinicians,
this scanning technique is considered as a gold standard for
3D ultrasonography because of its accuracy.8 The second ap-
proach was a 3D freehand U.S. system based on an ac elec-
tromagnetic tracking device. In both systems, the main
equipments �U.S. scanner, U.S. probe, video acquisition
card� and settings were kept the same. U.S. images were
captured on a computer with a video acquisition board �ATI
TV Wonder Pro, ATI Technologies, Santa Clara, CA� con-
nected to the standard S-video output of the clinical U.S.
scanner �Vivid Five, General Electric, Chicago, IL�. Ultra-
sound images were acquired with a 10 MHz linear array
transducer �FLA 10�. The size of the digitized U.S. images
was 576�768 pixels, with a pixel size of 0.16 mm. Images
were acquired in B mode and in PDA mode at a frame rate of
6 Hz �maximal value of the ATI video card�. For power
Doppler recordings, a pulse repetition frequency of 750 Hz
was used and the blood mimicking fluid �1 l of water mixed
with 250 ml of corn starch particles and 180 ml of glycerol�
was circulated under a steady flow rate of 500 ml/min. Salt
�9 g� was added to the mimicking fluid to allow recording of
the flow rate with an electromagnetic flow meter �Cliniflow
II, Carolina Medical, King, NC�. All experiments were done

FIG. 3. Ultrasound probe fixed on a step motor to perform a linear scan in
cross-sectional view of the vessel embedded within the phantom box.
at room temperature.
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II.B.1. Linear scanning method

The U.S. probe was attached to a step motor �see Fig. 3�,
which allowed a linear and discrete movement of the probe
with a fixed step �0.52 mm� and angle �90° in B mode and
80° in PDA�. The step motor total displacement was 92 mm
with the velocity set to 3 mm/s. The gradual evolution of the
vessel was clearly seen at this velocity, making the automatic
segmentation of 2D U.S. frames possible. A total of 184
digitized cross-sectional images were acquired in approxi-
mately 30 s.

II.B.2. Freehand scanning method

Three-dimensional freehand U.S. comprises the acquisi-
tion of a sequence of 2D images with their positions re-
corded with a tracking device and the reconstruction of the
3D volume. The freehand U.S. system �Fig. 4� was com-
posed of the ac electromagnetic tracking device �Fastrak,
Polhemus, Colchester, VT� combined with the U.S. scanner.
Although the Fastrak is sensitive to ferromagnetic metals,
this type of sensor is flexible, inexpensive, and easy to use
for clinical applications. To minimize electromagnetic inter-
ferences produced by the U.S. probe,17 the sensor was
mounted on a wooden support and located approximately 10
cm away from the U.S. transducer. Also, the operating range
of the freehand system �distance between sensor and trans-
mitter� was kept under 1 m, as recommended by the manu-
facturer. The tracking device was connected to a computer
using an RS 232 cable. The U.S. data acquisition, sensor
position, and orientation were synchronized by a software
�STRADWIN� developed by Prager et al.18 This software asso-
ciates the coordinates of the Fastrak sensor with each of the
U.S. image recorded with the video acquisition card. In
B-mode scans, the probe was manually positioned close to
perpendicular to the phantom, whereas in power Doppler
scans, the angle was approximately 80° to detect the flow.

A calibration step is required to accurately place a pixel of
the U.S. image in the 3D space. The aim of the spatial cali-
bration is to determine the transformation �a rotation, a trans-
lation, and sometimes a scale modification� between the ori-
gin of the sensor attached to the probe and the U.S. image

Ultrasound probe
(FLA, 10 MHz)

Ultrasound scanner
GE Vivid-Five

Fastrak magnetic
sensor

Fastrak

FIG. 4. Description of the 3D freehand ultrasound acquisition system.
itself. The STRADWIN software was used to do the spatial
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calibration of the system based on the equations of Prager et
al.19 It estimates the transformation matrix necessary to lo-
cate each 2D U.S. frame in the imaging volume. Therefore,
the accuracy of the 3D reconstruction depends largely on the
accuracy of the calibration. A planar calibration phantom20

made of a Plexiglas plate at the bottom of a water bath was
used. This phantom, when imaged with U.S., provides line
images. The calibration was thus quick, automatic, and
reproducible19,20 because the line was automatically detected
in each U.S. image by a minimization algorithm imple-
mented under STRADWIN.

II.C. Segmentation, 3D reconstruction,
and visualization

II.C.1. Segmentation

The cross-sectional images acquired with both 3D scan-
ning techniques were segmented using the same automated
2D fast-marching method adapted from Refs. 21 and 22 to
detect the lumen boundary on each frame of the sequence.
B-mode images were segmented as they were acquired �Fig.
5-1�, whereas PDA images were first transformed to gray
scale images �Fig. 5-2�. The segmentation was based on a
combination of contour and region information, namely, the
image intensity gradient and the gray level probability den-
sity functions �PDFs� of the lumen and surrounding tissue-
mimicking medium. The gray level PDFs were automatically
detected for each sequence to take into account the intensity
variations between acquisitions. To preserve the 3D continu-
ity of the lumen, the segmentation of each image was initial-
ized with the detected lumen contour on the previous frame
of the sequence, except for the first frame that was initialized

FIG. 5. Segmentation of the lumen for the Boston Scientific phantom: �a� pro
and �2� power Doppler scans �flow rate=500 ml /min�. The segmented con
manually.
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II.C.2. 3D reconstruction and visualization

For the linear scanning method in B mode, the acquired
2D images were simply stacked to reconstruct the volume
because they were acquired perpendicularly to the vessel axis
with a fixed step. In power Doppler, scans were performed
with an angle between the vessel axis and the ultrasound
beam. The segmented contours were thus projected on the
plane perpendicular to the vessel axis to compensate for the
acquisition angle in Doppler mode. The same reconstruction
method was used for the B-mode and PDA acquisitions with
the freehand scanning approach. Segmented contours were
positioned in space using the calibration parameters �calibra-
tion matrix and scale factors obtained with STRADWIN� and
the acquired image coordinates.19

II.C.3. Determination of the percentages
of area reduction restenosis

In linear scan mode, vessel areas were computed directly
with the detected B-mode boundaries and reoriented PDA
contours. For the freehand method, the scan was done freely,
which means that the acquired images were not parallel, giv-
ing different probe/vessel angles from one image to another.
Moreover, the displacement step between images was not
constant. Each contour point was thus reoriented around the
principal axis of the scan. A principal component analysis
�PCA� of the x, y, and z coordinates of all contours was first
performed to determine the principal x�, y�, and z� axes. The
axes were relabeled to make the z� axis correspond to the
largest eigenvalue of the PCA. The contours were then pro-

l segment and �b� in the throat of the 80% in-stent restenosis for �1� B mode
are indicated by arrows.
xima
tours
jected onto the �x� , y�� plane perpendicular to the z� axis
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and centered on the geometric center �cx , cy , cz� of the con-
tour �Fig. 6�. The area of each contour in the projection plane
was then computed.

For each phantom, the stenosis severity was evaluated as
follows: ten scans were consecutively acquired for each 3D
method in both B-mode and power Doppler imagings. The
acquired images were segmented and reconstructed in 3D
according to the previously described method. The degree of
stenosis was evaluated according to the following formula:

Sstenosis = 100 � �1 −
Sstenosis,min

Sstenosis,max
� , �1�

where Sstenosis,min is the minimum lumen area in the throat of
the stenosis �S1 or S2� and Sstenosis,max is the mean of 20
consecutive lumen areas in the proximal segment �V1�. The
degree of restenoses presented in this study was calculated as
the mean stenosis severity of the ten U.S. scans.

The 3D reconstructions were also quantitatively compared
to the geometrical dimensions of the phantom. The vessel
lumen along the z axis was described by the following ana-
lytical equation:16

r = R − e�1

2
cos�2�

Ls
�z − Z� +

�

2
�� , �2�

where r is the radial coordinate of the vessel, R is the non-
constricted vessel radius �R=3.95 mm�, e=R� �1− �1
− p /100�1/2� is the maximum reduction in the vessel radius at
the stenosis, p is the percentage of area reduction in the
lumen, Ls=20 mm is the stenosis length, Z is the axial po-
sition of the stenosis center from the beginning of the vessel,
and z is the axial position along the curvature of the stenosis
�Z−Ls /2�z�Z+Ls /2� from the beginning of the vessel
segment. Errors reported in this study were computed with
the ground truth stenosis severities of 75% and 80% and thus
include the reported phantom manufacturing error of

23

(cx,cy,cz)

z

x

(cx,cy,cz)
z’

x’

y’y

(a)
(b)

FIG. 6. Projection planes of �a� acquired and �b� orthogonally reconstructed
images. �cx , cy , cz� represents the geometric center of the contour, �x , y�
is the plane of the initial contour, �x� , y�� is the projection plane, z is the
axis of the initial contour perpendicular to �x , y�, and z� corresponds to the
artery axis of the reoriented contour perpendicular to �x� , y��.
0.4��1.3�%.
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II.D. Statistical analyses

To determine the impact of phantoms, stents, and imaging
mode on the reconstructed volumes, a three-way analysis of
variance with multiple comparisons performed with the
Tukey method �ANOVA, SIGMASTAT, version 3.11, Systat
Software, San Jose, CA� was used for the linear scanning
method. To compare the accuracy of the linear and freehand
scanning methods and to specify the impact of the method,
another three-way analysis of variance with multiple com-
parisons performed with the Tukey method on each stenosis
was used. These statistical tests were done using raw data
before averaging. The level of statistical significance was
fixed at p�0.05.

III. RESULTS

III.A. 3D reconstructions

Ten reconstructions of the Boston, Palmaz, and reference
phantoms were performed in B mode and in PDA with the
linear scanning and freehand methods. Figure 7 shows ex-
amples of 3D reconstructions and corresponding errors in
mm �Figs. 7�a� and 7�b�, respectively� of the Boston phan-
tom in B mode using the linear �Fig. 7-1� and the freehand
�Fig. 7-2� scanning methods. Similar reconstruction results
were achieved in power Doppler and with the other phan-
toms �Boston phantom in PDA and reference and Palmaz
phantoms; results not shown�.

To estimate the spatial calibration error in the experimen-
tal environment, ten calibrations were done using the STRAD-

WIN software with an U.S. image depth setting of 4.5 cm �the
same as used for the scanning of phantoms�. For each cali-
bration, 40 images were saved to compute the spatial cali-
bration matrices. The average root-mean-square �rms� error
of all ten calibrations was 1.0�0.1 mm, which is smaller
than the largest errors noted in Fig. 7�b�.

Qualitatively, the 3D reconstructions using the freehand
data acquisition method seemed less regular than those ob-
tained using the mechanical linear scanning. Freehand
scanned phantoms did not appear axisymmetric and the cen-
tral axis of the lumen did not seem perfectly straight. How-
ever, the diameter quantification error of the degrees of
stenosis and in-stent restenosis errors computed from the 3D
reconstructions were less than 1 mm �Fig. 7�b�� indepen-
dently of the scanning method. The largest errors close to 2
mm were at the stent end points �Fig. 7�b��.

III.B. Quantitative comparison of stenosis area
reduction severities

Figure 8 shows the evolution of the lumen area percent-
ages �compared to Sstenosis,max� along the artery axis �mean of
ten scans� for the mechanical linear scanning method and for
the freehand method. The most severe stenosis was defined
as the origin of the artery axis. In B mode and PDA, using
both scanning methods, the lumen areas of the three phan-
toms did not perfectly follow the theoretical curve, labeled
Gt and given by Eq. �2�. In the throat of both stenoses, the

lumen areas were more biased in power Doppler than B
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mode and overestimated. In addition, for the 80% stented
stenosis, higher errors were obtained for the Palmaz stent.

Table I summarizes the percentages of area reduction dif-
ferences with respect to the ground true values at S1 and S2
obtained for ten U.S. scans in B mode and PDA using linear
and freehand scannings. Absolute errors on S1 and S2 for
linear scanning ranged, respectively, between 0.1% and 1.8%
and between 0.6% and 7.0%. The freehand method resulted
in errors varying between 0.1% and 6.7% for the stenosis S1
and between 0.4% and 6.2% for S2.

III.C. Impact of the phantom fabrication, imaging
mode, and presence of stent on stenosis severities

Before further analyzing our results, the reproducibility of
the fabrication process was verified, although high accuracies
in the phantom lumen dimensions were reported earlier by
our group.23 The impact of phantoms was defined by the
ability to quantify the S1 stenosis �no stent� in B mode when
using the reference linear scanning method. According to
Table I, the reference, Boston, and Palmaz phantom errors on
S1 were, respectively, 0.1%, 1.3%, and 1.7% �no statistical
differences, p=0.147�.

The impact of the imaging mode was first evaluated with
the linear scan reconstructions. There were statistically sig-
nificant differences between B mode and PDA for the quan-
tification of S1 and S2 stenoses for each phantom �p
�0.05�. Three-dimensional B-mode imaging overestimated

FIG. 7. �a� 3D reconstruction and �b� its error for the Boston Scientific ph
freehand scanning method. The errors in �b� as indicated by the color bar are
The position of the stent on each reconstruction is indicated by an arrow.
the severity of S1 stenoses by a maximum of 1.7% and un-
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derestimated S2 in-stent stenoses by 2.6% for the Boston
stent and 6.2% for the Palmaz stent. At the opposite, 3D
PDA underestimated S1 stenoses by a maximum of 1.8% and
overestimated S2 in-stent stenoses by 7% for the Boston and
5.6% for the Palmaz stent.

Using linear scans, the difference between in-stent steno-
sis �S2� values among the different stents was statistically
significant in B mode �p�0.05� but not in PDA �p=0.453�.
Indeed, using 3D B-mode ultrasound, the S2 in-stent rest-
enoses within the Boston nonferromagnetic stent and the fer-
romagnetic Palmaz one were significantly underestimated by
2.6% and 6.2%, respectively. On the contrary, using 3D
PDA, in-stent restenoses were both significantly overesti-
mated by 5.6%–7%. Using the freehand method, the overes-
timation on PDA acquisition was more pronounced with the
Palmaz �6.2%� than with the Boston �2%� �p�0.05� and no
difference on stenosis underestimation was observed with
B-mode acquisitions.

The impact of the scanning method was quantified by
comparing freehand scans with linear scans in B mode and in
power Doppler for each stenosis. Using 3D B-mode imaging,
no statistically significant difference was found between the
scanning methods to quantify S1 �p=0.954� as well as the
in-stent stenosis S2 �p=0.238�. However, statistically signifi-
cant differences were found with 3D PDA. Indeed, S1 steno-
sis of the Palmaz phantom was, respectively, quantified with
1.5% and 6.7% errors with the linear and freehand scans

in B mode using �1� the mechanical linear scanning method and �2� the
illimeters; they were generated from the ground truth equation of the lumen.
antom
in m
�p�0.001�. Furthermore, the S2 in-stent restenosis of the
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TABLE I. Percentages of area reduction stenosis differences with respect to the ground true values evaluated by
3D ultrasonography �positive and negative signs indicate, respectively, an overestimation or underestimation of
the stenosis severity�: �a� using the mechanical linear scanning method and �b� using the freehand scanning
method for the reference phantom, the Palmaz phantom, and the Boston Scientific phantom. The ground true
percentages of area reduction stenosis for S1 and S2 were 75% and 80%, respectively. The stents covered the
S2 stenosis. There were statistically significant differences �� ,� ,� ,	� based on the ANOVA statistical test
�Tukey method for multiple comparisons�, p�0,05. � represents a significant difference with the correspond-
ing stenosis of the reference phantom using the same scanning method for the corresponding imaging mode; �
represents a significant difference with the corresponding stenosis of the Palmaz and Boston phantoms using the
same scanning method for the corresponding imaging mode; � represents a significant difference with the
corresponding stenosis for the freehand mode and the linear scanning method; 	 represents a significant differ-
ence between B mode and power Doppler on the corresponding stenosis using the same method.

�a� Linear scanning method �b� Freehand method

B mode �%� Power Doppler �%� B mode �%� Power Doppler �%�

Reference phantom S1 0.1�0.6 −1.8�0.7	 1.3�1.0 −0.8�3.1
S2 0.6�0.4 −3.2�1.0	 −0.4�1.2 −2.7�3.2

Boston phantom S1 1.3�1.0 0.1�1.5	 2.4�1.5 0.1�1.8�

S2 −2.6�2.0�,� 7.0�1.3�,	 −6.2�3.2�,� 2.0�2.5�,�,�

Palmaz phantom S1 1.7�2.2 −1.5�4.2	 2.5�1.4 −6.7�4.1�,	,�

S2 −6.2�2.5� 5.6�5.8�,	 −4.2�3.0� 6.2�6.4�
FIG. 8. Quantitative comparisons of 3D reconstructions for the reference phantom �Ref�, the Palmaz phantom �Pal�, and the Boston Scientific phantom �Bos�
by using �1� the mechanical linear scanning method and �2� the freehand scanning method: �a� in B mode and �b� in power Doppler. Arrows indicate
approximately the position of the two stents �the Palmaz was longer than the Boston Scientific one�. The label Gt represents the ground true given by Eq. �2�.
Medical Physics, Vol. 36, No. 2, February 2009
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Boston phantom was, respectively, evaluated with 7% and
2% errors by both scanning methods �p�0.05�.

IV. DISCUSSION

IV.A. 3D B-mode imaging is accurate in detecting
stenoses but underestimates the severity of in-stent
restenoses

Recently, Barratt et al.12 acquired combined B-mode and
PDA cross-sectional images of a tissue-mimicking in vitro
carotid artery bifurcation under pulsatile flow. The 3D free-
hand reconstruction �pcBird, Ascension Technology Corpo-
ration, Burlington, VT� of a 30% diameter reduction stenosis
was quantified with errors between −3.5��5.6�% and
−5.1��5.6�% and a 70% diameter reduction stenosis with
errors from −1.2��9.8�% to −6.5��9.9�%. Compared to
Barratt et al., we quantified tighter but geometrically simpler
stenoses with similar accuracies in B mode but with smaller
standard deviations. Despite imaging artifacts produced by
the presence of a stent �e.g., see Figs. 5 and 9�, both in-stent
stenoses could be accurately quantified using 3D B-mode
imaging. However, the quantification errors were greater �p
�0.05� with the ferromagnetic closed cell stent �Palmaz�
than with the nonferromagnetic open cell prosthesis �Boston
Scientific�. The free cell area was lower for the Palmaz stent;
this could explain why U.S. imaging artifacts produced by
beam reflection and distortion seemed to be more important.
Therefore, the arterial lumen of the in-stent stenosis was
more difficult to segment with this stent and the largest bi-
ases and variabilities �standard deviations� were noted when
using the automated fast-marching segmentation method.

IV.B. 3D PDA imaging underestimates stenoses but
overestimates the severity of in-stent
restenoses

The efficiency of PDA using a step motor fixed to the
U.S. probe �linear scan�8,11 has been proven in the context of
in vitro 3D stenosis evaluation. Using the linear scanning
method, the present study underestimates severe stenoses
�75% and 80% stenoses� by a maximum of 3.2% �S2 of the
reference phantom�. In previous studies that used a step mo-
tor for data acquisition, severe stenoses �80% area reduction
stenosis� were quantified with an underestimation of 10%,
8.3%,8 or 2��1�%,11 which is consistent with the present

FIG. 9. Two-dimensional U.S. images of the in-stent restenosis covered by
�1� the Boston stent and �2� the Palmaz stent.
study. On the other hand, a 70° Doppler angle, as usually
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used in clinic, did not always allow visualization of the flow
inside in-stent restenoses probably because U.S. beam distor-
tion artifacts are amplified at oblique angles. This fact deter-
mined the choice of an 80° Doppler angle even though it
may have induced a loss of signal near the vessel wall be-
cause the Doppler shift was low and cut by the wall filter.
This can explain the statistically significant underestimation
of the degree of stenosis with PDA �when there was no
stent�. For instance, because of flow acceleration within each
stenosis, the velocity components eliminated by the wall fil-
ter were more important for the normal V1 section of the
vessel than within the throat of the stenosis. Each stenosis
thus appeared relatively bigger in area when compared to
V1. At the opposite, in-stent restenoses were overestimated
using PDA no matter which stent was used because flow
components were lost because of U.S. beam reflection by
stent struts.

IV.C. Comparison with other imaging modalities

To our knowledge, no study reported quantitative results
on in-stent restenoses evaluated with 3D ultrasound, which
limits the possibility to compare our results. However, this
has been the objective of some studies based on magnetic
resonance angiography �MRA� and computed tomography
angiography �CTA�. A 50% in vitro nitinol in-stent restenosis
was overestimated by 3.6%–9.5% in MRA and by 0.1%–
7.4% in CTA.4 A study by Seifarth et al.24 showed that the
visualization and quantification of in-stent lumen diameter
improved using a 64-slice versus 16-slice CTA. Rist et al.25

recently investigated the use of the ultrahigh-resolution mode
of a 64-slice CT scanner and quantified ex vivo a 2.5 mm
diameter coronary artery stent �measurement of the outer di-
ameter of the stent’s artifact with a maximum overestimation
of 0.13 mm�. However, multislice CT remains less accurate
than intravascular U.S. �IVUS�.26 In this last study, the maxi-
mum in-stent lumen diameter quantification error was 0.2
mm with IVUS and 1.2 mm with 16- and 64-slice CTA.
Another in vitro study by Hamer et al.5 quantified with MRA
in-stent restenosis within ten nitinol stents on an iliac artery
with errors ranging from 1.1% to 8.2%. For comparison,
using both scanning methods and imaging modes, the present
study showed a maximum in-stent stenosis quantification er-
ror of 7%, which corresponds to a diameter quantification
error of 0.55 mm.

According to the present study based on 3D B-mode and
3D PDA imagings, in-stent stenosis was evaluated with ac-
curacies comparable to 3D MRA and CTA. However, the
comparison between these imaging modalities is limited be-
cause different kinds of stents were used �dimensions, mesh
characteristics, materials�. Indeed, we observed significant
differences when scanning with U.S. the prototype Boston
Scientific and commercially available Palmaz stents.

Recent clinical reports have addressed the issue of rede-
fining duplex U.S. velocity criteria to diagnose in-stent
restenoses.27,28 Indeed, new PSV and PSV ratio thresholds
were proposed to diagnose mild-to-moderate and moderate-

to-severe in-stent lesions. When compared to stenoses with
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similar angiographically based severities, duplex U.S. tends
to overestimate the importance of the vessel narrowing. Sev-
eral hypotheses were proposed to explain this finding. Most
authors believe that the apparent velocity increase may be
related to decreased compliance and elasticity of the artery
following stent placement, which implies that the energy nor-
mally applied to dilate the artery is now used to increase
velocities.28 An in vitro flow modeling study also suggested
that the stent placement across the carotid bifurcation and
stent design could induce alterations in the flow
characteristics.29 Although speculated as having no impact
on biased Doppler velocity estimates,30 in vitro flow phan-
tom data clearly proved that the stent material and character-
istics induce U.S. image artifacts.31 In this last study, by
using a constant pulsatile flow and ovine internal carotid
arteries, either an increase, no effect, or a decrease in flow
velocities was noted when measurements were performed
across the stent �11 stents were tested, each having the same
deployed dimension�. Similar to our conclusion, alterations
of U.S. signals by the stent struts and potential impacts of the
strut thickness, opening size, shape, geometry, and stent ma-
terial may all likely contribute to U.S. echo artifacts.31

IV.D. Impact of the linear versus freehand scanning
method

According to Table I, 3D freehand U.S. was less accurate
than the linear scanning method �p�0.05�. This can be at-
tributed to errors inherent to the 3D freehand U.S. system.32

Namely, errors arise during registration of spatial positions
with the tracking device, during calibration with the planar
phantom �Plexiglas plate�, and during 3D reconstruction,
which is more complicated than linear scans where simple
stacking of images was done. As an example, errors are in-
troduced by the temporal calibration �executed by STRAD-

WIN�, where the acquisition of an image with its position
�given by Fastrak� may not accurately be synchronized. The
calibration strategy with a planar phantom that gave an ac-
curacy of 1 mm in this study could have been improved
because it gives little information on rotation parameters �for
the calibration matrix�. Better results would have probably
been obtained by using a cross wire or a Z-fiducial calibra-
tion phantom.33 Finally, errors can come from the magnetic
tracking device that is sensitive to surrounding ferromagnetic
metals. Indeed, we observed an impact of the type of stent
based on the analysis of variance and multiple pairwise com-
parisons revealed larger area reduction stenosis differences
for the ferromagnetic Palmaz stent, namely, in B mode for
the linear scanning method and PDA for the freehand scan-
ning mode. In addition to errors due to the reverberation of
the stent cells, a magnetostrictive coupling between U.S.
waves and the magnetic field generated by the Fastrak could
happen in ferromagnetic metals and cause ultrasound attenu-
ation. This attenuation is higher in ferromagnetic metals than

34,35
in nonferromagnetic ones.
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IV.E. Limitations of the study

Several types of tracking device have been proposed and
used for 3D U.S. imaging �e.g., magnetic, mechanical, opti-
cal, acoustical, hybrid�. Our freehand U.S. results could have
been improved with optical tracking systems, which have
lower rms errors than electromagnetic systems. For compari-
son, the accuracy reported by manufacturers is approxi-
mately 0.15 mm rms for optical tracking �Optotrack 3020,
Northern Digital Inc., Toronto, ON, Canada� as opposed to
0.76 and 1.2 mm rms for the magnetic Fastrak and Flock of
Birds �Ascension Technology Corporation, Burlington, VT�
systems, respectively. However, optical systems are expen-
sive and their use in a clinical environment is limited since
the sensor-transmitter line of sight cannot be interrupted.

It is anticipated that additional reconstruction errors
would occur for in vivo acquisitions36 since movement arti-
facts can appear when the acquisition is performed with a
patient. In addition, blood flow pulsatile movements might
also cause artifacts. We recognize that a high steady flow rate
was selected in this study �500 ml/min�, which may have
improved our PDA results because the impact of the wall
filter on flow removal near the vessel wall was reduced.
Note, however, that this flow rate is representative of re-
ported values for femoral arteries �100–660 ml/min accord-
ing to Vänttinen37�. Smaller flow rates are typically found in
internal carotid arteries ��200 ml/min�.38 Refraction of the
U.S. beam and changes in the speed of sound as the pulse
travels inside the human body can as well create 3D recon-
struction errors. Clinical validations would be required to
establish the reliability of this imaging modality.

In this study, the accurate quantification of stenoses as
well as the small errors reported in the case of in-stent rest-
enoses using 3D U.S. are in part attributed to the accuracy of
the segmentation algorithm and to the use of a 10 MHz
probe. Indeed, others used 4 MHz �Refs. 8 and 11� or 5 MHz
�Ref. 8� probes that have lower spatial resolutions. Note that
the segmentation algorithm is currently not commercially
available.

V. CONCLUSION

In this study, in-stent stenosis quantification was done us-
ing 3D freehand ultrasound with a maximum error of 6.2%
both in B mode and PDA �Table I�. This is in the range of
errors obtained with MRA and CTA for similar experimental
setup.4,5 Thus, the convenient 3D freehand U.S. method
�compared to linear scan� is considered, based on our study,
good enough to be a feasible method for vascular imaging
and quantification of in-stent restenoses. However, more
studies should be performed to compare the in vivo quantifi-
cation accuracy of in-stent restenosis between 3D ultrasound
and other imaging modalities.
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