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RESEARCH ARTICLE

A computer-assisted robotic platform for vascular procedures exploiting 3D
US-based tracking

Marco Muraa*, Simone Parrinib*, Gastone Ciutia, Vincenzo Ferrarib, Cinzia Freschib, Mauro Ferrarib,
Paolo Darioa and Arianna Menciassia

aThe BioRobotics Institute, Scuola Superiore Sant’Anna, Pisa, Italy; bEndoCAS Center, University of Pisa, Pisa, Italy

ABSTRACT
Background: Cardiovascular diseases are the first cause of death globally: an estimated 17.5 mil-
lion people died in 2012. By combining the benefits of magnetic navigation and ultrasound (US)
imaging, the authors proposed a robotic platform (i.e. the MicroVAST platform) for intravascular
medical procedures.
Methods: A 3D imaging US-based tracking algorithm is implemented for the navigation of a
magnetic-dragged soft-tethered device. Tests were performed to evaluate the algorithm in terms
of tracking error and precision of locomotion.
Results: The 3D imaging US-based algorithm tracked the endovascular device with an error of
6.4 ± 2.8 pixels and a mean displacement between the endovascular device and the preoperative
path of 13.6 ± 4.5 mm (computational time of 12.2 ± 1.5 ms and 30.7 ± 6.1 matched features).
Conclusions: The MicroVAST platform includes innovative solutions for navigation allowing for an
assisted magnetic locomotion of medical devices in the cardiovascular district by combining a 3D
imaging US-based tracking algorithm with pre-operative data.
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Introduction

Cardiovascular diseases (CVDs) are the first cause of
death globally. An estimated 17.5 million people died
from CVDs in 2012, accounting for the 31% of all glo-
bal deaths; of these deaths, the main causes are coron-
ary heart disease (i.e. about 7.4 million) and stroke (i.e.
about 6.7 million).[1] Endovascular surgery and inter-
ventional radiology are minimally invasive medical
methodologies performed introducing elongated and
bendable radio-opaque instruments [2,3] in the vascu-
lar district for treating cardiovascular diseases. Actually,
instruments guidance is performed under digital sub-
traction angiography (DSA) and fluoroscopy, with the
periodic injection of contrast medium to visualize cath-
eters and guidewires with respect to the vasculature.

Often the benefits offered by these catheter-based
techniques, such as quicker recovery and decreased
pain, cannot be obtained due to technical limitations
to endoluminally reach the target area; for this reason,
surgeons often choose to convert to a traditional open
approach.

In an endovascular approach, the surgeon pushes
the catheter along guidewires from outside the

vascular access (being femoral artery the most fre-
quent one), and the instrument intrinsic stiffness allows
the propulsion of the entire instrument inside the
patient.[4] During the intervention, the surgeon often
has to pass through some arterial bifurcations up to
reach the area to treat. The surgeon rotates the instru-
ments to steer their pre-curved tips up to achieve the
correct orientation to enter in the right arterial branch.
Different catheter and guidewires tip shapes have
been developed to pass through different kinds of
arteries bifurcations. Endovascular procedures require
not only long training for the surgeons but also innate
abilities. Those abilities are needed to choose, on-the-
fly, the best strategy in terms of catheter shapes and
movements to be performed. For these reasons, it is
impossible to define a standardized procedure due to
pathological and anatomical variations of any patient.

Mechanical and magnetic steerable catheters
increase endoluminal device distal-end dexterity and
maneuverability thanks to the possibility to change
and bend, once required, the orientation of the
tip.[5–7] Nevertheless, since the instrument is still
pushed from the proximal end, its propulsion remains
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sometimes impossible due to the friction resistance
generated by the contact between a curved arterial
wall and the straight instrument body.

Magnetic dragging from the distal side, for soft-teth-
ered or completely wireless endoluminal devices, was
proposed with the benefit of reaching areas often
inaccessible for traditional vascular catheters and
guidewires.[8–13] However, these solutions are difficult
to be applicable in the clinical practice. Some of them
require dedicated room and MRI devices properly pro-
grammed to simultaneously drag and localize the sur-
gical instruments, whereas some other solutions
require external magnetic field emitters close to the
patient able to drag the instruments but often too
bulky to allow the traditional fluoroscopic or DSA guid-
ance with X-ray emitter and receiver around the
patient.

Many research groups in the world are working on
medical robots and computer-assisted surgery (CAS)
platforms for robotic vascular procedures [14,15] and
also several US-based tracking systems for various

types of targets have been introduced.[16–18] Those
systems are attractive for the treatment of cardiovascu-
lar diseases and they offer many possibilities for inter-
action and a high degree of accessibility. However,
there are some challenges in the use of soft-tethered
or completely wireless magnetic-driven endoluminal
devices, such as (i) biocompatibility, (ii) possible dam-
age of blood vessels, and (iii) control and navigation
inside blood vessels especially against the blood flow
that is one of the biggest challenges for those devi-
ces.[19] This is a crucial point to be addressed in order
to navigate the endoluminal device and to retrieve it
(e.g. in case of a failed branch selection) as a safety
measure.

In this paper, the authors propose a teleoperated
robotic platform based on a traditional CAS scheme
adapted to intravascular medical procedures and illus-
trated in Figure 1(a). The robotic platform for vascular
navigation is composed of three main modules: (i) a
magnetic module for dragging a magnetic endovascu-
lar device in the patient body; (ii) a control module

Figure 1. (a) Traditional CAS architecture adapted to intravascular medical procedures with magnetic dragging and US-based track-
ing. (b) The MicroVAST platform experimental setup for magnetic dragging of an endovascular device under US monitoring.

64 M. MURA ET AL.

D
ow

nl
oa

de
d 

by
 [

14
6.

18
5.

20
5.

20
1]

 a
t 0

2:
11

 2
6 

M
ay

 2
01

6 



interfacing the magnetic module and the operator;
and (iii) a module for processing the pre-operative
data and the intra-operative data, these ones obtained
from a US-imaging tracking system. One of the main
benefits of this platform is the resulting non-invasive-
ness of the procedure for patients and for medical
doctors, not exposed to ionizing radiation.

The teleoperated robotic platform for cardiovascular
treatments developed by the authors [20–22] employs
a simple and compact external permanent magnet
(EPM), for magnetic dragging, and a commercially
available ultrasound (US) scanner, for tracking; EPM
and US probe are moved together by two robotic
manipulators (defined dragging and tracking robotic
arms) along pre-determined vascular path (i.e. obtained
in a pre-operative condition). The goal of this develop-
ment is to reach areas often inaccessible for traditional
vascular instruments through a soft-tethered magnetic-
driven device under a non-invasive tracking modality.
In particular, the platform combines the advantages of
a magnetic dragged soft-tethered endovascular device
with a low-invasive (no radiation, at all, to the patient
and operators) real-time tracking based on 3D imaging
US,[23–25] thus making easier the integration in the
clinical scenario. In a previous work, the authors imple-
mented and tested a real-time tracking methodology
based on 2D-imaging US for a soft-tethered magnetic-
driven device. In particular, it was demonstrated that
an image-based algorithm based on the combination
of Shi–Tomasi features detector, Lucas–Kanade features
tracking, and watershed segmentation technique rep-
resented the most reliable and accurate solution for
the implementation of a tracking algorithm for endo-
vascular magnetic instruments.[26]

In this paper, the authors describe the integration of
the processing and control module and investigate the
implementation of a 3D imaging US-based tracking
strategy able to accurately and reliably navigate a soft-
tethered endoluminal device in the cardiovascular
district.

The high-level strategy applies the algorithm, imple-
mented and validated in a 2D-imaging configur-
ation,[26] to the three orthogonal US planes acquired
by a 3D US machine. The expected benefit is that inte-
grating the information from the other two 2D-imaging
US orthogonal planes, together with the pre-operative
path data, will improve the robustness and safety of
the entire methodology.

The proposed analysis will compare the two differ-
ent tracking pipelines (using one or three US-imaging
planes) for continuously tracking a soft-tethered endo-
vascular device, in order to assess which one is more

suitable, safer, and accurate for integration in the
MicroVAST endovascular CAS platform.

Materials and methods

MicroVAST platform: system overview and modules

The developed robotic platform, named MicroVAST,
(Figure 1(b)) comprises (i) one anthropomorphic
robotic arm with six degrees-of-freedom (DoFs) (i.e.
dragging robot; RV-3SB, Mitsubishi Electric, Tokyo,
Japan) with an EPM attached to the end-effector; (ii) a
second anthropomorphic robotic arm with six DoFs
(i.e. tracking robot; RV-6SL, Mitsubishi Electric, Tokyo,
Japan) for holding and moving a 3D imaging US trans-
ducer (X6-1, Philips Medical Systems, Bothell, WA); (iii)
an optical tracker (Optotrak Certus, Northern Digital
Inc., Waterloo, ON, Canada); (iv) a human–machine
interface (HMI) including an intuitive control peripheral;
and (v) a millimeter-size spherical-shaped capsule,
embedding an internal permanent magnet (IPM). The
interaction between the EPM and the IPM is used to
propel the endoluminal device along the vascular tree.
In particular, an axially magnetized NdFeB N52 (reman-
ence 1.48 T) permanent magnet (K&J Magnetics,
Jamison, PA) was selected as the EPM; it is 51 mm in
diameter, 25 mm in thickness, and 0.4 kg in weight. A
spherical-shaped capsule, 6 mm in diameter and 0.53 g
in weight, was used as a prototype of the endovascular
probe; it is worth mentioning that the approach can
be scaled-down for fulfilling the medical requirements,
still maintaining proper magnetic interactions for stable
dragging. The endovascular device is equipped with a
concentrically spherical NdFeB N42 magnet (IPM – K&J
Magnetics, Jamison, PA) with a diameter of 4.7 mm.
Further details about the magnetic interaction and CAS
platform are available in the papers by Miloro et al.
and Tognarelli et al.[21,22]

Navigation control architecture

The navigation control algorithm of the two robotic
arms is designed to follow the patient vessel lumen
path, which can be obtained preoperatively by elabo-
rating the centerline from 3D imaging US or 3DRA
images. In order to check that a reliable and effective
magnetic link between the EPM and the endoluminal
device is maintained along the entire procedure, the
tracking robot holds and moves a US probe for real-
time tracking; this is required for allowing accurate and
reliable navigation (control scheme is reported in
Figure 2). In particular, in order to obtain 3D real-time
information – specification required for a reliable feed-
back for the entire control process – the authors

COMPUTER ASSISTED SURGERY 65

D
ow

nl
oa

de
d 

by
 [

14
6.

18
5.

20
5.

20
1]

 a
t 0

2:
11

 2
6 

M
ay

 2
01

6 



employ a 3D imaging US system. In fact, a 3D imaging
US probe can provide volumetric data or three orthog-
onal slices. Since real-time tracking using 3D US volu-
metric data can be difficult (due to technical
limitations for real-time access and computational pay-
load) and not always accessible on clinical
machines,[27] the authors decided to investigate a
tracking strategy that exploits three orthogonal US
planes for a flexible and online use of the algorithm
on most clinically employed US 3D imaging machines.

The US probe is moved by the tracking robot
imposing that the intersection of the three orthogonal
planes lies on the known vascular path. In particular,
the two manipulators are moved together along the
calculated pre-operative path. The aim of the high-
level strategy is to maintain the endovascular device,
which navigates along the centerline projection due to
the magnetic attraction on the lumen wall, on the
intersection of the US planes or, at least, inside an
imposed safety window (SaW) centered in the US
frame in each orthogonal plane. The movements of
the two manipulators are driven by the output of the
high-level strategy, i.e. if the endovascular device
exceeds the imposed SaW in two orthogonal US
planes, the procedure is retrieved to the previous state
(T(K�1) in Figure 2) in order to maintain, or at least to
re-establish, a reliable magnetic link (i.e. by placing
back the device centre of mass – CoM – in the defined
SaW).

In addition, the platform control unit and the soft-
ware framework are suitable for developing an autono-
mous movement of the endovascular device along the

vessel path. However, the operator can navigate the
endoluminal device forward and backward along the
lumen pre-operative vascular path due to a semi-
autonomous and transparent computer-assisted con-
trol. A first implementation of the assisted navigation
procedure has been achieved controlling the motion
by using a haptic input device (Phantom-Omni,
Sensable Technologies, Wilmington, MA).

The authors aim to track the endovascular device
CoM on each US orthogonal plane by using a combin-
ation of computer vision methodologies in a specific
tracking framework. In this paper, the entire platform
control scheme, based on the locomotion of the two
robotic arms and the tracking strategy of the endovas-
cular device, is presented. In order to exhaustively
describe the processing module of the MicroVAST plat-
form, the following section will explain in detail the
pre-operative (‘‘Pre-operative module and settings:
experimental test bench, system calibration and vessel
centerline extraction’’ section) and the intra-operative
modules (‘‘Intra-operative module: 3D imaging US-
based tracking algorithm implementation and assess-
ment method’’ section) and respective
subcomponents.

Pre-operative module and settings: experimental
test bench, system calibration, and vessel
centerline extraction

In the realization and setting of the overall robotic
platform, several issues have been set and addressed,
such as (i) experimental test bench, (ii) calibration of

Figure 2. Navigation control flow: the high-level strategy checks if the endovascular device is inside the SaW. If this condition is
verified, the next positions in the pre-operative vascular path trajectory (T(Kþ 1)) are retrieved back to the robotic arms (P(K)).
Otherwise only the previous position in trajectory (T(K� 1)) will be sent in order to re-establish a correct magnetic link. CoM stays
for Center of Mass.
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robotic arms and extrinsic calibration of the US probe,
and (iii) extraction of the centerline from the experi-
mental test bench. The following subparagraphs
explain each issue in more details; it is worth mention-
ing that both calibration and vessel centerline extrac-
tion are performed before the medical intervention.
The preoperative centerline path (recovered by the
method presented in ‘‘Calibration of the robotic plat-
form components’’ section) will be then registered, just
before the procedure, with the real patient vascular
anatomy obtained through a pre-procedural US-based
scanning procedure of the target area.

Experimental test bench

The implemented 3D US-imaging tracking algorithm is
evaluated in an in-vitro simulator that mimics the
abdominal aorta dimensions. A 24-mm inner diameter
PMMA tube was chosen in agreement with the physio-
logical dimension of the abdominal aorta, ranging
from 19 mm to 30 mm in diameter.[28] On one hand,
the in-vitro set-up presents intrinsic differences with
respect to an ex-vivo or real in-vivo environment. In
particular, the PMMA pipes are rigid and the path to
be followed by the robotic device is simpler than in
the real arterial tree. However, due the acoustic imped-
ance of PMMA,[29,30] the US images result in low-
quality images with respect to a real scenario.
Nevertheless, a controlled condition, represented by
rigid PMMA pipes, enables the achievement of a reli-
able analysis and assessment of the robotic platform,
excluding the effects of an unpredictable deformable
environment and resistance forces. On the other hand,
to overcome those issues, test in an ex vivo conditions
(i.e. a freshly excised porcine vessel) are carried-out for
strengthening the validation of the tracking algorithms.

Calibration of the robotic platform components

A fundamental step for the platform setting is the def-
inition of the position and orientation of all compo-
nents (i.e. the two robotic arms, the EPM end-effector
and the US probe). In particular, it is fundamental to
know the relationship between the two robots and
end-effectors, in order to move them coherently, and
the relationship between the 3D imaging US volume
and the entire robotic platform to track and drag the
endovascular instrument. The calibration procedure
was performed through an optical localizer (Optotrak
Certus, Northern Digital Inc., Waterloo, ON, Canada).
The rigid body transformations involved in the plat-
form are depicted in Figure 3.

A closed-form calibration scheme was formulated in
the calibration of each robot [31] and was solved using

a method based on Lie algebra,[32] which allows us to
determine the transformation between the reference
systems of the robots and the optical localizer (OTRT for
the tracking robot and OTRD for the dragging robot)
and the spatial relationship between the reference sys-
tems of the optical sensor frames and the end-effec-
tors (FTTET for the tracking robot and FDTED for the
dragging robot). The calculation of the rigid body
transformation between the dragging robot end-
effector and the magnet EDTM was mechanically per-
formed (i.e. through CAD model).

Moreover, in order to determine the transformation
between the tracking robot end-effector and the 3D
imaging US reference system ETT3DUS, the authors
employed a closed form calibration scheme,[33]
exploiting a steady calibration phantom 3DUSTP.[34,35]
Then, the transformation ETT3DUS was calculated
employing the same algorithm used for the calibration
of the robots. The calibration errors of each compo-
nent of the robotic platform will be represented by
means of the root-mean-square errors (RMSEs) and the
maximum platform error will be derived by a bound
error analysis.[36]

Extraction of the vessel centerline

The vessel centerline represents the 3D path that has
to be followed by the endovascular magnetic device.
Due to magnetic attraction, the pre-operative vascular
path will be represented by the projection of the
extracted vessel centerline on the lumen wall, when
the diameter of the vessel is larger than the endolumi-
nal device dimension; otherwise, when the diameter of
the endoluminal device and vessel are comparable in
size, the vessel centerline will coincide with the path
to follow. The vessel centerline can be pre-operatively
determined with different imaging devices; in this spe-
cific case, US imaging was exploited. It is worth men-
tioning that one of the main benefits of the proposed
platform is related to the non-invasiveness of the pro-
cedure, for patient and medical doctor. Therefore,
US–US imaging registration (US images obtained with
a robotic-assisted and localized 3D US probe for recon-
struction and mono-modal alignment) of the pre-
operative vascular path will be performed just before
the medical procedure, in the real operating scenario.

Since the 3D US probe permits to acquire only small
volumes at a time, the extraction of the entire path is
not possible with a single acquisition. To acquire a vol-
ume covering the entire phantom, a panoramic recon-
struction algorithm has been performed. Indeed, the
3D imaging US probe is moved by means of the robot
in order to associate a position and orientation to the
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US volumes that are then merged to extend the scan-
ner volume. Knowing the transformations ETT3DUS and
RTTET, it is possible to infer the position and the orien-
tation of each US volume in the tracking robot

reference frame RT, and then the partial volumes are
coherently combined into an extended and merged
volume using, for instance, the reconstruction algo-
rithm described in Ref.[37] Once the volume was

Figure 3. (a) Schematic representation of the transformations involved in the robotic platform and in the calibrations procedures;
(b) overlay of calculated transformations on the real images. Transformations represented by continuous lines are determined by dir-
ect measurement from the tracker, the robots controllers or the 3D US scanner. Dot lines represent transformations retrieved with
calibration procedures, exploiting the direct measurement mentioned before.
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reconstructed, the centerline can be manually or auto-
matically extracted (e.g. using an automatic algorithm
as proposed by Zhang et al.[27]) and refereed to the
tracking robot reference system, RT. In the case of a
US-based pre-operative extraction of the centerline,
the procedure can be executed just before the inter-
vention (no registration with the pre-operative virtual
model is required in that case) and re-performed, if
needed, during the medical procedure in a pre-proced-
ural condition. Due to patient movement (e.g. breath-
ing and/or other physiological movements), the
vascular path can be different to the pre-operative vir-
tual model and, therefore, the navigation of the two
robotic manipulators has to be adjusted accordingly.
This position and orientation adjustment (i.e. registra-
tion of deformable environments) can be performed
exploiting, as registration references, the intraoperative
vessel’s walls features obtained by the 3D US probe; in
this case, several control reference points will be
exploited to adjust the preoperative path with a reli-
able and dynamic superimposition process.[27]

Intra-operative module: 3D imaging US-based
tracking algorithm implementation and
assessment method

In order to control and monitor the position of the
endovascular device, a dedicated tracking algorithm
was implemented. In order to obtaining the lowest
invasiveness for physician and patient, a 3D imaging
US-based technique was developed. The follow sub-
paragraphs explain in detail the design choices for the
intra-operative module (‘‘US-based tracking algorithm:
computer vision methodology’’ section and ‘‘US-based
tracking algorithm: implementation on three orthog-
onal planes’’ section). Then, the methodologies
employed for evaluating the algorithm in a controlled
environment (i.e. in vitro tests) and also in a more real-
istic test bench (i.e. ex vivo tests) are described (‘‘US-
based three orthogonal planes tracking algorithm:
experimental method’’ section).

US-based tracking algorithm: computer vision
methodology

A US computer vision methodology, based on a com-
bination of features extraction and matching, optical
flow and segmentation, was implemented in order to
obtain the most accurate and reliable results in terms
of (i) number of detected and matched features
extracted by the US images; (ii) accuracy/precision of
the device CoM calculation (figured out as the CoM
tracking error); and (iii) algorithm computational time.

Several approaches, which differ for the extraction and
matching methodology of features, have been imple-
mented and compared with to understand which one
fits better in the magnetic dragging of a soft-tethered
device under US monitoring. A deep discussion on the
different implemented algorithms is reported in
Ref.[26]; the most accurate and reliable algorithm,
tested on a 2D US-imaging dataset, was a combination
of a Shi–Tomasi features extractor, Lucas–Kanade fea-
tures tracking and watershed segmentation technique.

As already mentioned, on-line tracking exploiting
3D US volumetric data can be difficult due to technical
limits, such as real-time high-frequency access to the
volumetric data and computational payload. For these
reasons, a tracking algorithm that extracts the informa-
tion of the endovascular device CoM from three
orthogonal US planes will be integrated in the
MicroVAST platform. In particular, the US probe,
together with the magnetic source, will be moved
imposing that the intersection of the three orthogonal
US planes will lie on the projection of the known ves-
sel centerline (i.e. pre-operative vascular path) on the
lumen wall due to the magnetic attraction.

In the previous implementation [26], the tracking
algorithm exploited the information derived by a single
US-imaging plane. This tracking algorithm required a
first initialization phase in which the operator selects
the endovascular device onto a region of interest (RoI)
to start the tracking procedure. After this initialization,
the endoluminal device is continuously tracked provid-
ing the endoluminal device CoM position to the drag-
ging manipulator for autonomous navigation along the
vascular path. The endoluminal device traveled the
entire path, but in some operating conditions (mainly
in concurrence with bifurcations), the tracking algo-
rithm had to be restarted for the disappearance of the
capsule in the US plane. For these reasons, integrating
the information from the other two US orthogonal
planes into the US-based control loop (imposing that
the intersection of the three orthogonal US planes lies
on the known vessel pre-operative path) is expected to
improve the robustness and safety of the entire meth-
odology. In accordance to our hypothesis, a previous
study on various manual procedures (i.e. bead-in-hole
navigation, bead-to-bead navigation, and tool-tip track-
ing) demonstrated that 3D imaging US can guide sur-
gical tasks more efficiently and accurately than 2D US
imaging.[25]

A crucial point, described in the next sections, is to
understand if the algorithm properly behaves in each
of the three US planes, in order to use the information
for all the US planes. This is important due to the dif-
ferent manner the US images are retrieved from the
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3D US probe. In our case, keeping in mind the repre-
sentation of Figure 4 due the hardware and firmware
constraint of the 3D US probe used, the US images
from plane 0 and plane 2 are retrieved as in a classic
2D US probe, meanwhile the US image from plane 1 is
constructed (by the US machine) interpolating the
other 2 US-imaging planes. The three US-imaging
planes are then acquired by using a frame grabber

(DVI2USB 3.0TM, Epiphan, Ottawa, ON, Canada) and
sent to the tracking algorithm.

US-based tracking algorithm: implementation on
three orthogonal planes

In order to implement the three orthogonal planes US
tracking algorithm and evaluate the information

Figure 4. The high-level strategy running on the three US planes (i.e. 0, 1, and 2). The SaW is centered on the intersection of the
three US planes (a). For a better visualization, an enlargement of each tracked plane and its respective SaW is showed in (b). (c)
Scheme of the position of the three US planes in respect of the preoperative path and the relative position of the US probe. For a
matter of clarity, in this figure, the preoperative path coincides with the vessel centerline as in the case of the diameter of the
endoluminal device and the diameter of the vessel are comparable in size.
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provided by the other two US orthogonal planes, a
dedicated multithreading software was developed and
implemented; this allows us to elaborate, in the same
computational cycle, the tracking information retrieved
from the three US planes without a loss of performan-
ces. The implemented algorithm starts when the user
selects the object from the three US planes by simply
clicking on it (Figure 5). The software exploits the user’s
selected points as initial CoM, then three RoIs are
expanded from them and specific features of the object
are extracted. The actual CoM (i.e. CoMi) of the object is
calculated as the algebraic mean of the positions of the

features in the actual frame (frame i). After this phase,
an adaptive dynamic RoI is centered on the previously
calculated CoMi, inside which the algorithm extracts
new characteristic features of the object. The features,
previously extracted in frame i, are then found out in
frame iþ1, using a Lucas–Kanade optical flow, and the
CoMiþ1 is calculated. This loop is iterated until the end
of the procedure. The adaptive dynamic RoI was imple-
mented, using a watershed segmentation, for minimiz-
ing the area comprising the background, and essentially
enclosing the object to be tracked. The watershed seg-
mentation uses the previous CoM as its initial seed,

Figure 5. The multi-threading structure of the US tracking algorithm. In the lower part of the image, screenshot of the phases of
the algorithm are reported. From each US plane, a 2D CoM position (i.e. plane 0 CoM(x,y), plane 1 CoM(x,z), and plane 2 CoM(z,y))
is obtained and it will be combined with the other components to obtain the 3D CoM position of the endovascular object.
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while the maximum radius of expansion was set equal
to 55 pixels (approximately equal to the endoluminal
device dimension, set by a dedicated pilot study).

The dragging and tracking manipulators are moved
together along a calculated pre-operative vascular
path, obtained by 3D US images, as explained in the
‘‘Extraction of the vessel centerline’’ section. A high-
level strategy has been implemented to compare the
position of the endoluminal robot CoMs, in each of
the orthogonal US planes, with respect to three inde-
pendent SaWs: from each plane, the 2D CoM position
on the relative axes is calculated (Figure 5). If the
positions of the CoMs exceed the imposed safe limits
(SaW red, blue and green boxes for each axes –
Figure 4), the manipulators are stopped and retrieved
in the previous position (i.e. ‘‘safe position’’) in order
to maintain or, in case, re-establish a reliable mag-
netic link and control.

US-based three orthogonal planes tracking algo-
rithm: experimental method

In order to evaluate the effectiveness of the algorithm,
a dedicated routine was implemented and applied on
an off-line video in order to compute (i) the number of
matched features, (ii) the CoM tracking error for the
endoluminal device, and (iii) the computational time
for each control loop. The procedure is performed and
the off-line video is processed for analyzing the per-
formance of the implemented algorithm and carrying
out the different calculations. The off-line video con-
sists of a forward and a backward magnetic navigation
of the endovascular device along a 150 mm long
straight path in a controlled condition (PMMA tube,
30.5 mm external diameter and 24 mm internal diam-
eter). The navigation was iterated by dragging the
device forward and backward along the path 50 times,
in order to evaluate the reliability and robustness of
the algorithm; no other aspects are affecting the test,
such as friction and magnetic attraction dependability.
The off-line video was recorded moving together the
dragging and tracking manipulators along a calculated
pre-operative vascular path obtained by 3D US images.
In order to impose the locomotion of the endovascular
device following exactly the movement of the EPM,
the distance between the EPM and the endovascular
device has been minimized (i.e. about 10 mm). This
solution avoids the dependence of the effects of the
magnetic field on the system locomotion behavior.

Furthermore, to evaluate the accuracy and reliability
of the locomotion strategy of the endovascular device
with respect to the extracted pre-operative path, a
similar test (using the previously described plastic

phantom, but with different operating conditions) was
performed. This test is based on the knowledge that
the intersection of the three orthogonal US planes lays
exactly on the pre-operative vascular path (i.e. the ves-
sel centerline, projected on the lumen wall). Using this
information, it is possible to calculate the distance
between the center of each plane and the CoM of the
endovascular device for understanding how precisely
the endovascular device can follow the pre-operative
path in a real (even if simplified) condition that takes
into account the presence of friction and magnetic
gradients dependability, CoM tracking error and plat-
form robotic calibration errors. From each US plane, a
2D CoM position is obtained (i.e. plane 0 CoM(x,y),
plane 1 CoM(x,z), and plane 2 CoM(z,y)). Then the dis-
tance for each coordinate retrieved by the two corre-
sponding planes (e.g. dCoM X from plane 0 and plane
1) and the mean for each coordinate were calculated
(i.e. mean dCoM X as ((dCoM X plane 0)þ (dCoM X
plane 1))/2). This was done because, due to the noise
in the images and tracking error, the coordinate
retrieved from the two corresponding planes is not
exactly the same. Finally, using the mean distance
from each coordinate, the 3D distance from the pre-
operative vascular path was calculated, asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMean dCoM XÞ2 þ ðMean dCoM YÞ2 þ ðMean dCoM ZÞ2

q
:

In this evaluation phase, the distance between EPM
and endovascular device has been set equal to
150 mm, considered it as an operating distance com-
patible with most of the procedures in normal subject.
The results of the in vitro tests are reported in ‘‘In vitro
test bench: evaluation of the US-based three orthog-
onal planes tracking performances’’ section and ‘‘In
vitro test bench: evaluation of the precision of the
locomotion of the endovascular device’’ section.

After the in vitro evaluation phase, the analysis of
the number of the detected and matched features, the
CoM tracking error and the computational time were
repeated using a freshly excised porcine vessel (an
inner diameter of 15 mm and a thickness approxi-
mately of 3 mm) instead of the PMMA plexiglass tube.
The ex vivo test follows the same procedures as the in
vitro tests but it is performed in a different environ-
ment (porcine vessel) that includes a lot of uncertain-
ties compared to the plexiglass tube (variable friction,
deformable walls, etc.). The ex vivo test bench is pre-
sented in Figure 6. The precision of the locomotion of
the endovascular device with respect to the extracted
pre-operative vascular path was also evaluated in the
ex vivo environment. The collected data are presented
by showing mean and standard deviation of each com-
ponent (i.e. number of matched features, CoM tracking
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error, computational time, and precision of the loco-
motion of the endovascular device). The results of the
ex vivo tests are reported in ‘‘Ex vivo test bench: evalu-
ation of the US-based three orthogonal planes tracking
performances’’ section and ‘‘Ex-vivo test bench: evalu-
ation of the precision of the locomotion of the endo-
vascular device’’ section.

Results

Accuracy of the computer-assisted platform:
robotic manipulator and US calibration

The calibration procedure introduces errors that have
to be considered for the assessment of the overall
accuracy of the platform. The RMSEs associated to the
calibration of the two robots are 1.31 ± 0.35 mm and
1.31 ± 0.24 mm. The RMSE introduced by the US probe
calibration is 3.88 ± 1.91 mm. The maximum error
(worst case) derived by a bound error analysis is, there-
fore, 6.50 mm.[36] Based on the knowledge of these
data, all vessels, areas, and bifurcations with a typical
size larger than 6.50 mm are feasible candidate for the
applicability of the platform. Accuracy will be improved
investigating different calibration algorithms, but it is
worth mentioning that this aspect is out of the scope
of the study, which is aimed at demonstrating the

effectiveness of the US-based tracking and navigation
strategy.

US-based three orthogonal planes tracking

The US-based tracking algorithm was evaluated in two
different ways. The first test was aimed at assessing
the US-based tracking algorithm performance in terms
of (i) the number of matched features, (ii) CoM tracking
error, and (iii) computational time for each control
loop. The CoM tracking error was derived as the differ-
ence between the center of a circle-shaped geometry
constantly overlaid on the object frame and the CoM
automatically calculated by the algorithm (red crosses
and blue points as reported in Figure 7). As previously
mentioned, from each US plane is retrieved a 2D CoM
position (i.e. plane 0 CoM(x,y), plane 1 CoM(x,z), and
plane 2 CoM(z,y)). In each plane, the distance between
the CoM and the center of a circle-shaped geometry
for each coordinate and the relative mean is calcu-
lated. The overall 3D CoM tracking error is then
obtained using the mean CoM tracking error from
each coordinate calculated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMean eCoM XÞ2 þ ðMean eCoM YÞ2 þ ðMean eCoM ZÞ2

q
).

This evaluation stage considers that the algorithm
has to be able to detect and match high numbers of
features for the entire procedure, with the lowest CoM

Figure 6. Ex vivo test bench and US images (planes 0, 1, and 2). The ex vivo tissue is submerged in water in order to guarantee a
correct acoustic coupling for US imaging.
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tracking error and the lowest, or at least compatible,
time for an on-line processing control (the processing
cycle has to be faster than the image frame rate, i.e.
25 Hz).

The second test was aimed to evaluate the locomo-
tion of the endovascular device with respect to the
extracted pre-operative vascular path. Both tests (i.e.
evaluation of the performance and evaluation of the
locomotion precision) were performed in the in vitro
and in the ex vivo conditions.

The mentioned tests were performed using a per-
sonal computer with an IntelVR CoreTM i5-2380P and
8GB of RAM. The US-based tracking algorithm was
implemented in Cþþ exploiting multithreading
programming.

In vitro test bench: evaluation of the US-based three
orthogonal planes tracking performances

The 3D imaging US-based algorithm control loop is
processed with an average time of 12.2 ± 1.5 ms
(thanks to the multithread software design); an aver-
age number of 30.7 ± 6.1 features were extracted
from the segmented endovascular robot from each
plane and a CoM tracking error (eCoM) of 6.4 ± 2.8
pixel was obtained. The mean 3D eCoM is calculated
as 3D distance on each sample (eComX means the
CoM tracking error on the X direction). Regarding the

processing time, the 2D and the 3D implementations
do not show relevant differences in performance
even if the images were retrieved from different US
machines (CA430E, Esaote, Italy for the 2D and X6-1,
Philips Medical Systems, Bothell, WA, for the 3D).
Regarding the CoM tracking error, the 2D implemen-
tation was compared with plane 0. This was done
because the plane, in which the 2D probe acquires
the images, is the same as the plane 0 in the 3D US
probe. From these data, a first benefit of using a 3D
probe is assessed. In fact, using the 3D probe more
spatial information than using only a 2D probe is
retrieved, without a higher computational payload on
the system exploiting the multithread software
design. Detailed results for each single plane are
reported in Table 1.

In vitro test bench: evaluation of the precision of
the locomotion of the endovascular device

In this test, the locomotion of the endovascular device
was evaluated. Knowing that the intersection of the
3 US planes lies on the extracted path and using the
information from the tracking algorithm, it is possible
to extract the difference between the pre-operative
vascular path and the position of the tracked endovas-
cular device. This test takes into account the presence
of friction, magnetic gradients, CoM tracking error, and
platform robotic calibration errors (i.e. robots and US
probe), thus giving us a more complete evaluation of
the locomotion strategy. The mean position displace-
ment between the endovascular device and the
pre-operative path is 13.6 ± 4.5 mm (dCoM X means
distance of the CoM from preoperative path in the X
direction). Minimum and maximum displacements are
2.1 and 21.8 mm, respectively. Detailed results for each
single plane are reported in Table 2. The largest error
is found on the X direction (depicted in Figures 6 and
7) that is the main direction of locomotion. This error
is principally due to the magnetic attraction and the
friction resistance between the capsule and the plexi-
glass tube of the simulator. The error on the X direc-
tion could eventually cause the disappearance of the
endovascular device from plane 2. Without using
planes 0 and 1, it is not possible to find the 3D pos-
ition of the device, and only the X and Y directions
could be monitored.

Ex vivo test bench: evaluation of the US-based three
orthogonal planes tracking performances

For the ex vivo porcine trial, an average number of
27.8 ± 3.4 features were extracted from the segmented
endovascular robot from each plane, while the control

Figure 7. Tracking error calculation as a difference of the circle
CoM (red crosses) and the CoM calculated from the algorithms
(blue points). In this evaluation stage, the endovascular device
is moved back and forward along the path. The CoM tracking
error is reported in the image for three different subsequent
timings. For a clearer visualization, only the US plane 1 is
showed in figure.
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loop is processed with an average time of
11.3 ± 2.1 ms (Table 3). Regarding the CoM tracking
error, due to the flexible and deformable nature of ex
vivo tissues (e.g. friction, different thickness of the
artery, deformation of the vessel’s wall due magnetic
attraction, etc.), it was not possible to employ a full
automatic overlay of the circle-shaped geometry on
the endovascular device. For these reasons, from the
off-line video, distinctive video segments (for a total
of 750 frames) where the circle-shaped geometry was
exactly overlaid on the endovascular capsule, were
selected. In that case, an overall 3D CoM tracking
error of 6.1 ± 5.7 pixel was obtained. The data
obtained with the in vitro and the ex vivo setups were
processed using the analysis of variance (ANOVA)
method. This analysis showed that the two environ-
ments did not show relevant differences for the per-
formance of the implemented tracking algorithm
highlighting the robustness of the tracking algorithm
to the environment change.

Table 2. Locomotion precision of the endovascular device with respect to the pre-operative vascular path. The largest error is in
the ‘X’ direction that was the main direction of motion. This error is mainly due to the friction between the endovascular device
and the plastic simulator.

dCoM Xa dCoM Ya dCoM Za Mean for all planesa

Distance from preoperative path (mm) Plane 0 Plane 0 Plane 1
12.9 ± 4.7 1.8 ± 1.0 3.9 ± 2.1

Plane 1 Plane 2 Plane 2 Mean distanceb

14.8 ± 5.4 2.4 ± 1.3 3.1 ± 2.4 13.6 ± 4.5
Mean dCoM X Mean dCoM Y Mean dCoM Z

13.8 ± 5.0 2.1 ± 1.2 3.5 ± 2.3
aData acquired using a 3D US probe (X6–1, Philips Medical Systems, Bothell, WA).
bMean distance calculated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mean dCoM Xð Þ2þ Mean dCoM Yð Þ2þ Mean dCoM Zð Þ2

q
.

Table 3. Performances of the implemented algorithm in the
ex vivo environment. Performances are reported in terms of
mean value ± SD, for the number of matched features, CoM
tracking error (pixel and millimetre), and computational time
(millisecond).

Plane 0a Plane 1a Plane 2a Mean for all planesa

# Feature (d.u.) 25.1 ± 3.0 31.8 ± 3.1 26.4 ± 3.0 27.8 ± 3.4

eCoM X* eCoM Y* eCoM Z* Mean 3D eCoM*

CoM tracking error
(pixel)

Plane 0
1.6 ± 2.7

Plane 0
2.1 ± 2.4

Plane 1
7.9 ± 4.1

– – – –
(mm) 0.5 ± 0.9 0.7 ± 0.8 2.7 ± 1.4

Plane 1 Plane 2 Plane 2
3.5 ± 3.4 2.4 ± 1.5 3.4 ± 2.9 6.1 ± 5.7

– – – –
1.2 ± 1.2 0.8 ± 0.5 1.2 ± 1.0 2.1 ± 1.9

Mean Mean Mean
eCoM X eCoM Y eCoM Z
1.4 ± 3.1 2.2 ± 2.3 5.6 ± 4.2

– – –
0.5 ± 1.1 0.8 ± 0.8 1.9 ± 1.5

Tracking on all planesa

Time (ms) 11.3 ± 2.1
aData acquired using a 3D US probe (X6� 1, Philips Medical Systems,
Bothell, WA).

Table 1. Performances of the implemented algorithm in an in-vitro environment. Performances are reported in terms of mean
value ± SD, for the number of matched features, CoM tracking error (pixel and millimetre), and computational time (millisecond).

Plane 0a Plane 1a Plane 2a Mean for all planesa 2D US trackingb

# Features (d.u.) 25.3 ± 5.3 37.3 ± 4.6 29.6 ± 3.2 30.7 ± 6.1 15.8 ± 2.1

eCoM Xa eCoM Ya eCoM Za Mean 3D eCoMa Plane 0a 2D US trackingb

CoM tracking error Plane 0 Plane 0 Plane 1
2.1 ± 1.7 1.9 ± 1.3 8.1 ± 3.9

(pixel) – – –
0.7 ± 0.6 0.6 ± 0.4 2.8 ± 1.3–
Plane 1 Plane 2 Plane 2

(mm) 3.6 ± 3.4 2.3 ± 1.8 3.4 ± 3.1 6.4 ± 2.8 2.3 ± 4.1 3.2 ± 1.7
– – – – – –

1.2 ± 1.1 0.8 ± 0.6 1.2 ± 1.1 2.2 ± 0.9 0.8 ± 1.5 0.6 ± 0.3
Mean Mean Mean
eCoM X eCoM Y eCoM Z
2.8 ± 2.5 2.1 ± 1.6 5.4 ± 1.4

– – –
0.9 ± 0.8 0.7 ± 0.5 1.9 ± 0.5

Tracking on all planesa 2D US trackingb

Time (ms) 12.2 ± 1.5 12.8 ± 2.2
aData acquired using a 3D US probe (X6–1, Philips Medical Systems, Bothell, WA).
bData acquired using a 2D US probe (CA430E, Esaote, Italy).
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Ex vivo test bench: evaluation of the precision of
the locomotion of the endovascular device

In this test, the locomotion of the endovascular device
was evaluated. As previously mentioned, this test enc-
loses all the possible sources of errors present in the
procedure (e.g. variable friction, resistance forces, mag-
netic gradients, deformation of the tissue, CoM track-
ing error, and platform robotic calibration errors)
giving us a more complete evaluation of the locomo-
tion strategy. Results for the ex vivo environment dem-
onstrate that the mean position displacement between
the endovascular device and the pre-operative vascular
path is 15.1 ± 6.6 mm. Minimum and maximum dis-
placements are 1.5 and 23.2 mm, respectively.

Detailed results for each single plane are reported
in Table 4. As in the in vitro environment, the largest
error is found on the X direction that is the main direc-
tion of locomotion (13.8 ± 5.0 mm for in vitro and
11.3 ± 5.1 mm for the ex vivo). This error is mainly due
to the non-rigid nature of the magnetic link, friction,
and resistance forces between the capsule and the
deformable ex vivo tissue. In the ex vivo environment,
also the errors on the Y and Z directions (2.1 ± 1.2 and
3.5 ± 2.3 mm, respectively, for the in vitro test, and
5.6 ± 2.4 and 8.6 ± 5.2 mm, respectively, for the ex vivo
test) are significant, due to the deformability of the tis-
sue and the not perfect cylindrical shape of the artery.

Discussions

In this paper, the authors describe the integration and
testing of the Processing Module components of the
MicroVAST robotic platform for allowing the propulsion
and guidance of an endoluminal magnetic device in
intravascular procedures. Magnetic navigation offers
several advantages, such as endovascular instrument
with soft-tethered bodies dragged from the proximal
side. This allows reaching areas often inaccessible for
traditional vascular catheters. On the other hand, mag-
netic dragging has to be accurately monitored due to
the non-rigid link between the external and the internal

magnetic sources. In order to address this problem, 3D
imaging US was chosen since it is compatible with the
robotic platform and does not employ dangerous radia-
tions for patients and physicians. For a proper naviga-
tion, it is also essential to know the trajectory that the
endoluminal device has to follow. For this reason,
within the robotic platform, modules were integrated
for the extraction of the vessel centerline and for per-
forming the calibration of the various systems. This was
done in order to know position and orientation of each
platform components and to calculate the position to
be fed back to robotic manipulators. The vessel center-
line will be coherent with the path to follow when the
diameter of the endoluminal device and vessel are
comparable in size. In case of larger vessels, the naviga-
tion path will be calculated, such as the projection of
the centerline on the vascular wall, in the side where
the magnetic link is established. Another issue to con-
sider is that, due to patient movement (e.g. breathing
and other physiological movements), the vascular path
can differ with respect to the pre-operative path defin-
ition and therefore the navigation of the two robotic
manipulators has to be adjusted accordingly, on-the-fly.
The adjustment of the pre-operative path could be per-
formed exploiting the intraoperative vessel’s walls posi-
tions (or references) retrieved from the 3D US images;
doing so, several control reference points (from the ves-
sel’s walls positions) are obtained in order to adjust the
preoperative path with a reliable and dynamic superim-
position process.[27] Both manipulators are moved
together along a calculated pre-operative vascular path
obtained preoperatively by 3D US images. The pre-
operative images could also be obtained using other
imaging systems such as CT, MRI, and 3DRA.

Since real-time tracking using 3D US volumetric
images can be difficult, due to technical limits for real-
time access to the data and computational payload,
the tracking algorithm exploits the knowledge of the
endovascular device 2D CoM on three orthogonal US
planes. For those reasons, in this study, a three-plane
US-based tracking algorithm was implemented and
tested.

Table 4. Locomotion precision of the endovascular device with respect to the pre-operative vascular path. The largest error is in
the ‘X’ direction that was the main direction of motion. This error is mainly due to the friction between the endovascular device
and the ex vivo tissue.

dCoM Xa dCoM Ya dCoM Za Mean for all planesa

Distance from preoperative path (mm) Plane 0 Plane 0 Plane 1
10.5 ± 4.7 4.8 ± 2.1 9.6 ± 5.6

Plane 1 Plane 2 Plane 2 Mean distanceb

12.1 ± 5.5 6.5 ± 2.7 7.6 ± 4.9 15.1 ± 6.6
Mean dCoM X Mean dCoM Y Mean dCoM Z

11.3 ± 5.1 5.6 ± 2.4 8.6 ± 5.2
aData acquired using a 3D US probe (X6-1, Philips Medical Systems, Bothell, WA).
bMean distance calculated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mean dCoM Xð Þ2þ Mean dCoM Yð Þ2þ Mean dCoM Zð Þ2

q
.
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Moreover, the high-level strategy applies the imple-
mented tracking algorithm. The endovascular device
position is defined by the 2D CoMs obtained through
the tracking algorithm: if the positions of the 2D CoMs
exceed the imposed safe limits (i.e. SaWs), the high-level
strategy stops the procedure and retrieves the manipu-
lators in the previous state in order to maintain or re-
establish a reliable magnetic link, i.e. by repositioning
the endovascular device 2D CoMs inside the SaW limits.

The algorithm, in in vitro conditions, was able to
track the endoluminal device matching 30.7 ± 6.1 fea-
tures in each plane, with a computational time of
12.2 ± 1.5 ms and an error for the endoluminal device
CoM tracking of 6.4 ± 2.8 pixels. Although the 3D
implementation has more data to elaborate (i.e. �3),
the performance of the 3D imaging US-based tracking
compared with the 2D implementation is similar. The
3D algorithm, in an ex vivo environment, tracked the
device by matching 27.8 ± 3.4 features in each plane,
with a computational time of 11.3 ± 2.1 ms. An overall
CoM tracking error of 6.1 ± 5.7 pixel was obtained in
the ex vivo test. The results obtained with the in vitro
and the ex vivo setups were compared using the
ANOVA method, which indicated that the two environ-
ments did not affect the performance of the imple-
mented tracking algorithm. This demonstrates the
robustness of the implemented tracking algorithm in
dealing with different environments.

After this evaluation, another test on the precision
of locomotion was performed. This test aimed to giv-
ing us a more complete evaluation of the locomotion
strategy applied to the MicroVAST platform, taking into
account the presence of friction, resistance forces,
magnetic gradients, CoM tracking error, and platform
robotic calibration errors. The error relative to the pre-
operative path extraction is negligible.[27] In the in
vitro test bench, the mean position displacement
between the endovascular device and the preoperative
vessel path is 13.6 ± 4.5 mm. The largest error was
found on the main direction of locomotion and it is
principally due to the magnetic non-rigid link (between
the endovascular device and the EPM) and to the fric-
tion between the capsule and the plexiglass tube of
the simulator. Regarding the ex vivo test bench, the
mean position displacement between the endovascular
device and the preoperative vessel path was
15.1 ± 6.6 mm. During those tests, the endovascular
device was always tracked by the 3D imaging US-
based tracking algorithm. It is worth mentioning that
the EPM has a radius of 25.5 mm so, even in the worst
case, the endovascular device is always under the EPM,
thus allowing a reliable and effective magnetic link.
The mean position displacement could also be

considered as an offset value in the direction of
motion; in this prospective, the real locomotion error
(assumed as the locomotion precision) will be related
to the standard deviation. Moreover, in order to
employ the high-level strategy in a more efficient way,
an adaptive SaW could be implemented keeping into
account the expected direction of motion of the endo-
vascular device (i.e. by exploiting the information from
the pre-operative vascular path), and allowing a larger
displacement in that specific direction. Additionally,
even the robotic platform calibration error contributes
to the overall positioning error.

Moreover, knowing the 3D displacement of the
endovascular device from the pre-operative path,
another locomotion control loop could be imple-
mented. This loop exploits the 3D displacement infor-
mation of the endovascular device and, instead of
retrieving the robot in the previous state (Figure 2), it
will control accordingly the tracking and dragging
robot in order to minimize the displacement. This con-
trol loop could be a feasible alternative to the current
implementation especially in case of unpredictable
motion (e.g. sudden motion of the patient) and it will
evaluate in further studies.

The main benefit in using a 3D US probe is related
on the possibility to retrieve more spatial information
than using only a 2D probe, especially in critical areas
such as bifurcations, where it is essential to choose the
proper branch to continue the medical procedure. The
3D imaging US-based tracking implementation was also
aimed at not having a bigger computational payload
that could affect the performance of the platform. The
results show that, from a computational point of view,
the 3D and 2D US tracking payload performance are
similar, so using a 3D US probe seems the most reason-
able yet practical choice. Another important point is
that, in the case of disappearance of the endovascular
device from one US plane, the 3D position of the device
is obtained using the CoM data from the other two US
planes. Nevertheless, the 3D US probe used in this study
has a lower spatial resolution compared with the 2D US
probe employed in Ref. [26]; this means that metric
errors are bigger (especially in plane 1). This issue is
only related to the specific US probe: using a more spa-
tial resolute 3D US hardware would mitigate this
problem.

For what concern the preoperative module, the
robotic arms calibration RMSEs are 1.31 ± 0.35 mm and
1.31 ± 0.24 mm; the calibration RMSE for the US probe is
3.88 ± 1.91 mm. In order to improve the overall platform
accuracy, a different platform calibration procedure is
needed in conjunction with a the miniaturization of the
endovascular device (currently, it is 6 mm in diameter).
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Accuracy could be improved investigating different cali-
bration algorithms (i.e. exploiting some iterative algo-
rithm [38]). It is worth mentioning that this aspect is
out of the scope of the work, which is aimed at demon-
strating the effectiveness of the non-invasive 3D US-
based tracking and navigation procedure. Nevertheless,
with the actual implementation, the MicroVAST plat-
form could navigate from inside vessels, areas, and
bifurcations with a typical size larger than 6.50 mm.

After all those evaluations, a rough estimation on the
percentage of the locomotion error due to platform
robotic calibration and CoM tracking error is given. For
this estimation, the locomotion error (in the worst case)
is assumed to be the sum of all the uncertainties due to
the different modules of the MicroVAST platform, e.g.
resistive forces, magnetic link/gradients, CoM tracking
error, and platform robotic calibration errors (i.e. robots
and extrinsic and intrinsic calibration of the ultrasound
probe). The error due to the extraction of the preopera-
tive vascular path is negligible.[27] The percentage of
locomotion error due to CoM tracking error and plat-
form robotic calibration errors is calculated as
Component Error�100

Locomotion Error : In the in vitro environment, the per-
centage error due to CoM tracking error and platform
robotic calibration is around 16.2% and 47.8%, respect-
ively. In the ex vivo environment, the percentage error
due to CoM tracking error and platform robotic calibra-
tion is around 16.5% and 43.0%, respectively. The per-
centage error due to CoM tracking error in the in vitro
and ex vivo environment is similar highlighting, once
again, the robustness of the tracking algorithm due to
the environment change. Meanwhile, the error caused
by the platform robotic calibration is substantial (47.8%
and 43.0% for the in vitro and ex vivo, respectively).
Therefore, from this rough evaluation, a reduction of
the platform calibration error could significant improve
the precision of the locomotion.

The here proposed MicroVAST platform includes
some innovative solutions for navigation and, combin-
ing a 3D imaging US-based tracking system with pre-
operative data, it allows for an assisted or autonomous
locomotion of soft-tethered probes in cardiovascular
procedures. The integration of the information from
the three US orthogonal planes into the US-based con-
trol loop consistently improves the robustness and the
safety of the entire methodology. It is worth mention-
ing that one of the main benefits of the proposed plat-
form is related to the non-invasiveness of the
procedure, both for patients and medical doctors.

In conclusion, this implementation could be consid-
ered a step towards to a real application of multifunc-
tional and versatile robotic platforms for healthcare
applications. Further developments and

implementations will focus at testing the platform in
more complex vascular pathways, miniaturizing the
endovascular device, increasing the precision of the
platform and improving even more the US-based track-
ing strategy (e.g. exploiting GPU acceleration and
implementing an adaptive SaW).
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