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Abstract—Locating and evaluating the length and severity of
a stenosis is very important for planning adequate treatment of
peripheral arterial disease (PAD). Conventional ultrasound (US)
examination cannot provide maps of entire lower limb arteries in
3-D. We propose a prototype 3D-US robotic system with B-mode
images, which is nonionizing, noninvasive, and is able to track and
reconstruct a continuous segment of the lower limb arterial tree
between the groin and the knee. From an initialized cross-sectional
view of the vessel, automatic tracking was conducted followed
by 3D-US reconstructions evaluated using Hausdorff distance,
cross-sectional area, and stenosis severity in comparison with 3-D
reconstructions with computed tomography angiography (CTA).
A mean Hausdorff distance of 0.97 ± 0.46 mm was found in
vitro for 3D-US compared with 3D-CTA vessel representations. To
evaluate the stenosis severity in vitro, 3D-US reconstructions gave
errors of 3%–6% when compared with designed dimensions of the
phantom, which are comparable to 3D-CTA reconstructions, with
4%–13% errors. The in vivo system’s feasibility to reconstruct a
normal femoral artery segment of a volunteer was also investigated. These results encourage further ergonomic developments
to increase the robot’s capacity to represent lower limb vessels in
the clinical context.
Index Terms—Image reconstruction, medical robotics, robotics
and automation, ultrasonic imaging, ultrasonography.
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I. I NTRODUCTION

T

O PLAN surgery or endovascular interventions, an
overview of the lower limb arterial tree is required
to determine the extent of peripheral arterial disease (PAD)
and to locate and quantify the most severe proximal stenosis
potentially affecting downstream hemodynamic and tissue perfusion. Physicians rely on digital subtraction angiography
(DSA), computed tomography angiography (CTA), or magnetic
resonance angiography (MRA) to get this clinical information. DSA offers a high performance to evaluate the severity
of arterial stenoses but it is invasive and has a high risk
of complication. CTA and contrast-enhanced MRA present a
high accuracy for detecting and assessing significant stenoses
greater than 50%, with reported sensitivities between 89% and
99% and specificities between 83% and 97% [1]. However,
although CTA is a minimally invasive imaging method, patients
that have to undergo multiple exams during their lifetime can
be exposed to a significant risk due to ionizing radiation.
Otherwise, MRA tends to underestimate the stenosis severity
[1], its access remains limited and some patients do not tolerate
being restricted in the tight bore of the instrument.
Ultrasound (US) imaging is the primary noninvasive means
for PAD diagnosis and follow-up. The clinical literature reports
that femoral artery duplex US diagnosis gives sensitivity of
80%–98% and specificity of 89%–99% to detect stenoses
greater than 50%. Even though Doppler US has the best costeffectiveness [1], it does not allow mapping the architecture of
lower limb arteries, and tandem stenoses affect the diagnosis
[2]. Over the years, 3D-US imaging has become widespread,
now competing with conventional 2D-US imaging in obstetrics,
peripheral vascular evaluation, and echocardiography [3]–[5].
Clinical studies with external 3D-US scanning have shown
that this modality is able to characterize and quantify stenoses
noninvasively in carotid arteries [6]–[9] and the 3-D geometry of the anastomosis in peripheral lower limb arteries [10].
However, most of these systems rely on a positioning tracking
device and can only scan short segments. Therefore, they are
not optimum for the examination of lower limb arteries, due to
the restricted range of the probe motion detection, electromagnetic signal interference, or tracking visibility [11]–[13].
To provide accurate 3D-US scanning of lower limb vessels,
an US robotic system was designed by our team [14]. The system has two operating modes. First, a teaching mode enables
the learning of a “freehand” scan coupled with a replay mode
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Fig. 1. Experimental setup. Overview of the 3D-US robotic system prototype
scanning a vascular phantom. The x, y, z coordinate system corresponds to the
base of the robot (i.e., robot CRS).

to reproduce the manually taught path. The scanning system
captures and stores US images with their registered 3-D spatial locations at uniform spacing in replay mode. In the free
command development mode, the US robotic system allows
the implementation of customized programs to control the
robot’s movements. The accuracy of 2D-US image coordinates
in the robot reference system was demonstrated by a calibration
procedure with a Z-fiducial phantom [15].
In this study, we did not use the teach/replay mode of the
previous design because for clinical applications, this concept
may be limited by movement artifacts between teach and replay
scans. After positioning the robot to allow identification of the
vessel of interest, this study proposes an automatic scanning
mode implemented in an US scanner and exploiting the free
command mode of the robot that allows controlling and moving it by a computer through a serial port. This study aimed to:
1) assess the automatic tracking trajectory and 3-D reconstruction with phantoms mimicking different vessel geometries with
stenoses; and 2) evaluate the feasibility of this robotic imaging system for 3-D in vivo mapping of a normal femoral artery.
For the first objective, 3D-US reconstructions were compared
with the computer-aided design (CAD) files used for prototyping phantoms. For one specific phantom, comparison was
also made with the 3D-CTA reconstruction, considered as the
gold standard clinical examination. The in vivo feasibility was
done to evaluate the performance efficacy of this robotic system
under real clinical conditions.
II. M ATERIALS AND M ETHODS
A. 3D-US Imaging Robotic System
As shown in Fig. 1, the prototype is composed of an
industrial robot arm (F3 articulated robot, CRS Robotics
Corporation, Burlington, ON, Canada), with six degrees of freedom, a force/torque sensor (ATI, Industrial Automation, Apex,
NC, USA), and an open platform US scanner (Sonix Touch,
Ultrasonix Medical Corporation, BC, Canada). The scanner
was used as a control station for the 3D-US robotic system.
B-mode images were acquired using the Ulterius platform
provided by Ultrasonix. Each acquired image was associated
with corresponding coordinates [i.e., position and orientation
in the robot coordinate reference system (CRS)]. Images were
captured at 10-MHz central frequency with a focus depth of
2–4 cm and an image depth of 5 cm to match optimum scanning conditions for 3-D vessel reconstructions reported earlier

Fig. 2. Experimental setup of the probe calibration. (a) Setup to determine
the position of wires in the US image. (b) Setup to determine the Z-phantom
location in the robot CRS.

[15]. A 128-element linear array probe (L14-7, Ultrasonix) was
used. The 3-D robotic system (i.e., robot arm motion and Bmode acquisition) was controlled using MATLAB (version 7.1,
MathWorks Inc., Natick, MA, USA) installed on the US scanner. This F3 robot was also used by other teams for medical
applications [16], [17].
B. Probe Calibration
A calibration procedure based on a cross-wire phantom (Zphantom) was used prior to 3D-US reconstruction, according to
the method of [18]. The goal was to find the matrix transformation (orientation and translation) that converts 2-D coordinates
of each pixel in the US image into 3-D coordinates in the robot
CRS. Mathematically, this corresponds to solve the following
equation:
⎛
⎞
⎞
⎛
sx .uk
xk
⎜
⎟
⎜ yk ⎟
Z−phantom
US−probe ⎜ sy .vk ⎟
robot−base
⎟
⎜
.⎝
⎝ zk ⎠ = Mrobot−base .MUS−probe .Mimage
0 ⎠
1
1
(1)
Z−phantom
is the unknown transformation matrix of the
where Mrobot−base
robot−base
Z-phantom in the robot CRS, MUS−probe
is the known transformation matrix of the US probe in the robot CRS (the US probe
is firmly fixed onto the robot arm with a custom-made probe
US−probe
represents the unknown transformation
holder), and Mimage
matrix of the US image with respect to the US probe 3-D position. The calibration setup (Fig. 2) used to find both unknown
transformation matrices in (1) is explained in detail in [15]. A
surgical polypropylene suture wire (8726 Prolene 6-0, Ethicon
Inc., Piscataway, NJ, USA) of 0.07–0.099 mm in diameter was
interwoven through holes to construct the Z-shaped patterns.
US−probe
, the US probe was attached to the
To determine Mimage
robot arm with a probe holder and held over Z-phantom wires
[Fig. 2(a)]. US image settings (i.e., beam focus depth, image
depth, and zooming) were selected to represent US exams of
lower limb peripheral arteries [19]. Each US image was manually segmented to determine the position of each wire. A
Levenberg–Marquardt iterative algorithm was used to solve
the calibration transforms, after locating the Z-phantom in the
robot CRS by replacing the US probe by a spherical pointer
Z−phantom
[15], [18], [20].
[Fig. 2(b)] to determine Mrobot−base
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and speed of sound) [21]. Once the gel was poured into the
phantom container and was solidified, the sugar-based artery
geometry inserted into connectors and attached by polyethylene
clips at both ends of the container was melted with circulating
hot water to create the vessel lumen.
2) Phantom #2 With Abrupt Simple Stenoses: The second phantom (model 525, ATS Laboratories, Knowlton St.
Bridgeport, CT, USA) [Fig. 3(b)], designed for Doppler US
flow imaging, contains four 8.0-mm diameter channels simulating superficial vessels with built-in stenoses at 0%, 50%, 75%,
and 90% area reductions. To provide comparable results as
phantom #1, we only used the channel with the 75% area reduction. The abrupt transition in the throat of the short stenosis
provided another experimental condition to test the performance of the robotic system. The length of that stenosis was
4 mm.
D. In Vitro Analysis of a Realistic Lower Limb Vessel Geometry

Fig. 3. Phantoms used to evaluate the 3D-US robotic system. (a) Phantom
with double stenoses [21]. (b) Commercially available ATS phantom model
#525 with four flow channels simulating superficial vessels, each channel containing one stenosis. (c) Iliac artery phantom with distributed severe stenoses
[22]. Phantoms (a) and (c) are shown without the box top cover and the
agar-mimicking tissue material used to fill the phantom.

C. In Vitro Analysis of Simple Vessel Geometry Segments
To validate the automatic arterial trajectory tracking and 3DUS reconstruction, two phantoms with simple geometries were
used. Both 3D-US reconstructions were compared with the
CAD file used for prototyping the phantom geometry.
1) Phantom #1 With Cosine-Shaped Double Stenoses: The
first phantom fabricated for this evaluation had a cross-sectional
diameter of 7.9 mm for the nonobstructed lumen, and contained
two adjacent axisymmetric stenoses [Fig. 3(a)]: one stenosis
(S1) with a 75%-area reduction and a second more severe
stenosis (S2) with 80%-area reduction. Both stenoses were
cosine-shaped, had a length of 20 mm, and the distance between
them was 24 mm. The gel surrounding the vessel lumen was
made of 86% distilled water, 8% glycerol (# G-3730, ACP
Chemical, Montreal, QC, Canada), and 3.5% agar (# A-9799,
Sigma Chemical, St. Louis, MO, USA), which provided similar
acoustic characteristics as human soft tissues (i.e., attenuation

A third phantom mimicking a realistic lower limb iliac artery
segment with distributed stenoses [Fig. 3(c)] was used to evaluate the tracking trajectory and 3D-US reconstruction. As for
phantoms #1 and #2, the 3D-US reconstruction was compared
with the corresponding CAD file. An additional evaluation
aimed to compare results with 3D-CTA reconstruction, which is
the gold standard clinical imaging technique for PAD diagnosis.
1) Phantom #3 Mimicking an Iliac-Diseased Artery: The
phantom was constructed by considering a 3D-CTA reconstruction of a patient with PAD in the iliac artery. This mimicking
artery contained multiple stenoses with two of them being more
severe and labeled S1 and S2 with 97.3% and 98.3% area reductions, respectively. Dimensions measured on cross-sectional
planes of the CAD file gave a value D = 6.5 mm for the maximum diameter of the nondiseased vessel segment. Lengths
measured between prestenotic and poststenotic maximum vessel diameters including stenoses S1 and S2 were L1 = 28.1 mm
and L2 = 14 mm, and minimum diameters at stenoses were
1.4 mm for S1 and 1.2 mm for S2 (see later Fig. 8 for an
illustration of L1, L2, S1, and S2). The complete fabrication process, characteristics, and geometric accuracy of this phantom
are available elsewhere [22]. A sugar-based lost material was
also used for this phantom to create the vessel lumen. The sugar
geometry was inserted in connectors and attached by polyethylene clips at the inlet and outlet of the phantom container before
pouring the tissue mimicking material.
2) Iliac Phantom #3 CTA Reconstruction: To evaluate the
accuracy of the 3D-US reconstruction according to clinical
standards, a Somatom Sensation 64-slice scanner (Siemens,
Erlangen, Germany) was used. The phantom was filled with
contrast agent (Conray 43, Mallinckrodt Medical, PointeClaire, QC, Canada), then images were acquired with parameters as follow: 38.0-cm field of view for a- 512 × 512 matrix
size, 1.0-mm slice thickness, 217-mA current density, 120-kV
peak voltage, and 0.6-mm reconstruction interval. The 3DCTA reconstruction was realized with a maximum intensity
projection (MIP) and a volume rendering, with the Visual software package (version 1.4, Object Research System, Montreal,
QC, Canada). This representation was later transformed into
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d = (xk − 64) × Te

Fig. 4. Procedure used by the robot system to correct the trajectory of the artery
with a B-mode image. The blue curve and red dot represent the segmented
artery contour and its center of mass. Columns (x) in the B-mode image represent probe elements and rows (y) correspond to depth. d is the distance between
the center of mass coordinate (xk ) and the central element of the probe (64th)
along the axis x.

a 3-D binary file that was converted into serial 3-D contours with SolidWorks (version 9.1, Dassault System, VélizyVillacoublay, France). The distance between each converted
contour was 0.25 mm and the number of points in each contour
was standardized to 100 with interpolation.

(2)

where Te is the element size of the probe (i.e., crystal size and
pitch). After calculating the distance d, the MATLAB program
sent a command to the robot to move the probe by a distance d
to correct the trajectory, and maintain the artery at the center of
the B-mode image. Then, the probe advanced by one step along
the z-axis. The tracked trajectory length and step between each
acquired image (fixed between 0.25 and 1 mm) could be set by
the radiologist. In this study, a step of 0.25 mm in vitro and
1 mm in vivo were used.
The force/torque sensor, positioned between the US probe
holder and the robot arm (Fig. 1), allowed maintaining a constant pressure during the scan by sending to the robot controller
a function written in RAPL-3 (version 001b, CRS Robotics
Corporation) before each new image acquisition. The RAPL-3
format is the programming language specific to this CRS robot.
The process of image acquisition, segmentation, trajectory correction, and advancement of the probe by one step was applied
until the robot completed its trajectory or was stopped by pushing a security button. Simultaneous 3D-US reconstruction was
performed with acquired 2-D-segmented contours, for which
x,y,z spatial positions were known. A real-time 3-D display
on the US scanner screen was done using the MATLAB platform through the transformation matrix determined with the
calibration procedure described earlier. To eliminate outliers
and improve visual appearance of reconstructed 3-D images,
the spatial filtering function “smooth” of MATLAB could be
applied (span parameter = 5). Note that all quantitative measures of performance were computed on unsmoothed raw
reconstructions.

F. Quantitative Analysis of Performance
E. Automatic Tracking Trajectory and 3-D Reconstruction
The method described in this section was used in vitro and
in vivo to evaluate the automatic tracking of the trajectory and
3-D reconstruction. In vitro, each phantom was fixed in the
robot work space and then the US probe was placed over the
phantom at one end of the vessel segment. Echographic gel
was applied between the surface to be scanned and the US
probe. One B-mode image was acquired and the vessel lumen
segmented using a fast-marching method based on gray-level
statistics and gradients adapted from [23]. This provided a contour of the artery lumen to start the automatic tracking process.
Given that, each column in the acquired B-mode image (Fig. 4)
was considered to represent the central probe element of the
focused beam centered on the vessel. The coordinates (xk , yk )
of the center of mass (red point) of the contour (blue curve)
thus corresponded to the center of the arterial lumen. To ensure
that the artery was at the center of the B-mode image to facilitate tracking of angulated vessels or to compensate for small
motion artifacts (i.e., to avoid losing the vessel between successive images acquired along the z-axis), the distance d (Fig. 4)
between the 64th element of the probe (central element) and the
coordinate xk of the center of mass was calculated as

For each 3-D reconstruction of phantoms, vessel crosssectional areas and quantification of stenoses were compared
with 3D-CAD files. In the specific case of the iliac phantom #3,
comparisons were also made with the 3D-CTA reconstruction.
For this purpose, a rigid registration was first performed with an
iterative closest point (ICP) algorithm (MATLAB open source
code ICP, version 1.4, by Per Bergström, March 7, 2007) to fit
both US and CTA 3-D reconstructions.
1) Lumen Cross-Sectional Areas: Comparisons of crosssectional areas between 3D-US reconstructions and 3DCAD/CTA were realized along the z-axis with Polyarea, a
polygon-specific function of MATLAB. This function computes the average number of pixels inside a closed contour.
Cross-sectional areas of each contour were calculated and
displayed along the z-axis.
2) Quantification of Stenoses: The severity of stenoses was
defined as the percentage of reduction in diameter of the vessel compared to its larger diameter (diameter of reference) in a
nondiseased segment. This measured SA , where the subscript
A indicates the modality (CAD, CTA, or US), is given by

SA = 100 ×

Dr − Di
Dr

(3)
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Fig. 5. Phantom #1 representing an artery with double stenoses. (a) 3D-US reconstruction of a segment including both stenoses (red color) from the raw data.
(b) 3D-US reconstruction of the same segment with smoothing. (c) Cross-sectional areas plotted as a function of the longitudinal distance along the vessel.
(d) Stenosis severity plotted as a function of the longitudinal distance. The color map represents the lumen area reduction in percent, where blue color corresponds
to the largest area of the nondiseased artery.

where Dr is the reference diameter and Di the diameter of the
obstructed cross-sectional vessel lumen. For each reconstruction, percentages of stenosis were mapped along the z-axis. The
length of stenoses was also compared between modalities.
3) Hausdorff Distance: This distance represents the worstcase fitting scenario between two methods. It is defined as the
maximum distance of nearest points between two contours [24],
[25]. The closest point distance associates each point on both
curves to a point on the other curve, and the Hausdorff distance
finds the largest distance between corresponding points, as indicated in (4). This performance measure was reported along the
z-axis

(4)
Hd = max max {d (ai , CUS )} , max {d (bj , CA )}

the femoral artery segment to be scanned, in the same manner,
and with the same equipment described above for in vitro studies. Scanning was done along the superficial femoral artery,
from the bifurcation down to the distal femoral segment. Given
that lower limb peripheral arteries are typically at a 3–8 cm
depth range [19], we succeeded for this volunteer by choosing a 5-cm depth, a 2–4-cm focus beam depth (range where
the arterial lumen was situated), and no zooming was selected.
The scanning trajectory was followed with a cross-sectional
B-mode view of the vessel longitudinal axis. Automatic tracking and 3-D reconstruction were in accordance with the method
described in the in vitro study section II-E.

with

A. 3-D Representations of In Vitro Phantoms #1 and #2

i

j

d (ai , CUS ) = min bj − ai 
j

(5)

where ai and bi represent x and y coordinates of a point
on the set of points of both contours, CUS = {b1 , b2 , . . . , bn }
are points on the US contour, and CA = {a1 , a2 , . . . , an } are
points on the CTA or CAD contour (A = CTA or CAD).
G. In Vivo Feasibility Study
Given that major stenoses in PAD are localized in the
femoropopliteal segment [2], [26], a pilot study was conducted
on a 28-year-old healthy volunteer to evaluate the feasibility of
the 3D-US robotic system to scan a superficial femoral artery.
The protocol was approved by the institutional review board of
the University of Montreal Hospital, and an informed consent
was obtained.
The subject lay on his back in a decubitus position in the
robot work space to allow access to the left leg. The radiologist positioned the US probe (L14-7, Ultrasonix) at one end of

III. R ESULTS
To validate the automatic arterial trajectory tracking of the
robotic system, 3-D reconstructions of in vitro vessel lumens
were realized within the robot CRS using the Z-phantom calibration procedure. Fig. 5(a) describes the 3D-US representation
of a segment of 78-mm length with double stenoses S1 measured at 73% and S2 at 87%. Fig. 5(b) shows the same 3-D
representation with smoothing, whereas panels C–D give crosssectional areas and percentages of stenosis along the z-axis.
Cross-sectional areas of 41.8 ± 2.5 mm2 were measured over
the nondiseased segments; for the same regions, the mean area
was 49.0 mm2 on the CAD file. As depicted in Fig. 5(d), the
length of S1 was 22 mm and that of S2 was 23 mm. Compared
with the CAD file, errors on stenosis lengths were 2 mm for S1
and 3 mm for S2, whereas errors on stenosis severity were −2%
and +7% for S1 and S2, respectively.
Fig. 6(a) and (b) shows 3-D reconstructions of phantom #2
with a single tight stenosis segment of 60 mm in length, with
and without smoothing. As shown in panel C, cross-sectional
areas of the 3D-US reconstruction (50.0 ± 1.9 mm2 ) matched
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Fig. 6. ATS phantom #2. (a) 3D-US reconstruction of a segment including a stenosis of 75% (red color) from the raw data. (b) 3D-US reconstruction of the same
segment with smoothing. (c) Cross-sectional areas plotted as a function of the longitudinal distance along the vessel. (d) Stenosis severity plotted as a function of
the longitudinal distance. The color map represents the lumen area reduction in percent, where blue color corresponds to the largest area of the nondiseased artery.

Fig. 7. Hausdorff distance plotted as a function of the longitudinal distance along the mimicking artery of phantoms (a) #1 and (b) #2; comparison between US
and CAD.

well the CAD file (50.2 mm2 ) for nondiseased zones. Moreover,
panel D illustrates the stenosis severity in percent along the
z-axis with a maximum at 79%, and shows a stenosis length
of 5.7 mm. Compared with the CAD file, error on the percentage of stenosis was +4% and error on the stenosis length was
−1.7 mm.
In Fig. 7, we report Hausdorff distances (4) between US and
CAD contours along the z-axis for phantoms #1 and #2. For
phantom #1 (panel A), it remained below 1.7 mm with maxima
in the throat of both stenoses and at the beginning of the reconstruction, where larger errors in area and stenosis severity were
also noticed in Fig. 5. Hausdorff distances were uniformly distributed and below typically 1.5 mm for phantom #2 (panel B),
except in the tight stenosis where it reached a maximum slightly
above 2 mm.

B. 3-D Representations of In Vitro Phantom #3
The CAD file geometry of the iliac-diseased artery [Fig. 8(a)]
shows the segment that was chosen to compare the 3D-CTA
representation (panel B) with the 3D-US reconstruction (panel
C) after rigid registration. Fig. 8(d) presents a superimposed
representation of CTA and US scans in the same referential. A
good agreement can be observed between both 3-D reconstructions. The 3D-CTA was scanned over a longer distance and its
representation was thus 2.9 mm longer than the 3D-US display.
The 3D-US geometry of Fig. 8(c) was reformatted in Fig. 9 to
present the stenosis severity of the iliac-diseased artery without
and with smoothing. The color map in both 3-D reconstructions
is coded such that zero percent (blue color) corresponds to the
largest area of the normal (nondiseased) segment of the artery.

MEROUCHE et al.: ROBOTIC US SCANNER FOR AUTOMATIC VESSEL TRACKING

41

Fig. 8. 3-D representations of phantom #3 mimicking a diseased iliac artery. (a) 3D-CAD representation. (b) 3D-CTA reconstruction of the scanned segment of
the artery depicted in (a). (c) 3D-US reconstruction of the same segment. (d) 3D-US and -CTA plotted in the same referential after 3D-US rigid registration.

As illustrated in Fig. 10(a), the two curves show a good overlap between 3D-US and 3D-CTA cross-sectional areas. A good
correspondence can also be observed in panel B for the stenosis severity. Errors in quantifying S1 and S2 were 3% and 7%
between 3D-US and 3D-CTA. Table I reports the stenosis severity, stenosis lengths, and areas along with errors on CTA and US
measures when compared with the CAD file geometry.
Finally, Fig. 11 reports Hausdorff distances (4) between both
US and CTA contours along the z-axis. The mean Hausdorff
distance along the iliac artery segment was 0.97 ± 0.46 mm,
which is within the limit of resolution of US. It remained uniformly distributed except toward the right end where it reached
a maximum of 2.3 mm.
C. In Vivo Feasibility Study

Fig. 9. 3D-US reconstruction of a segment of the phantom mimicking an iliac
artery. (a) 3D-US reconstruction with raw data, (b) with smoothing data.

Fig. 12(a) and (b) (without and with smoothing) shows the
performance of the robotic system to automatically track a presumably normal superficial femoral artery of a volunteer. The
scan over a distance of 156 mm was conducted in 15 min; it
included the vessel tracking, automatic segmentation, trajectory correction, and 3-D reconstruction. The color map is coded
according to the lumen area, where blue corresponds to the
largest area and red to the smallest area. Fig. 12(a) illustrates
a 3D-US B-mode reconstruction of cross-sectional areas with
the raw data along the z-axis; whereas Fig. 12(b) presents the
same 3D-US reconstruction with smoothing. Fig. 13 presents
the radius of each cross-section of the artery along the longitudinal downstream axis. To calculate the radius, we assumed
that cross-sectional areas were circular. It can be observed that
radii decreased progressively toward the knee, as expected for
more peripheral lower limb arteries.
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Fig. 10. (a) Cross-sectional area and (b) stenosis severity plotted as a function of the longitudinal distance along the iliac-mimicking vessel for 3D-CTA and -US
reconstructions.

TABLE I
S UMMARY OF In Vitro P ERFORMANCE A SSESSMENTS FOR P HANTOM #3 M IMICKING AN I LIAC -D ISEASED A RTERY

IV. D ISCUSSION
A. 3-D Vessel Reconstruction Analyses
In this study, simple geometries (single and double stenoses)
were used to evaluate the automatic arterial trajectory tracking
of the robotic system and corresponding 3D-US reconstructions. The robotic system allowed quantification of the severity
and length of stenoses. In general, errors in area, in stenosis severity, and Hausdorff distances for phantoms #1 and #2

were higher within stenoses and at both ends. Explanations
given below to elucidate those discrepancies between US and
CAD in the case of phantom #3 also apply here. It was also
observed when comparing results of Figs. 5 (phantom #1) and
6 (phantom #2) that better fits were obtained in the case of the
latter commercial phantom. Errors in the fabrication process of
phantom #1 (and #3) can explain this observation.
Next, a phantom mimicking a diseased iliac artery with multiple stenoses was used to compare the 3D-US reconstruction
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Fig. 13. Areas of the cross-sectional femoral artery as a function of downstream distances.
Fig. 11. Hausdorff distance plotted as a function of the longitudinal distance
along the iliac artery (comparison between US and CTA).

Fig. 12. 3D-US reconstruction of a segment of a superficial femoral artery
of a normal volunteer. (a) 3D-US reconstruction with raw data and (b) with
smoothing.

with CTA, which is the clinical gold standard. The latter investigation revealed comparable 3D-US and 3D-CTA maps. As
noticed in Table I, both CTA and US overestimated the stenosis
areas compared with the CAD geometry. This can be partially
explained by the resolution of both methods [27], [28], and by
CTA postprocessing (MIP, volume rendering, and smoothing
filter) known to be user-dependent [29]. However, as introduced
earlier, the most important source of errors was likely related to
the fabrication process of the vascular phantom with reported
errors up to 5.7% in diameter compared to the CAD file [22].
Indeed, in earlier reports [21], [22] (corresponding to phantoms
#1 and #3 of this study), we compared microscopic histology
slices of the constructed phantom with the CAD file and found
errors between 1.4% in [21] and 5.7% in [22].
As reported in Figs. 7 and 11, 3D-US reconstructed crosssectional lumen contours had higher Hausdorff distances with
respect to CAD (Fig. 7) and CTA (Fig. 11) at the extremity. Larger errors at the extremity are likely due to shadowing
caused by the high density polyethylene clip on the connector used for phantoms #1 and #3, which caused segmentation
problems.

The feasibility of mapping in vivo a normal 3-D lower limb
femoral artery was also tested under conditions approximating the clinical context. Besides evaluating lower limb arterial
stenoses, the current robotic system may be of interest to grade
the patency of lower limb bypass venous grafting [10]. Because
regular follow-ups are required in this context, this would be a
logical application of the robotic scanner to compete with the
irradiating CTA or expensive MRA method.
In vivo, the robotic system has proven that it can compensate for small movements of the patient’s leg with the
tracking concept illustrated in Fig. 4. In view of providing
a complementary noninvasive diagnostic technique, improvements in stenosis quantification would be possible using image
compounding with acquisitions at different cross-sectional US
views to improve the quality of B-mode images [30], [31]; this
would also be feasible with plane wave imaging [32], [33].
Also, as mentioned above, the current implementation is limited
because scanning in vivo a femoral artery over 156 mm required
15 min. The main reason for that was the use of three different
computer languages to perform the vessel tracking, automatic
segmentation, trajectory correction, and 3-D reconstruction.
The B-mode image acquisition was done in C++ while the robot
was controlled with the RAPL-3 programming language. The
force/torque sensor allowing maintenance of a constant pressure on the scanned surface also used a function written in
RAPL-3. Finally, the data management and synchronization of
the different processing steps (i.e., acquired images, segmented
contours, 3-D coordinates, and force/torque values) were controlled with MATLAB installed in the US Ultrasonix scanner.
Another limitation was noticed concerning the architecture
and design of the robot arm. Indeed, beyond the maximum
angle that a joint can reach, the robot reacted randomly.
Therefore, the controlling software was designed to cut the
power of the robotic scanner before such random behavior
occurred, thus ensuring a safe scanning particularly in the case
of future popliteal artery segment analysis, which runs behind
the knee. To further remedy this potential issue, another robot
has been specifically designed by our group for this application
with strong compliance to safety concerns [34].

B. Comparison With the Literature
A few studies performed with a tracking device attached to
the US probe had similar objectives [35]–[37]. It is difficult to
compare our results to these ones that were mainly based on
electromagnetic (EM) freehand tracking, because authors have
not evaluated the accuracy of their system against CTA, and
focused mainly on demonstrating the technology’s potential
to monitor pathological changes in reconstructed vessels. The

44

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 63, NO. 1, JANUARY 2016

progression of human atherosclerotic carotid plaques was
monitored and analyzed with 3D-US systems controlled by
a linear translation stage with a stepper motor [6], [9], [38].
Another 3D-US Flock-of-Bird EM system for measuring blood
vessel geometries [35] allowed detecting a reduction in area
of 48%. A study with a similar EM system found mean errors
of −1.2% to detect a 70% stenosis in carotid bifurcation
phantoms [36]. Compared with CAD geometries, Janvier et al.
found errors of 3.0% to detect an 80% stenosis and errors of
−0.9% to quantify a stenosis of 75% with a similar double
stenosis phantom, as used in this study (phantom #1), and
a robotic scanner [15]. Recently [39], with the same robotic
system as in [15], they found errors of −11.8 ± 6.1% and
−3.6 ± 1.9% to detect the 97.3% and 98.3% stenoses of the
iliac phantom #3, respectively. The results of this study thus
compare favorably with those of Janvier et al. [15], [39],
conducted with a 3D-US robotic system with teach and replay
modes. Also, maximum errors of 6.2% in area reduction were
reported in [37] to quantify in-stent restenoses in vitro with
an EM tracking device and phantom #1. Our results with that
phantom gave errors with respect to CAD files of 2% and 7%
to detect the 75% and 80% stenoses S1 and S2, respectively.
In the above-mentioned studies, 3D-US freehand systems
included positioning information from tracking devices that
were used to locate each 2-D image in space and to reconstruct the sampled volume. Optical tracking uses emitting diode
markers distributed on a rigid structure identified with cameras.
For the current application, a limitation of such devices is the
requirement of a constant line of sight between emitting diodes
attached to the US probe and cameras. On the other hand, EM
tracking measures the magnetic field between a receiver also
attached to the US probe and a transmitter. Errors occur when
metallic objects interfere with the magnetic field. Variable performances were reported depending on the scanning distance
with respect to the static transmitter [13], [44]. Additionally,
uneven volume sampling inevitably with 3D-US freehand systems may add uncertainty to the reconstruction. Consequently,
these devices may not be optimum for lower limb vessel imaging where the detection and quantification of long and tortuous
arterial segments requires a high precision. Robotic systems
may thus be a superior strategy for this application. Finally, note
that comparatively to our earlier teach/replay mode [14], [15],
[39] where the system would continue the trajectory taught by
the physician, even if the patient had moved, the current system adjusts its trajectory to small movements of the patient to
perform a calibrated 3-D reconstruction. If this motion would
become larger than a predefined distance fixed by the user (typically equal to the distance between two acquired images), the
system was safely stopped. In this case, no 3-D reconstruction
was done.
V. C ONCLUSION
As recently reported, the field of robotic US in medicine
is still in its infancy [40] and only a few groups tackled the difficult problem of 3-D artery reconstructions [15],
[34], [39], [41]–[43]. In this study, tracking vessel trajectory and 3-D reconstruction with an US imaging robotic

system were validated in vitro with vascular phantoms. 3D-US
reconstructions showed good agreements with 3D-CTA in the
case of a realistic diseased iliac artery phantom. We also
verified the feasibility of this system in vivo in a normal volunteer and demonstrated that the system could compensate
for potential small leg motions. Significant innovations with
respect to our earlier contributions [14], [15], [39] were made.
Namely, we eliminated the “teach” and “replay” mode, which
could not compensate for leg movements between scans, by
an automatic vessel tracking strategy requiring a single scan.
Moreover, we replaced the B-mode video frame grabbing by
an integrated software interfacing the robot controller with the
Ulterius developing platform of the digital Ultrasonix scanner. The developed controlled software allowed triggering each
digital image before segmenting the vessel, locating its center
axis, making the robotic trajectory modification, and storing
the resulting acquired image frame. At each iteration, if the
force applied by the probe or the displacement became higher
than prefixed values, the robot stopped, and its arm was moved
away to assure a safe scanning. Further validations of this prototype would nevertheless be required. A clinical study on several
patients with lower limb arterial diseases would be necessary to
prove the applicability of the robotic system in the medical context. It may allow monitoring plaque progression and evaluating
the impact of therapy with a modality that is safe, relatively
inexpensive and not ionizing.
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