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ABSTRACT
Background: Endovascular procedures are the preferred method for treating peripheral arterial disease. However, limited
imaging options during these procedures, such as X‐rays and contrast media, expose patients and healthcare professionals to
potentially harmful radiation. This study introduces a robotic ultrasound system (RUSS) for navigating endovascular procedures
in order to reduce radiation and provide additional information.
Methods: The RUSS comprises a seven‐degree‐of‐freedom robotic arm that navigates an ultrasound transducer across a specific
region of interest. The system is controlled by a self‐programed software designed to navigate the robotic arm in a methodical
and reproducible manner using a foot switch.
Results: An endovascular surgeon investigated the guidance and visibility of various guidewires and successfully implanted
three stents in a vascular leg phantom using the RUSS without further radiation exposure.
Conclusions: The innovative set‐up has several potential applications, including radiation‐free endovascular procedures as well
as health screening and diagnostic support in vascular medicine.

1 | Introduction

Endovascular therapy is widely accepted for treating vascular
diseases. Nowadays, thisminimally invasive approach offers high
technical success rates and lower morbidity and even mortality
than open surgery [1]. However, it also poses significant radiation
risks to both patients and interventionalists due to the need for X‐
ray visualisation and contrast media. In addition, the contrast
agent carries a risk of renal failure, especially in patients with

comorbidities such as diabetesmellitus and already compromised
renal function [2, 3]. Ultrasound guidance is a feasible alternative
to fluoroscopy and contrast medium for visualising and navi-
gating endovascular procedures [4–6]. Ascher et al. [5, 6] have
demonstrated repeatedly that vascular reconstruction can be
achieved using intraprocedural ultrasound imaging. In addition
to avoiding ionising radiation, ultrasound provides the examiner
with additional information such as kinetics of the blood flow and
haemodynamic relevance of vascular pathologies [7, 8].
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Nevertheless, US‐guided endovascular procedures require
additional and trained intra‐operative staff; therefore, this
technique has not been widely adopted. For this reason, some
research groups have already published interesting approaches
to robotically guided ultrasound, but none of them have yet
proven themselves in everyday clinical practice or are intended
for endovascular use [9–12]. There have been some de-
velopments in the field of endovascular robotics, but they
remain dependent on X‐rays and only reduce the personnel
radiation exposure. However, these have not yet become
established in clinical use due to high costs and insufficient
benefit [13, 14]. To the best of our knowledge, there is currently
no robotic ultrasound system that has been implemented in
clinical settings. von Haxthausen et al. [15] demonstrated that a
RUSS could scan a leg phantom while maintaining the visible
vessel lumen. However, it was not feasible for the inter-
ventionalist to direct the robotic arm with the ultrasound probe
along the vessel or adjust the ultrasound image in response to
the vessel angulation. Consequently, there was a necessity to
develop a RUSS with the capability to navigate actively during
endovascular procedures and direct the robotic arm accordingly.

This study demonstrates the feasibility of RUSS guidance during
endovascular procedures such as visualisation of wires and stent
implantation using a specifically designed vascular model.

2 | Materials and Methods

The local Ethics Committee of the University of Luebeck, Ger-
many did not raise any concerns regarding the study (IRB: 22‐
140) as conducted.

2.1 | Ultrasound Capable Vessel Model

An ultrasound‐capable phantom imitating the superficial
femoral artery was self‐designed and produced using additive

manufacturing, as shown in Figure 1. The Phantom was
designed and built in collaboration with the Technische Hoch-
schule (TH) Luebeck. The model consists of a wax gel made of
polyethylene and mineral oil with a 00–40 shore hardness rat-
ing, resulting in high‐quality sonographic imaging. A plastic
femur bone is included to enhance the realism of the model and
allows US and fluoroscopic orientation as needed. The vessel
system, constructed from silicone tubes with an inner diameter
of 6 mm, can be accessed from both sides of the model. It allows
for the filling and venting of liquids as well as perfusion simu-
lation [16]. In this study, the vascular system was filled with
sterile water.

2.2 | Robotic Ultrasound System (RUSS)

The RUSS included a lightweight robot (LBR iiwa 14 R820,
KUKA, Augsburg, Germany) designed for human‐robot collab-
oration and a Philips Epiq 7 (Hamburg, Germany) ultrasound
station equipped with a 3D ultrasound transducer (XL14‐3
xMATRIX Transducer, Philips, Hamburg, Germany). The trans-
ducer was attached to the robot arm using a self‐designed 3D‐
printed ultrasound probe holder, as shown in Figure 2. A hybrid
force‐motion control was used tomaintain a constant force of 5 N
on the probe on the phantom during the scan. The robot used has
built‐in torque sensors in its joints, which provide an estimate of
the force acting on the US probe attached to the end effector. This
enables force control without the need for an external sensor. The
ultrasound volumes were transmitted in 3D and in real time
through the PLUS toolkit [17], which communicated with the US
station using a proprietary communications protocol. The 3D
ultrasoundvolumeswere streamed continuously at a frequency of
4 Hz. The volume size was 125 � 331 � 96 voxels with a volume
spacing of 0.4 � 0.15 � 0.21 mm/voxel. For the experiments, a
depth of 5 cmwas set at the station. The communication with the
robot is enabled by utilising an in‐house middleware. This mid-
dleware provides a bidirectional communication between the
robot controller and the computer. The software application that

FIGURE 1 | Ultrasound‐capable phantom imitating the superficial femoral artery; sketch of the model (1), image of the model (2) and CT image
reconstruction post Stent implantation (3); components of the model: (A) silicone tube inner diameter 6 mm; (B) plastic femur bone; (C) vascular
introducer sheath 16F; (D) outer shell made of wax gel; (E) three way stop cock; (F) three endovascular stents in the artificial vessel.
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controls the robot's movements is written in Python (Python
Software Foundation, Beaverton, US) and runs on a standard
personal computer. While there are different approaches for
automatic vessel detection, the RUSS uses a template matching
method, as this has proven to be relatively robust against phantom
changes and changes in the settings of the ultrasound station, as
shown in Figure 3. The objective was to create a system that
produces reproducible results for vessel detection without any
black box behaviour, such as that found in neural networks. The
system should also be robust to changes in the parameters of the
US stationwithout requiring large data sets for training. A similar
method was also used and published by von Haxthausen
et al. [18].

Prior to performing an automatic pilot scan of the target vessel
with the robotic ultrasound probe, the probe is manually placed
on the selected vessel to allow full visualisation of the vessel
cross‐section. At the start of the scan, the physician digitally
marks the cross‐section of the vessel to be tracked (refer to
Figure 4). This section displays the template T that will be
compared to the subsequent US images I. The similarity between
the template T and each (x, y)‐position of the image I is deter-
mined by calculating the normalised correlation coefficient:

C(x, y) =
∑x′,y′(T(x′, y′) · I(x + x′, y + y′))

̅̅̅̅̅̅̅̅̅̅̅̅
∑x′,y′

√
T(x′, y′)2 ·∑x′,y′I(x + x′, y + y′)2

The resulting matrix C(x, y) contains a similarity value with the
template for each (x, y) position in the source image. The best
match is then considered the new vessel position. In order to

capture the vessel completely and in the centre of the US image,
the movement of the probe must be adjusted transversely to the
scan direction along the vessel. If the distance between the
detected vessel centre and the centre of the US image displayed
is more than 5 mm, the robot adjusts the probe position by
moving it towards the centre of the vessel. Otherwise, if the
distance to the centre of the vessel is less than 5 mm, the robot
moves the probe along the scan. Please see Figure 5, detailing all
steps involved. The path taken during the pilot scan, which is
supervised by the physician and technician, is recorded. The
goal of this automatic pilot scan is to obtain a clear visualisation
of the vascular path, depicting the cross‐section of the vessel at
the centre of the image. In order to guide the US probe on the
recorded path along the vessel by the interventionalist, a foot
pedal (Olympus RS‐31H foot switch, Hamburg, Deutschland)
for controlling the robot arm was integrated into the system.
The interventionalist was able to move the RUSS back and forth
along the vessel path using buttons 1 and 2 on the foot switch.
To ensure reliable visualisation of the vessel in longitudinal
section and wire identification, we have successfully developed
an option to adapt the longitudinal section of the vessel to the
image of the vessel cross‐section using the foot control. The foot
control has buttons 3 and 4 that can be used to adjust the vessel
section. Please see Figure 5, detailing all steps involved. The
experimental setup is illustrated in Figure 2.

2.3 | Materials for Endovascular Procedure

The visualisation assessment of guide wires during the pro-
cedure simulation of the RUSS included several wires: the

FIGURE 2 | Experimental setup of the robotic‐guided ultrasound system for endovascular interventions including a foot switch for navigation.
(A) Robot arm KUKA iiwa 14 LBR 820 with self‐designed 3D printed ultrasound probe holder (B); (C) Ultrasound system Philips Epiq 7;
(D) monitor showing ultrasound image in two positions (cross‐section and longitudinal‐section); (E) ultrasound‐capable three‐dimensional vessel
model; (F) foot switch Olympus RS31 controlling the robot arm; (G) interventionalist with both hands free for endovascular procedure.
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Back‐Up Meier J‐Tip Steerable Guidewire from Boston Sci-
entific (Massachusetts, US) in a 0.035 in diameter with a
length of 185 cm, the Radiofocus Guide Wire M Stiff Type
Straight from Terumo (Terumo Europe, Düsseldorf, Germany)
with a 0.035 in diameter and a length of 150 cm, the Hi‐
Torque Steelcore 18 Guide Wire with Microglide Coating
from Abbott (Chicago, US) with a 0.018 in diameter and a
length of 300 cm, and the Hi‐Torque Command ES Guide
Wire with Hydrophilic Coating from Abbott with a 0.014 in
diameter and a length of 300 cm. The stent‐implantation
using the RUSS was performed using a self‐expanding stent
system over‐the‐wire with a size of 8 mm in diameter, 40 mm

in length, and a 75 cm delivery catheter (Boston Scientific
Innova).

3 | Results

The mapping of the vessel anatomy, visualisation and procedure
guidance by the RUSS including subsequent stent implantation
was a technical success. The endovascular specialist was able to
direct the RUSS along the vessels to the area of interest using an
additional foot pedal, enabling a safe endovascular procedure

FIGURE 3 | Setup of the robotic ultrasound system (RUSS) for the automatised pilot scan. The ultrasound volume from the ultrasound station is
sent to a workstation for visualisation and vessel detection, performed using a template matching method. Once the template matching has been
processed, the newly calculated position for the ultrasound probe is sent to the robot arm.

FIGURE 4 | Procedure of template matching vessel tracking. At the beginning of the scan, a vessel template is selected. This template is then
searched for in the new ultrasound (US) images during the scan. The position with the highest correlation coefficient is indicated by the thicker
dashed yellow box. This position is then updated, and the distance from the vessel's position to the image centre is calculated. If the distance
between the detected vessel centre and the centre of the US image displayed is more than 5 mm, the robot will adjust the probe position by
moving it towards the centre of the vessel. Otherwise, if the distance is less than 5 mm, the robot moves the probe along the scan.
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without the need for any radiation in an experimental setting.
The path is determined by a previously performed automated
pilot scan (refer to Section 2.2). This scan must be performed
once for each new case.

3.1 | Robot Guided Assessment of Sonographic
Guide Wire Visibility

By using RUSS, the endovascular specialist was able to examine
a variety of guidewires in terms of their ultrasound visibility.
Using the foot switch to adjust the longitudinal and cross‐
sectional view, there were no issues in displaying the endovas-
cular guide wires and rating their visibility, as shown in Table 1.
The RUSS enables guide wire tip detection and navigation
across the phantom using US imaging. Adjustment of the US
probe position and the imaging of the area of interest during a
procedure was feasible using the foot switch.

3.2 | Robot Guided Sonographic Stent
Implantation

In the same manner as guide wire tracking using RUSS with the
foot switch, the interventionalist was able to keep both hands free
for performing stent implantation with ease. The sonographic
image always offered both longitudinal and cross‐sectional views
of the vessel, guaranteeing optimal vessel visualisation before
stent implantation (as shown in Figure 6). Three self‐expanding
stents were implanted into the vascular model using robotic

guided ultrasound guidance alone. The results of the stent im-
plantations were verified via ultrasound imaging by the RUSS.

4 | Discussion

This study demonstrates the feasibility of performing an endo-
vascular procedure on a vascular model using a robot‐guided
ultrasound system. The RUSS was used to visualise the
vascular anatomy of the phantom, allowing clear tracking of
guidewires and catheters for stent implantation using ultra-
sound navigation. The ability to guide endovascular procedures
using ultrasound imaging instead of radiation has already been
demonstrated by Asher et al. [19]. Nevertheless, fluoroscopic
guidance is still the most popular imaging modality for endo-
vascular procedures. Considering the health risks associated
with X‐rays for both patients and staff, it is imperative to explore
alternative imaging methods. The RUSS provides an excellent
opportunity for the quick implementation of ultrasound in
endovascular procedures, as it does not require the deployment
or training of additional specialist staff.

The use of robots in healthcare, particularly surgical robots, has
risen notably in recent years [20]. Although initial concerns about
patient safety have been addressed by extensive safety measures,
some residual risks of technical problems cannot be eliminated
entirely [21]. This study did not report any notablemalfunction of
the robot, such as exerting excessive force on themodel ormoving
in the incorrect direction. The possible risks to individuals
regarding robot use must not be ignored. However, adopting a

FIGURE 5 | Set‐up of a RUSS equipped with a foot switch for the interventionalist to direct the robotic arm in endovascular procedures. The
interventionalist can manipulate the robot's motion on the pilot path, forwards (2) and backwards (1), and adjust the 3D ultrasound image
visualisation by correcting the cross section (red dotted line) of the vessel, left (3) and right (4). Technical term abbreviations, including ‘3D’,
were explained upon first use.
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collaborative robot system, like the KUKA LBR iiwa 14 R820,
created particularly for human‐robot collaboration, can greatly
reduce the occurrence of malfunctions that pose a threat to hu-
man safety. Nonetheless, it is crucial to establish relevant safety
procedures when handling the systems concerning humans.

The benefits of the RUSS are obvious. The ultrasound probe is
manoeuvred calmly and steadily, reducing the risk of human
error such as resting tremors. It enables a procedure that typi-
cally requires two interventionalists to be carried out by just a
single person. In the same way, the use of surgical robots has
been shown to have similar benefits, with ergonomic working,
tremor stabilisation and 4‐arm control by a single surgeon being
just a few of the advantages [22]. In this study, we employed a

three‐dimensional ultrasound probe to enabling a vessel view in
both longitudinal and cross‐sectional views. The use of a con-
ventional two‐dimensional ultrasound probe is also possible.

Given the shortage of skilled personnel and financial constraints
within the healthcare system, the aim of providing additional
training and hiring qualified personnel appears distant. To ach-
ieve the objective of ultrasound guided peripheral endovascular
interventions in the future, a new navigation system needs to be
established by combining ultrasound visualisation techniques
with robotic guidance of the transducer. The advantages of ul-
trasound assisted by robots are striking: the robot can perform the
same procedure as many times as necessary with the same pre-
cision, without tiring [23, 24]. The need for such a system is also

TABLE 1 | Endovascular guidewires used during the Intervention and their visibility in the robotic assisted ultrasound volume.

Guide wire Length Diameter Ultrasound image Visibility
Back‐up Meier J‐Tip Steerable Guidewire
from Boston Scientific

185 cm 0.05 inch þþ

Radiofocus Guide Wire M Stiff Type
Straight from Terumo

150 cm 0.035 inch þþþ

Hi‐Torque Steelcore 18 Guide Wire with
Microglide Coating from Abbott

300 cm 0.018 inch þþþ

Hi‐Torque Command ES Guide Wire with
Hydrophilic Coating from Abbott

300 cm 0.014 inch þ
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seen by Langsch et al., who, however, focus on the endovascular
treatment of aneurysms of the abdominal aorta using robotic ul-
trasound [25]. TheRUSS reduces radiation exposure and provides
accurate vascular measurement for optimal sizing of devices
(balloons, scaffolds). Furthermore, ultrasound enables the
assessment of haemodynamic features and quantification of
vascular lesions as well as a real time intervention.

There are several reasons to introduce robotic systems into
everyday clinical practice in the near future. However, it is
essential to collect data from human legs and test the proposed
system before using it for endovascular interventions. For future
improvements, it is desirable to modify the robot's current
translational movements when tracking vessels to be more
adaptable. This is particularly important given the knowledge of
anatomical differences between the vascular model, which has a
continuous cylinder shape with consistent material resistance,
and the human leg, which deviates in both shape and resistance.
Imaging could potentially be improved by making rotational
adjustments to account for the cylindrical shape of the legs.
Further study is required to investigate how the RUSS adapts to
different resistances.

5 | Conclusion

This phantom study indicates that endovascular navigation and
intervention as implanting stents using the RUSS are feasible.
RUSS offers a new semiautomatic navigation method using ul-
trasound for peripheral endovascular interventions. To the best
of our knowledge, this is the first system to acquire physician‐
directed but robot guided ultrasound images of the peripheral
arteries. The novel feature of the presented system is that it

enables simultaneous navigation of a robot and adjustment of
the visualisation of a 3D US volume using a foot pedal. This
allows the surgeon to independently control the robot and US
view while using both hands to handle endovascular devices
such as guidewire catheters and stent systems. In addition, the
practical application of RUSS in the context of stent implanta-
tion was demonstrated. This phantom study provides promising
results and presents the basis for sonographic guided endovas-
cular interventions on peripheral artery disease in humans us-
ing a radiation‐free approach.
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