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Abstract—The degree of stenosis is the most common criterion used to assess the severity of lower limb peripheral
arterial disease. Two-dimensional ultrasound (US) imaging is the first-line diagnostic method for investigating
lesions, but it cannot render a 3-D map of the entire lower limb vascular tree required for therapy planning.
We propose a prototype 3-D US imaging robotic system that can potentially reconstruct arteries from the iliac
in the lower abdomen down to the popliteal behind the knee. A realistic multi-modal vascular phantom was
first conceptualized to evaluate the system’s performance. Geometric accuracies were assessed in surface recon-
struction and cross-sectional area in comparison to computed tomography angiography (CTA). A mean surface
map error of 0.55 mm was recorded for 3-D US vessel representations, and cross-sectional lumen areas were
congruent with CTA geometry. In the phantom study, stenotic lesions were properly localized and severe stenoses
up to 98.3% were evaluated with –3.6 to 11.8% errors. The feasibility of the in vivo system in reconstructing the
normal femoral artery segment of a volunteer and detecting stenoses on a femoral segment of a patient was also in-
vestigated and compared with that of CTA. Together, these results encourage future developments to increase the
robot’s potential to adequately represent lower limb vessels and clinically evaluate stenotic lesions for therapy
planning and recurrent non-invasive and non-ionizing follow-up examinations. (E-mail: guy.cloutier@
umontreal.ca) � 2014 World Federation for Ultrasound in Medicine & Biology.

Key Words: 3-D ultrasound imaging system, 3-D reconstruction, Robotics, Vascular phantom, Lower limb arterial
disease, Computerized tomography angiography, Arterial stenosis.

INTRODUCTION

Atherosclerosis causes peripheral arterial disease through
the formation of diffuse lesions in vessels of the lower
limbs (Watson et al. 2006). Reduction of arterial diameter
by more than 50% represents significant stenosis,
possibly requiring invasive therapy (i.e., endovascular
or surgical revascularization) (Collins et al. 2007).
Usually, these procedures require planning with precise
information on stenosis severity, location, length and
non-diseased vessel diameter. It is common to follow
the patency of endovascular or surgical therapy to detect
restenosis or progression of atherosclerosis (Landry et al.

2003). Indeed, the rate of restenosis 1 y after balloon dila-
tion and stenting of the femoro-popliteal artery is around
40% to 60% (Schillinger et al. 2006). The patency of vein
graft bypass also requires long-term surveillance because
of the occurrence of stenoses through myo-intimal hyper-
plasia (Leotta et al. 2003).

Ultrasound (US) is the first-line imaging method
employed clinically to investigate lower limb arterial
lesions. Diagnosis relies on pulsed-wave Doppler and
color Doppler flow assessment, as well as B-mode
imaging to define atherosclerotic plaque morphology
(Chan et al. 2010). Because most US-based evaluation
methods are limited to 2-D image plane views, they do
not provide sufficient information to guide interventional
therapy. After indicated by US screening, invasive
therapy for symptomatic peripheral arterial disease is
planned non-invasively with computed tomography angi-
ography (CTA) and magnetic resonance angiography
scan or invasively with digital subtraction angiography
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(Collins et al. 2007; Chan et al. 2010). Although the latter
imaging techniques can map the entire lower limb
vascular tree in 3-D rendering, computed tomography
(CT) imaging is ionizing and requires the injection of
allergenic iodine contrast agent, whereas magnetic reso-
nance angiography is costly. Moreover, the gadolinium-
based contrast can induce nephrogenic systemic fibrosis
in patients with renal failure and is limited by several
contra-indications related to the high magnetic field.
Given the importance of quantifying stenoses and
mapping their localization for therapy planning and
patient follow-up, the development of a precise non-
invasive US-based 3-D mapping technique is of clinical
importance for vascular evaluation of the lower limbs.

Three-dimensional US imaging is an economical
and tolerable technology used mainly in research for
anatomic or volume representation. Because it can
provide the physician with a complete map of lower
limb vessels, it has the potential to increase confidence
in the diagnosis and provide accurate localization and
quantification of stenoses. The use of 3-D US systems
based on linear step motors, and electromagnetic and
optical freehand tracking techniques, in vivo to image
carotid arteries, lower limb venous bypasses and the
brachial plexus (i.e., nerve fibers running from the spine
to the neck, armpit and arm) has been found to be feasible
(Lee et al. 2004; Barratt et al. 2004; Cash et al. 2005;
Landry et al. 2005; Leotta et al. 2005a). These devices
are ideal for localizing lesions on short segments, but
the restricted range of probe motion detection, signal
interference or tracking visibility limits their utility in
long and tortuous lower limb arteries (Birkfellner et al.
1998; Cartelieri et al. 2001; Frantz et al. 2003).

Robotic systems represent an alternative for locali-
zation and quantification of lower limb stenoses because
they can simultaneously control and standardize the 3-D
US image acquisition process with high precision and
flexibility. Although most 3-D US prototype robots
attempt to increase the capability of clinicians in prostate
brachytherapy and tele-echography of the abdomen
(Arbeille et al. 2003; Lagerburg et al. 2006; Bax et al.
2008), only two designs exist for vascular examination.
Hippocrate is the first feedback medical robot designed
with tolerability strategies to scan short vessel
segments, such as the carotid artery, and to perform
tonometry measurements synchronized with the heart
rate (Pierrot et al. 1999). To the best of our knowledge,
other than a non-invasive investigation of endothelial
function (Levenson et al. 2001), no follow-up study has
been conducted with this robot. In fact, the robot’s
mechanical architecture was later adapted to a new design
for reconstructive skin surgery (Dombre et al. 2003). The
University of British Columbia’s medical US image-
guided robot is designed for tele-examination scanning

of the carotid artery (Abolmaesumi et al. 2002). Shared
control between operators, the robot controller and US
image processor make the real-time visual servoing of
US probe movements possible. Nevertheless, this robot’s
architectural design has constrained movements in its
workspace and a limited 3 degrees of freedom controller
because it is designed to cover the short, straight path of
the carotid artery.

To provide accurate 3-D US scanning of lower limb
vessels, a 3-D US imaging robotic system was developed
by our group (Janvier et al. 2008). The system can scan
short and long segments of leg arteries in ‘‘freehand,’’
using a ‘‘teach’’ mode, and reproduce the manually taught
path in ‘‘replay’’ mode. When scanning along a path with
this robot, clinicians can acquire 2-D axial US images
with their corresponding x, y and z positions at a constant
speed and contact pressure to correctly represent vessels
in three dimensions. The robust positioning accuracy and
repeatability achieved previously over the robot’s entire
workspace disclosed the broad operational range of our
system for eventually tracking lower limb vessels
(Janvier et al. 2008). Also, we recently illustrated, with
a Z-fiducial calibration procedure, that we could
adequately register 2-D US images into our robot referen-
tial to reproduce a mimicked axisymmetric vessel artery
with fidelity (Janvier et al. 2010). Our aim in the study
described here was to determine the performance efficacy
of this robotic system under conditions closer to the clin-
ical context. Two objectives were targeted: (i) assessment
of the accuracy of the robotic imaging system in locating
and quantifying lower limb vessel stenoses with
a phantom mimicking a realistic geometry; and (ii) eval-
uation of the ability of this robotic imaging system for 3-
D mapping of a normal femoral artery and a diseased
femoral artery in vivo. For both objectives, 3-D US recon-
structions were compared with CTA scans in the case of
diseased segments, as a gold standard examination.

METHODS

3-D ultrasound imaging robotic system
As illustrated in Figure 1, the 3-D US imaging

robotic system contains a robotic arm (F3 Articulated
Robot, CRS Robotics, Burlington, ON, Canada), an US
echograph and a personal computer with the US robotic
scanner software (Integral Technologies, Laval, QC,
Canada). A Vivid-5 scanner (General Electric, Chicago,
IL, USA) equipped with a FLA-10 (10 MHz) linear array
probe was used for the phantom study, whereas a HDI-
5000 (Philips Healthcare, Andover, MA, USA) with
a L12-5 (12MHz) linear array probe allowed in vivo scan-
ning. Digitized 480 3 640-pixel format B-mode and
color Doppler flow images were acquired with corre-
sponding robotic arm positions stored for future 3-D
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reconstructions. This robotic system has been described
in detail (Janvier et al. 2008, 2010).

Analysis of a realistic vessel segment

Vascular phantom and experimental setup. The
geometric accuracy of the robotic system in reconstruct-
ing 3-D vessels was evaluated with a phantom replicating
a human iliac artery with multiple stenoses. This model
was created from a 3-D reformation of a multi-detector
CT scan acquisition in a patient with a peripheral arterial
disease of the iliac artery. The phantom was prepared ac-
cording to a manufacturing process described previously
(Allard et al. 2009). Figure 2 is a 3-D vessel representa-
tion obtained from the computer-aided design (CAD)
file employed to prepare the molding prototype. This
segment presents two severe stenoses identified as S1
and S2 with 97.3% and 98.3% area reductions, respec-
tively. The vessel’s central axis at both ends was posi-
tioned 3.4 cm from the top cover of the phantom box; it
was at 4.0 cm at the location identified on the figure
(Fig. 2b), and the length, L, of the scanned iliac segment
was 98.7 mm from the aortic bifurcation.

Dimensions of CAD 3-D representations of the
vessel were measured on cross-sectional planes. The
maximal diameter of the non-diseased vessel segment
wasD5 6.5 mm, and the minimum diameters at stenoses
were S15 1.4 mm and S25 1.2 mm (Fig. 2a). Lengths of
stenoses were measured as the distance between pre-
stenotic and post-stenotic maximum vessel diameters
(L1 5 14.0 mm and L2 5 28.1 mm). The distance
between maximum diameter reductions at both stenoses
S1 and S2 was LS 5 20.0 mm.

3-D US vessel representation. As performed by
Janvier et al. (2010), a Z-phantom calibration procedure
of the 3-D US imaging robotic system was first required
to ensure correct vessel representation. This procedure
estimates the calibration transform that registers the US
image plane into the robot referential. Then, the vascular

phantom filled with degassed water was set firmly into the
robot’s workspace. US gel was applied on the phantom’s
top cover, and US images were acquired at a 7-cm image
depth, a 4- to 5-cm single-focus beam depth and a 3-cm
window size zooming (3:7 setting on the Vivid-5 scanner)
to match scanning conditions producing the best accuracy
for 3-D vessel representation (Janvier et al. 2010). Then,
a quasi-parallel plane US scan path was taught to the
robot by a technician and automatically replayed eight
times. During the robot ‘‘replay’’ mode, cross-sectional
US images of the mimicked diseased artery were
captured to reconstruct eight 3-D representations of the
vessel with surface rendering. For 3-D reconstruction,
the vessel lumen of each US image was segmented with
a fast-marching method based on gray-level statistics
and gradients adapted from Roy Cardinal et al. (2006).
Then, each pixel of the segmented lumen contour was
mapped into the robot referential using the calibration
transform and corresponding x, y, z probe positions
(Janvier et al. 2010). To provide a 3-D surface rendering
of the reconstructed vessel, the transformed lumen
contours were resampled on a 300 3 20 rectangular
grid, interpolated and realigned normal to the vessel
center axis, as performed by Leotta et al. (2001).

Computed tomography angiography representation
of the vessel. Because CTA imaging has the best accuracy
for peripheral arterial disease evaluation (Chan et al.
2010), a Somatom Sensation 64-slice scanner (Siemens,

Fig. 1. F3 CRS robotic arm used in the 3-D ultrasound (US)
imaging robotic system.

Fig. 2. (a) Computer-aided design representation of a realistic
vascular phantom embodying an iliac artery with two severe
stenoses (S1 and S2). L1 and L2 represent their respective
lengths, and LS, the shortest distance between maximal points
of the stenoses. L is the total length of the vessel, and D is the
diameter of the non-diseased vessel. (b) B-mode cross-
sectional image of the vascular phantom; its location is indicated
by an arrow in (a). The shadowing on theB-mode image is attrib-
uted to the presence of a polyurethane membrane mimicking the
vessel wall and used to avoid the diffusion of computed tomog-

raphy angiography contrast outside the vessel lumen.
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Erlangen, Germany) was used to acquire images of the
vascular phantom according to a standard clinical
protocol. The imaging settings were: 217-mA current
density, 120-kV peak voltage, 1.0-mm slice thickness,
0.6-mm reconstruction interval and 38.0-cm field of
view for a 512 3 512 matrix size. The phantom lumen
was filled with a 2.8% v/v (volume concentration) solu-
tion of 430 mg/mL iothalamate meglumine (Conray 43,
Mallinckrodt Medical, Pointe-Claire, QC, Canada)
diluted in 0.9% NaCl solution. 3-D CTA image represen-
tation was achievedwith a maximum intensity projection,
a volume rendering reformation and 2.0-mm axial refor-
mations, with Visual software (Version 1.4, Object
Research System, Montreal, QC, Canada). This represen-
tation was later transformed into a 3-D binary file that was
converted into 3-D contour points with MATLAB
(Version 6.5, The MathWorks, Natick, MA, USA).

Geometric evaluation of 3-D vessel represen-
tations. The reconstructed lumen surface, vessel cross-
sectional areas, and localization and quantification of
stenoses imaged with the 3-D US robotic system were
compared with those obtained with the CTA gold stan-
dard method. Given that each imaging approach presents
its own sources of errors, accuracy in 3-D vessel represen-
tation was also determined with the CAD file used to
produce the vascular phantom.

Comparative analyses of the reconstructed
surfaces. Before comparing vessel geometries, a rigid
registration was performed by using an iterative closest
point algorithm to align the two 3-D vessel models
(Besl and McKay 1992). This method, applied on free-
form curves, surfaces and 3-D shapes, efficiently matches
two ranges of data points without requiring pre-
processing or feature extraction. The algorithm uses
a closest point estimation method and an iterative abso-
lute orientation algorithm (Horn 1987). The result is an
optimal transformation matrix (translation and rotation)
that minimizes the mean square distance between the
two 3-D models.

Surface reconstruction errors were evaluated by
measuring the absolute distance between points on the
3-D evaluated geometry and on the gold standard vessel
representation, as expressed by

Ei;j;k 5 Stestedði; j; kÞ2Srefði; j; kÞ (1)

where Stested is the surface points of the 3-D reconstructed
vessel evaluated; Sref is the surface points of the reference
method; 1 # i# X, where X is the number of grid points
along the x-axis; 1 # j # Y, where Y is the number of
points along the y-axis; and 1 # k # Z, where Z is the
number of points along the z-axis. If the number of cross
sections differs between US, CTA and CAD 3-D models,

eqn (1) uses for reference the representation with the
minimum longitudinal distance X. For all comparisons
of 3-D reconstructions between US (B-mode, color
flow), CTA and CAD files, the absolute value of this
measure was tabulated into one mean (sample
size 5 X 3 Y 3 Z, where chosen dimensions were those
of the reference model).

Lumen cross-sectional areas. Cross-sectional areas
were measured along the x-axis of each 3-D reconstructed
vessel on US (B-mode and color flow) and CTA and on
the CAD file. The area was evaluated with Polyarea,
a polygon-specific function of MATLAB, which
computes the average number of pixels inside a clockwise
closed contour. For all eight US reconstructions, the mean
(6standard deviation) cross-sectional areas were as-
sessed over the vessel length (sample size 5 X, which
is the number of cross sections).

Localization and quantification of stenoses. Stenoses
were localized at perceived stenotic sites. Stenoses were
quantified as the percentage of lumen reduction compared
with a reference vessel in surface. This measure, Sarea, is
expressed as

Sarea 5 1003

�
AD2Ai

AD

�
(2)

where Ai defines the area of a cross-sectional vessel
lumen, and AD expresses the reference measure where
the maximal value is identified in the non-diseased vessel
segment (see label D in Fig. 2). Sarea was evaluated with
respect to the known degree of vessel narrowing, as deter-
mined by the CAD file of the 3-D vessel representation
(see S labels in Fig. 2). The degree of stenosis was the
maximal quantified value at the stenotic site. Dimensions
of stenoses were measured in terms of length using the
CAD file 3-D representation of the vessel for reference
(labels L1, L2 and LS in Fig. 2).

In vivo feasibility study

3-DUS imaging robotic system: Experimental setup,
data acquisition and processing. To evaluate the feasi-
bility of the robotic system, a pilot study was first realized
on a normal volunteer and then conducted on a patient, an
82-y-old man with evidence of occlusive peripheral arte-
rial disease, as indicated by a previous CTA exam. The
study received approval from our institutional review
board and informed consents were obtained.

The volunteer lay supine with the target limb rose to
the height of a supportive pillow. The radiologist first
manipulated the US probe attached to the robotic arm
in ‘‘teach mode’’ (i.e., a mode enabling the learning of
a ‘‘freehand’’ scan with minimum torque applied on robot
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articulations) to inspect the femoral artery, starting from
the femoral bifurcation and progressing to the distal
femoral artery. The normal volunteer underwent
a B-mode scan, whereas the patient underwent both
B-mode and color Doppler flow exams, in teach mode,
to store the femoral artery’s path. These taught trajecto-
ries were then replayed by the robot at a constant speed
with x, y, z coordinate registration for each acquired
cross-sectional image.

Ultrasound image settings in both B-mode and color
flow mode were an image depth of 6 cm, a 2- to 4-cm
focus beam depth and no zooming. In B-mode, the scan
path was close to perpendicular with respect to the longi-
tudinal axis of the vessel. In color flow mode (patient),
optimal angles allowing Doppler shift to fill the vessel
lumen, according to the perception of the clinician,
were chosen along the scan path (the mean angle was
determined in post-processing from the x, y, z coordinates
of each acquired image and was 54.4�). The wall filter
was set to 87 Hz. The subject’s leg remained seemingly
immobile throughout the entire examination, but move-
ments were not monitored. Collected images were then
analyzed and processed for 3-D vessel reconstructions ac-
cording to the same methods described for the phantom
study.

Computed tomography angiography experimental
setup, data acquisition and processing. The lower limb
CTA examination of the patient was performed with the
same scanner and aforementioned parameter settings as
in the phantom study. The patient was placed in a supine
position, feet first in the scanner with legs at the isocenter,
and a sweep was executed from the abdominal aorta to the
patient’s foot with a 40.0-cm field of view. A 120-cc bolus
of the non-ionic contrast agent Omnipaque 370 (iohexol
370 mg iodine/mL, GE Healthcare, Buckinghamshire,
UK) was injected at the rate of 4 cc/s with an intravenous
superficial brachial catheter. Collected data were pro-
cessed to reconstruct in three dimensions the right
femoral artery. No volume rendering was performed.
Calcifications in CT scans were excluded from the vessel
lumen based on threshold methods. The reformation was
created from the lumen outline.

Geometric comparison of 3-D vessel represen-
tations. For the patient, geometric analyses of the lower
limb femoral artery reconstructed from US and CTA
images were conducted by aligning the corresponding
segment from the femoral bifurcation. The reconstructed
surface and lumen cross-sectional areas were then
compared; stenosis were also quantified. All methods
for 3-D rigid registration and performance assessment
metrics were described earlier under Vascular Phantom
and Experimental Setup.

RESULTS

Analysis of a realistic vessel segment mimicking an iliac
diseased artery

Comparative analyses of 3-D vessel represen-
tations. In Figure 3 are examples of the vascular phantom
lumen imaged with the 3-D US system in B-mode and
the computed tomography angiography (CTA) scanner,
as well as the corresponding gold standard CAD file.
Table 1 tabulates the total artery length and surface area
of these three vessel maps. Three-dimensional US
provided the shortest vessel representation and the small-
est surface, whereas CTA had the largest surface area
compared with the CAD file. In Figure 4 are comparative
surface error maps for CTA and 3-D B-mode US compar-
isons, CAD versus 3-DUS and CAD versus CTA. For 3-D
B-mode US assessment, eight reconstructions were used
for comparisons, and results were tabulated into one
mean to display a surface error map.

In the displays of Figure 4, surface contour points
were compared with the closest surface contour points
of the reference model. Because the number of cross-
sections differs between US, CTA and CAD 3-D maps,
in eqn (1), the representation with the minimum longitu-
dinal distance X was used for reference. Thus, over-
estimations with respect to the reference 3-D maps
(B-mode in Fig. 4a and CAD in Fig. 4b and c) are shown
in green-yellow to red, whereas underestimations are
displayed in navy blue to dark blue. Therefore, in the
evaluation performed between each representation,
missing lengths (i.e., missing cross-sections) at the
extremity resulted in large errors because the closest
reference surface points used in eqn (1) were enlarged;
we kept this information, but it should not be viewed as
an image reconstruction distortion.

Fig. 3. Three-dimensional vessel representations of the realistic
vascular phantom with two severe stenoses (S1 and S2) illus-
trated by (a) 3-D US (B-mode), (b) computed tomography angi-

ography and (c) the computer-aided design file.
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As seen in Figure 4a, CTA (tested geometry) in
eqn (1) provided an overestimated vessel representation
of the reconstructed surface compared with 3-D US
(referenced geometry). The absolute mean error of eight
vessel samples was 0.55 6 0.04 mm (range: 0.03–
3.6 mm) (these statistics exclude artifacts at the
extremity). For each error map where the CAD file was
the gold standard reference (Fig. 4b, c), the surface recon-
struction error of the tested geometry generally indicates
an overestimation of vessel size, except for B-mode US
around the S2 stenotic site and the non-diseased area
for CTA, where an underestimation is noted. Three-
dimensional US (B-mode) had an absolute mean surface
error of 0.966 0.54 mm (range: 0.06–3.6 mm) (Fig. 4b).
CTA disclosed the smallest errors of 0.60 6 0.39 mm
(range: 0.05–2.2 mm) (Fig. 4c).

Figure 5a is an example, from one B-mode US
reconstruction, of the cross-sectional lumen x, y, z orien-
tation along the vessel axis, whereas Figure 5b compares
quantitatively areas obtained in B-mode US (n5 8), CTA
and CAD. CTA gave the largest representation of the
vessel lumen compared with the CAD file, with a mean
cross-sectional area error of 10.7 6 11.3 mm2 along x,
whereas 3-D B-mode US resulted in a smaller mean
cross-sectional area error of 4.3 6 12.6 mm2. The 3-D
US vessel cross-sectional areas compared with CTA
had a mean error of –6.4 6 9.8 mm2.

Localization and quantification of stenoses. Stenoses
S1 and S2 were localized in each 3-D vessel representa-
tion (Fig. 5). They were then quantified according to
eqn (2) and summarized in Table 2. Both stenoses, in
area reduction, were better assessed in 3-D B-mode US
than with CTA. Table 3 summarizes lengths of stenoses;
errors were either larger than, equivalent to or smaller
than those for 3-D US than CTA, compared with the
CAD file.

In vivo feasibility study
Figure 6 provides the 3-D US B-mode reconstruc-

tion of the normal superficial femoral artery of the volun-
teer. The color map expresses the area in square
millimeters. Figure 7 is a volume rendering reformation

Table 1. Comparative analysis of 3-D reconstructed
surfaces of the realistic vascular phantom

3-D vessel
representation

Total length
L (mm)

Total
surface (mm2)

Number
of samples

3-D ultrasound
(B-mode)

89.4 6 0.7 1884.5 6 7.1 8

CTA 95.9 2073.2 1
CAD 98.7 2015.9 1

CAD 5 computer-aided design; CTA 5 computed tomography
angiography.

Fig. 4. Comparative analysis between 3-D vessel representations of the realistic vascular phantom with two
severe stenoses (S1 and S2). (a) On the B-mode 3-D ultrasound (US) vessel representation, mean surface reconstruction
comparison between computed tomography angiography and 3-D US is displayed. On the computer-aided design file, the
respective surface reconstruction errors are shown with the (b) 3-D US (B-mode) and the (c) computed tomography

angiography.
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of the CTA acquisition of the patient’s right common and
superficial femoral arteries displaying calcification and
multiple stenoses. Figure 8a provides the CTA vessel
representation with zooming of the middle segment
(Fig. 8b and d) to show comparisons of surface maps
with 3-D B-mode US and 3-D color Doppler US. Corre-
sponding error maps are presented in Figure 8(c, e), and
quantitative assessments of the middle segment total
length and surface area in each mode are summarized
in Table 4. The B-mode 3-D vessel representation
provided a larger surface and length, and Doppler, shorter
ones. As reported in Figure 8(c, e), both 3-D US vessel
representations overestimated the CTA middle segment
reconstructed surface points. The absolute mean surface
reconstruction error using eqn (1) of the B-mode 3-D
vessel representation compared with CTA was
1.82 6 1.31 mm (range: 0.02–6.1 mm) (Fig. 8c). It was
doubled for color Doppler; indeed, the absolute mean
error was 2.99 6 2.10 mm, and the range, 0.03–
9.31 mm (Fig. 8e). Note that both statistics exclude arte-
facts at the extremity. Similar conclusions can be made
regarding the cross-sectional lumen areas evaluated in

the middle vessel section in Figure 9. Two moderate
stenoses of 49.9% and 56.3% were quantified in the
CTA longitudinal segment of [–60, –40] and [–20, 20]
mm (see Fig. 9). In Doppler, the corresponding stenoses
were localized at [–40, –20] and [0, 20] mm and quanti-
fied to 71.3% and 78.6%, respectively. In B-mode,
stenoses were localized at [–40, 0] and [0, 20] mm with
quantifications of 88.9% and 89.8%.

DISCUSSION

Analyses of 3-D vessel representations
In this study, phantom and in vivo 3-D US vessel

representations exhibited geometries similar to those ob-
tained with the clinical CTA gold standard. The phantom
investigation revealed that 3-D US reconstructed surfaces
had a mean difference from CTA of less than 1 mm
(0.55 mm); in vivo, a larger mean difference of
1.82 mmwas noted. Larger errors noted at the extremities
exist because of differences in length between 3-D repre-
sentations. Although comparable B-mode (or color
Doppler) versus CTA results were obtained, the reliability
of computed tomography can be discussed because the
true gold standard CAD file was available for the
phantom study. CTA overestimated true vessel size
(surface area of 2073 mm2 vs. 2016 mm2 for CAD
[Table 1]; also see Fig. 5b). This can be explained by
the maximum intensity projection and volume rendering
algorithms used to outline the lumen boundary of CTA
images and by the smooth filtering applied along the
longitudinal axis. With these algorithms, there can be
significant loss of detail in CTA scans because only one
gray threshold was used to identify the lumen vessel.
Consequently, CTA post-processing techniques are user
dependent (Rengier et al. 2009). In addition, the resolu-
tion of CTA for lower limb vascular applications is on
the order of 1 mm (Nie et al. 2012). Because the phantom
had stenoses with diameters in this range (1.2–1.4 mm),
even with contrast agent, loss of detail and overestimation
of the lumen surface were expected. Regarding 3-D B-
mode US assessment versus CAD, our findings indicated
an error of 1.13 6 0.56 mm (range: 0.06–7.1 mm)

Fig. 5. Cross-sectional lumen areas of the 3-D ultrasound (US),
computed tomography angiography (CTA) and computer-aided
design (CAD) file representations for the realistic vascular
phantom. S1 and S2 represent severe stenoses, and D is the

diameter of the non-diseased vessel.

Table 2. Quantification of stenoses of the realistic
vascular phantom

CAD Stenosis (%)

B-mode ultrasound
(8 samples) CTA (1 sample)

Measurement Error Measurement Error

S1 97.3 85.6 6 6.1 –11.8 6 6.1 81.5 –15.8
S2 98.3 94.8 6 1.9 –3.6 6 1.9 91.5 –6.9

CAD 5 computer-aided design; CTA 5 computed tomography
angiography.

Table 3. Lengths of stenoses of the realistic vascular
phantom

CAD Length (mm)

B-mode ultrasound
(8 samples) CTA (1 sample)

Measurement Error Measurement Error

L1 14.0 14.4 6 2.5 0.4 6 2.5 12.0 –1.96
L2 28.1 31.6 6 2.0 3.5 6 2.0 29.1 1.0
LS 20.0 19.0 6 2.6 –1.1 6 2.5 28.1 –8.1

CAD 5 computer-aided design; CTA 5 computed tomography
angiography.
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(Fig. 4b). Reported errors are also explained by the
limited resolution of US and by the surface reconstruction
procedure of the robotic system, explained further by
Janvier et al. (2010).

Some factors can be identified regarding the perfor-
mance of the 3-D US imaging robotic system when
comparisons are made either with 3-D CTA or CAD
mappings. Considerable differences are observed
between B-mode and CTA representations in the
phantom study (Figs. 4a and 5) and in vivo (Figs. 8 and
9): the B-mode representation was closer to CTA in the
phantom study than in vivo. Although different segmenta-
tion methods were used, it is important to note that the
most significant challenge faced with in vivo CTA images
was identification of the vessel lumen from surrounding

tissues and exclude vascular calcifications. For US, the
fast matching segmentation method has been reported
to be quite robust (Roy Cardinal et al. 2006), but errors
caused by calcium shadowing cannot be excluded.
Thus, errors in segmentation could have been introduced
into the in vivo CTA and US representations. Regarding
specifically 3-D US, discrepancies with CTA could also
result from the number of image samples along the x-
axis (longitudinal axis) and the 3-D calibration precision
of the robotic system. Also, contrary to CTA representa-
tions that were smoothed along the longitudinal axis, 3-D
US mappings were presented by juxtaposing raw x, y, z
segmentation points of each cross-sectional image (e.g.,
see Figs. 5a and 9a and b). Together, these errors were
found, in a previous study, to contribute to up to
0.40 mm in surface point reconstruction and are
thoroughly discussed in Janvier et al. (2010). Other sour-
ces of error could reside in the process of fabrication of
the vascular phantom, with reported errors up to 5.7%
in diameter compared with the CAD file (Allard et al.
2009). However, all above-mentioned sources of error
do not explain entirely 3-D mapping discrepancies with
CTA or CAD reconstructions, especially in vivo (Fig. 9).

The same calibration transform sources of error (i.e.,
Z-phantom calibration) were faced in the phantom study
and in vivo, except that the location of the calibration
phantom in the robot workspace could have an effect on
the 3-D vessel dimensions and geometry. In the phantom
study, the position of the Z-phantom and that of the
scanned vascular phantom coincided, as in Janvier et al.
(2010), whereas in vivo the Z-phantom was located
approximately within the robot workspace. Indeed, the
subject’s leg was first scanned, markers were indicated
on the scanning bed and then the Z-phantom was posi-
tioned approximately at the location of the middle
segment of the femoral artery. That explains why only
the middle segment of the femoral artery was recon-
structed and compared with CTA for the patient (in
Fig. 8). Note, however, that for the normal volunteer in
Figure 6, a quite realistic 3-D US reconstruction was

Fig. 6. Three-dimensional ultrasound vessel representation of the normal volunteer’s right femoral artery mapped in area.

Fig. 7. Volume rendering 3-D reformation of the computed
tomography angiography of the patient’s right femoral artery.
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obtained. Even if reliability could not be proven because
a CTA comparison could not be done, this observation
leads us to postulate that the in vivo Z-phantom calibra-
tion was not a major source of error.

As introduced earlier, ‘‘subjects’ motion’’ was not
monitored in this study, and the current version of our
robotic scanner could not compensate for that. The robot
tags positions of US images and assumes the vessel to be
static between the freehand teach and automated scanning
modes. According to the results in Figure 6 (volunteer)
and Figure 8 (patient), movements likely occurred when
scanning the femoral artery of the patient. To verify this
hypothesis, we re-scanned the normal subject by asking
him to intentionallymove his leg upward during the replay
mode. The 3-D US B-mode reconstruction is presented in
Figure 10. As noticed, two discontinuities are seen with
a few oscillations along the artery. According to this, the
discrepancy between 3-D US and CTA in Figures 8 and
9 was likely due to movement artifacts. Of course, this
preliminary in vivo feasibility study is not enough to char-
acterize the 3-D US imaging robotic system, but holds
great promise for future clinical perspectives and repeti-
tive non-invasive therapy follow-up.

Analyses of localization and quantification of stenoses
Severe phantom stenoses were detected, localized

and quantified (see Fig. 5 and Table 2). Compared with
CTA, B-mode incorrectly estimated the lumen areas of
S1 and S2 by less than 4.1%. The difference was much
larger with CAD file representations (see Table 2), where
stenoses were generally under-valued by up to 11.8%.
The difference in stenosis quantification was mostly
due to the poor assessment of the non-diseased vessel
segment, where dimensions (in area) were larger with
CTA than in the CAD file and 3-D US representations

Fig. 8. (a) Entire computed tomography angiography vessel representation of the patient’s right femoral artery divided
into three segments: proximal, middle and distal. (b) The middle segment (from 220 to 370 mm) in B-mode. (c) Surface
map errors on the 3-D ultrasound vessel representation. (d) Samemiddle vessel segment in color Doppler flow. (e) Surface

map errors with respect to computed tomography angiography representation.

Table 4. Comparative analysis of 3-D reconstructed
surfaces of the middle segment of the patient’s right

femoral artery

3-D vessel
representation

Total length
L (mm)

Total
surface (mm2)

Sample
size (N)

B-mode 136.6 2868.6 1
Doppler 115.8 2431.8 1
CTA 128.7 2702.7 1

CTA 5 computed tomography angiography.

Fig. 9. (a, b) Computed tomography angiography (CTA) 3-D
vessel representation of the middle segment of the patient’s right
femoral artery in B-mode (a) and color Doppler flow (b). (c)

Corresponding cross-sectional lumen areas.
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(Table 1 and Fig. 5). Also, S2 was more accurately quan-
tified than S1 probably because in the fabrication of the
vascular phantom, this segment was more congruent to
the CAD file (Fig. 5). In Table 3, lengths of stenoses in
3-D US and CTA representations had errors of different
magnitude with the CAD file (,8.1 mm).

In vivo, detection and quantification of stenoses on
3-D US vessel representations (both B-mode and
Doppler) were more difficult because vessel axes did
not perfectly overlap with CTA (Fig. 8). Note that severe
stenoses were not easily identifiable as well on the CTA
representation. Moderate in vivo stenoses were quantified
on 3-D US vessel representations up to 89.8% in B-mode
and up to 78.6% in Doppler (see Fig. 9 zones [–40, 0] and
[0, 20] mm); the CTA was quantified up to 39.0% (see
Fig. 9 zones [–60, –40] and [–20, 20] mm). This was
mostly attributed to differences in the geometry of the
non-diseased segment on 3-D US vessel representations.
Because the true vessel area is unknown in vivo and
because only one patient was used, it is premature to
make conclusions on the capability of the robotic scan-
ning system to quantify stenoses in patients.

Comparison with the literature

Analyses of 3-D vessel representations. Recons-
truction of a realistic vessel segment (89.4 mm in length)
was achieved reliably in the phantom study with the 3-D
US robotic imaging system, as compared with CTA.
A mean surface-reconstructed error of 0.55 mm, which
translates across its length as 0.65% variability (percentage
of surface-reconstructed error/length) was reported, and
a mean lumen cross-sectional error of –6.4 6 9.8 mm2

with respect to CTAwas found. In vivo, the middle segment
of a lower limb artery imaged in CTA was reconstructed
with US (136.6 mm in length). This portion was biased,
with a mean point surface error of 1.82 mm in B-mode that
translates across its length into a 1.34% variability (per-
centage of surface-reconstructed error/length) and a mean
lumen cross-sectional area error of 13.4 6 11.1 mm2.

The same analyses were doubled in value for the color
Doppler representation. In the literature, it is difficult to
compare our results with other 3-D US studies using elec-
tromagnetic freehand tracking because they have not eval-
uated the accuracy of their systems and have focused
mainly on demonstrating their technology’s potential to
monitor pathologic changes in reconstructed vessels during
a fixed period. For example, in a carotid study, four asymp-
tomatic patients with almost non-existent atherosclerosis
plaque were used to evaluate the reproducibility of a free-
hand system to assess vessel lumen volume (Allott et al.
1999). The carotid artery lumen volume had 5% (cm3)
reproducibility, but only a 1-cm segment of its bifurcation
was analyzed. In a vein graft investigation (Leotta et al.
2003), the cross-sectional lumen area was monitored at
affected sites (e.g., valves and diffused intimal hyperplasia),
and the reproducibility of the electromagnetic tracking
system in 10 patients was 6.9% (2.5 mm2) for lengths
ranging from 16 to 75 mm. Other studies examining the
carotid artery evaluated the reproducibility to 1.4% root
mean square precision with phantoms that consisted of
water-filled balloons, and illustrated the reconstruction of
two in vivo pathologic geometries without performing any
analyses (Barry et al. 1997). Another study validated their
reproducibility with anthropomorphic pulsatile phantoms
of the carotid bifurcation of approximately 40mm in length
(Barratt et al. 2004). Errors in cross-sectional areas were up
to –6.5% (–1.5 mm2), and their lumen volume, up to –5.5%
(–89.9 mm3). The applicability of this system was tested
in vivo on four pathologic patients with no image reference
for analyses.

All these methods seem promising to reproduce
results with high fidelity in vessel segments. Our data
also have comparable reproducibility for vessel recon-
struction in a phantom study and in vivo across its length.
However, we have also illustrated the accuracy of vessel
representations in a phantom and compared our in vivo
results with a reference model produced by another
clinical imaging modality. As we have reported, solely
assessing reproducibility does not verify accuracy in

Fig. 10. Three-dimensional ultrasound vessel representation of the normal volunteer’s right femoral artery mapped as
lumen area in square millimeters. In this example, the subject intentionally moved upward during image acquisition to

produce artifacts.
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reconstructing the entire vessel geometry. This measure
just indicates the stability of the system in reproducing
the same 3-D representation. This sort of assessment is
usually biased because the environment is controlled
and does not represent the clinical context. In our study,
we indicated the potential to accurately represent lower
limb arteries in a phantom study with realistic vessel
geometry by surface reconstruction analyses and cross-
sectional area measurements. We investigated these
geometries with CTA, a clinical diagnosis tool with the
highest standard of accuracy, and assessed errors with
the CAD file representing the geometry of the lumen.
The feasibility of producing a 3-D vessel representation
of a lower limb superficial femoral artery with or without
stenoses in vivo was also tested by emulating, at best, the
clinical context. The 3-DUS imaging robotic system used
to detect, localize and quantify lower limb arterial
stenoses was presented in full scope in a manner that
identifies clinical benefits and pitfalls, and further devel-
opments required to enhance the clinical application.

Analyses of localization and quantification of
stenoses. Stenoses in this study were detected and quanti-
fied in terms of area reduction and length. In the phantom
study, stenoses up to 98.3% (corresponding approxi-
mately to 82% in diameter) were detected with errors
,4.1% with respect to CTA (,11.8% error compared
with the CAD file). In the literature, only a few phantom
studies performed with an electromagnetic tracking
device had similar objectives. We previously tested the
ability of such devices to quantify in-stent restenoses in
a phantom study with maximum errors of 6.2% in area
reduction (L�ecart et al. 2009). In a saphenous vein bypass
graft study, stenoses up to 58.0% in diameter reduction
were detected with less than –1.4-mm accuracy
(Hodges et al. 1994). Using a similar tracking device,
another phantom study assessed stenoses up to 70% in
diameter reduction at the bifurcation site of the carotid
artery with ,3.0% error; in vivo stenoses up to 74% in
diameter reduction were also detected with no gold stan-
dard reference (Barratt et al. 2004). This method quite
accurate in vitro was restricted to this small arterial
segment; however, because no other clinical imaging
modality was used to verify the in vivo results, only the
potential of the technology can be claimed.

Because there is no true reference standard for
vessels in vivo, clinical investigations are often conducted
in multi-modal comparison. In our work, we evaluated
phantom and in vivo data with CTA. This clinical diag-
nosis tool is known to accurately detect the presence
of stenoses in more than 90% of small and moderate-
sized arteries, but sometimes overestimates the degree
of stenosis in heavily calcified arteries (Chan et al.
2010). Our 3-D US system had difficulty detecting and

localizing severe stenoses in the middle segment of the
patient’s femoral artery because the geometry was dis-
torted and data were missing. Still, improvements in
stenosis quantification may be achieved in vivo by using
image compounding, because acquiring different US
views may improve the signal-to-noise ratio of images.
But, as discussed, the most important improvement
should be targeted toward movement compensation or
development of a robotic scanning strategy that would
not necessitate a teach mode. A better force feedback
controller (Armendariz et al. 2012) should be envisaged
to monitor the pressure applied by the probe on the lower
limb. Coupling this strategy with an automatic scanning
mode capable of tracking the vessel and adjusting the
position of the probe with respect to the new location of
the artery, if the patient moves, could be considered.

Other limitations of the robotic arm also include its
inflexibility in covering certain areas of the patient’s
lower limb for the acquisition of cross-sectional US
images. It would currently not be possible with one full
scan to cover the entire vascular tree from the iliac to
the tibial vessels without constraints from the robot’s
safety controls and architecture (Janvier et al. 2008).
To improve the patient’s lower limb workspace and to
comply with safety issues, it would be necessary to
improve the robot’s kinematic design. A new medical
robot architecture, specially designed for this application
with strong compliance with safety concerns, is in devel-
opment by our group (Lessard et al. 2007).

Future work
In the future, comparative analyses could adopt

multiple imaging modalities, including duplex US (i.e.,
anatomy and blood flow), to situate the accuracy level
of the 3-D US robotic imaging system for quantifying
stenoses with optional spatially registered Doppler spec-
tral waveforms (Leotta et al. 2005b). In addition, a clinical
study with more patients could validate application in
the medical context by observing lower limb vessel
pathology over a fixed period, evaluating therapy and
monitoring plaque progression.

CONCLUSIONS

The 3-D US imaging robotic system was validated
with a realistic vascular phantom. The 3-D US recon-
structions obtained were analyzed for geometry and
quantification of stenoses. Mean surface reconstructions
were compared with CTA, and the degree of stenosis
was compared with the CAD file of the phantom lumen
geometry. Stenotic lesions were properly localized, and
severe stenoses up to 98.3% were evaluated with –3.6
to 11.8% errors. We also verified the feasibility of this
system in vivo in a normal volunteer and compared the
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3-D reconstruction with CTA imaging in the case of
a stenosed artery of a patient.
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