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Catheter tracking has become an integral part of interventional radiology. Over the last decades, researchers
have significantly contributed to theoretical and technical catheter tracking solutions. However, most of the
published work thus far focuses on a single application or a single tracking technology. This paper provides an
exhaustive review of the state-of-the-art for catheter tracking in general by analyzing significant contributions
in this field. We first present a historical overview that led to catheter tracking and continue with a survey of
leading tracking technologies. These include image-based tracking, active and passive tracking, electromagnetic

tracking, fiber optic shape sensing, bioelectric navigation, robotic tracking solutions, and hybrid tracking. As
for imaging modalities, the focus is on x-ray based modalities, ultrasound, and magnetic resonance imaging.
Finally, we review each tracking technology with respect to the imaging modality and establish the relation
between the two and the underlying anatomy of interest.

1. Introduction

Minimally invasive surgery (MIS) describes interventions performed
through small openings in the human body, either natural or via
incisions introduced near the region of interest (Herr, 2008). MISs
are advantageous for patient and surgery outcomes compared to tra-
ditional surgery as they can result in lower risk of infections, smaller
incisions, and faster recovery times. Although MIS is a relatively new
terminology in medicine, its concept dates from the beginnings of the
1920s. Catheterization is known to be a specific form of MIS from
the fields of interventional radiology and cardiology. In the surgery
room, catheterization was first introduced through a combination of
catheters/guidewires and medical x-ray imaging. Nowadays, catheter
interventions are performed regularly, and their integration into the
medical workflow is becoming increasingly essential for a successful
intervention. For that purpose, it is of significant importance that
surgeons can effortlessly navigate a catheter to the anatomy of interest
and localize its tip. Therefore, to provide surgeons with such knowl-
edge, technologies commonly referred to as catheter tracking have been
developed.

A catheter consists of a curvilinear medical instrument inserted into
a blood vessel of a human body and guided to a particular region
of interest using an imaging modality. Catheters are used for both
diagnostics and interventional procedures. At present, there are several
technologies for catheter tracking, such as image-based, active/passive,
electromagnetic, fiber optic shape sensing, bioelectric, robotic, and
hybrid tracking. Likewise, several interventional imaging modalities
are utilized for visualization, such as x-ray, ultrasound, and magnetic
resonance imaging (MRI). Hence, in this review paper, we aim to
identify, list, and discuss each catheter tracking technology related to
the imaging modality used, with a close focus on the underlying human
anatomy.

2. History of medical imaging and catheter tracking

The field of interventional medicine has changed substantially over
the years, and there are some significant inventions without which
catheter tracking would not be possible. We will now discuss catheter
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Fig. 1. Dr. Werner Forssmann’s original catheter insertion into the right atrium (Forss-
mann, 1929).

Source: The image is reprinted with the acquired permission of Springer Nature
(copyright). Permission to reuse the image must be obtained from the rightsholder.

tracking concepts and technologies that enable some of the most impor-
tant minimally invasive procedures. The discovery of x-rays by Wilhelm
Rontgen in 1895, started a new era in the field of medicine, namely
the era of medical imaging. Thenceforward, physicians were able to see
inside the human body thanks to x-ray images in different forms with-
out invasive surgery. This innovative discovery opened up the path for
better understanding the human body and performing more complex
interventions (Hendee, 1989; Bradley, 2008; Ralovich, 2018). Shortly
after that, physicians were able to produce sequential x-ray images
and visualize movement, also known as fluoroscopy. The discovery of
fluoroscopy is considered the foundation of tracking, which was only
visually achieved in the early days (Bradley, 2008).

In 1927, Egas Moniz, a Portuguese physician and neurologist, pro-
posed introducing radio-opaque materials like bromine into the human
bloodstream to highlight and visualize brain vessels. In medical history,
this is marked as the invention of angiography (Doby, 1992). This
technique helped physicians visualize and better understand the struc-
ture of vessels, hence enabling them to plan accordingly for catheter
navigation (Doby, 1992; Bradley, 2008).

Taking advantage of the latest developments in fluoroscopy, in
1929, Werner Forssmann — a urologist — inserted the first catheter inside
the human heart and visually tracked it using fluoroscopy (West, 2017).
This intervention is considered a very unusual medical scenario, in
which Forssmann performed the procedure on himself. Fig. 1 shows
one of Forssmann’s fluoroscopic images with the catheter in the right
atrium. Forssmann explained parts of his professional life in his book
“Experiments on Myself: Memoirs of a Surgeon in Germany” (Forssmann,
1929; West, 2017). The pioneering work of Forssmann, as unusual as it
was, inspired many other surgeons to follow his path and work on car-
diac catheterization, which significantly influenced pulmonary catheter
insertions thereafter (West, 2017). Despite many catheter insertions
performed after Forssmann, catheter tracking was achieved visually,
without any quantitative measure of position until a few decades ago.

Between the 1920s and 1950s, many x-ray applications emerged.
One of the most important was cross-sectional imaging, also known
as x-ray tomography, which led to the naming of this technology as
we know it today — computed tomography. Johann Radon, in 1917 set
the foundation and the principles of computed tomography with his
work on reconstruction of a function from its projections (Hendee,
1989). Godfrey Hounsfield is also considered to be one of the leading
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researchers in the area, who contributed significantly with his work
such that computed tomography scanners became a clinical reality.
Around the late 1960s, Hounsfield, without any knowledge of Radon’s
work, solved the mathematical challenges of projection imaging and
began his verification in 1968 (Hendee, 1989). Shortly after, around the
early 1970s, the first computed tomography devices started to emerge.
The computed tomography method was more promising and accurate
in representing structures and volume compared to x-ray projection
imaging, leading towards the quantitative measurement of positions
within the body.

Another outstanding invention during the 1950s was the first med-
ical ultrasound. Unlike x-rays, ultrasound uses high-frequency sound
waves for cross-sectional imaging (Hendee, 1989). With the introduc-
tion of medical ultrasound, physicians were provided with an alter-
native imaging modality capable of visual catheter tracking, without
harmful ionizing radiation. Nevertheless, nowadays, ultrasound is pri-
marily being used for diagnostic purposes in the clinical practice.
However, significant research is being conducted on tracking percu-
taneous procedures/instruments with ultrasound as an alternative to
X-rays.

Despite all technological developments in medical imaging in the
first half of the last century, catheter tracking could only be quantified
once digitization entered the medical imaging field. Only after x-ray
fluoroscopes, ultrasound, and computed tomography were digitized,
the possibility to quantify the position and the orientation of the tip
of the catheter became a reality. Thereby, the vast majority of catheter
tracking and navigation solutions start after the 1970s. It is also rel-
evant to mention Charles Mistretta, a pioneer in Digital Subtraction
Angiography (DSA), who led one of the first endeavors toward digital
vessel segmentation (Crummy et al., 1980; Turski et al., 1982).

To the best of the authors’ knowledge, the first attempt and fun-
damentals of quantitative catheter tracking using ultrasound were set
by Breyer and Cike$ (1984). The authors discuss a “new approach” for
tracking and visualizing a catheter in ultrasound images. The system
used a piezoelectric element attached to the tip of the catheter, and the
ultrasound transducer was capable of capturing the pulses of the piezo-
electric element, like a blinking spot in the ultrasound image (Breyer
and Cikes, 1984). Along the line of catheter insertion started by Forss-
mann and developed further over half of the century, the above work in
x-ray and ultrasound-based vascular image enhancement and catheter
detection and visualization established the path for quantified catheter
tracking.

3. Clinical applications and scope of review

This manuscript mainly addresses clinical applications of catheter-
based procedures in interventional radiology and endovascular inter-
ventions. Important clinical applications within this context include
cardiac catheterization, endovascular stent placement for abdominal
aortic aneurysms (AAAs), and transarterial chemoembolization (TACE).
During these procedures, a combination of guidewires and catheters are
inserted into the patient’s vascular system and advanced to the region
of interest, i.e., the heart, arteries, aorta, brain, or liver. Guidewires lead
the path during the procedures due to the smaller diameter and easier
guidance, while catheters follow them. On the other hand, catheters
can then be used to inject contrast agent to increase the vasculature’s
visibility in interventional x-ray images, position instruments such as
stents or balloons, or apply local chemotherapy.

Though many catheters are used in medical settings, this manuscript
will mainly cover catheters used for endovascular procedures, including
catheters used for stent placement or electrophysiology. However, due
to methodological similarities in tracking, we also include tracking
techniques of other medical instruments, specifically tubular structured
instruments such as guidewires, bronchoscopes, brachytherapy, or flex-
ible needle navigation solutions (Zhou et al., 2015). From the authors’
perspective, all of the reviewed tracking technologies in these studies
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can be integrated into catheter tracking applications in due time. We
highlight common concepts to provide a technical overview for the
reader and provide exemplary methods and concepts when applicable.
However, the aim is to provide a general overview of catheter tracking
concepts and a broad understanding of catheter-based tracking tech-
nologies. Furthermore, we aim to highlight some of the most important
applications of each tracking technology and the choice of tracking
technology based on the imaging modality and underlying anatomical
structure of interest during the intervention.

4. Visualization, detection, tracking, and navigation

In due course, catheter tracking has become a very popular research
topic. At present, the authors observed various aspects in the literature
referring to catheter tracking. First and foremost, we believe that it is of
significant importance to distinguish between the four most commonly
used definitions in this field. The following definitions will be used
throughout the manuscript in the same context as defined below.

* Visualization - The ability to visualize, and if possible, highlight,
the catheter in medical images.

Detection — The ability to identify — detect — the pose of the
catheter tip in one medical image frame.

Tracking — The ability to detect the catheter tip, return a position
and, possibly, orientation (pose) of the catheter in relation to
the image coordinate system, and follow it over time (i.e., over
multiple image frames).

Navigation — The ability to monitor, or even control, the 3D
movement of the catheter tip, and guide it to the desired region
of interest.

Before the digitization of medical images, catheter visualization was
of utmost importance. Physicians and engineers were very dedicated
to developing, testing different materials, and coming up with spe-
cific shape designs for the interventional catheter. Different materials
and properties were required to qualitatively visualize the catheters
with high contrast depending on the medical imaging modality being
used and the targeted anatomy. In the past, catheters were made out
of flexible soft-metallic materials, visually visible in both x-ray and
ultrasound. Nevertheless, with advancements in technology, modern
catheters are made primarily out of polymers and coated with different
contrast-enhancing materials (Abdelaziz et al., 2021).

Nowadays, visualization is typically known as seeing the catheter
well in the image and visually following it. Visualization does not pro-
vide any quantitative measure of position or orientation of the catheter
in two or three-dimensional space. Mainly, visualization regards the
visual perception/impression of the catheter in the image.

Detection is alternatively known as identifying the catheter tip in
one frame of the image stream. It is one of the few keywords that can
be used in close relation to tracking. In the literature, this is commonly
found as tracking by detection.

Tracking aims to provide a measure of position (and orientation,
both together named pose) of the catheter tip in the 2D or 3D image
over time, relying on the knowledge of previous positions to provide
an update for the catheter’s current position. The main objective for
clinicians is to identify the catheter location within the vessel tree.
However, most of the existing body of work estimates the catheter’s
position either in the corresponding pre-procedural Computed Tomog-
raphy Angiography (CTA), interventional x-ray, ultrasound, or MR
images. Therefore, we consider the differentiation between the pose
of the catheter’s tip alone and a catheter’s pose inside the vascular
tree of utmost importance, since the latter provides more clinical
value. Quantitative tracking, as opposed to qualitative visualization,
provides some added benefits to medical solutions. Quantitative track-
ing provides valuable clinical information to align non-imaging medical
devices to preoperative images. Furthermore, it enables the registration
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Fig. 2. Illustration of catheter detection in fluoroscopic images. Visualization (left) vs.
Image-based catheter detection (right) with green lines and crosses.

of multiple medical devices in reference to the tracked instrument.
Lastly, in contrast to qualitative visualization, quantitative tracking en-
ables medical procedures to be performed even without interventional
imaging.

Nonetheless, tracking is typically known as the algorithm built on
top of visualization to show a quantitative measure for the position
(pose) within 2D or 3D images. Depending on the implementation,
some tracking methodologies provide the catheter’s shape (or traversed
path) instead of only the tip’s pose, such as shape sensing. EM track-
ing also provides enough information to recover the traversed path
and eventually the shape of the catheter. In such cases, we refer
to the results of these tracking methodologies as shape sensing. As
the description already shows, tracking is much more complex than
visualization, and it was not technically possible until the digitization
era (see Fig. 2) (Maintz and Viergever, 1998). Nevertheless, tracking is
achieved through different techniques and using specialized catheters,
which will be discussed comprehensively in Section 6.

Navigation, sometimes found in the literature as steering/guiding,
stands for the procedure of moving and guiding the catheter to a region
of interest. The procedure itself became possible with the discovery
of fluoroscopy, in which surgeons were able to push/pull/rotate the
catheter and see its relative position. Many navigation techniques are
available in today’s literature, from manual - by hand - twisting and
turning to robotic insertion. An ideal scenario for a catheterization
would be a good visualization of the catheter, with tracking imple-
mented for accurate positioning relative to the targeted anatomy and
seamless navigation to the region of interest.

Registration is an essential building block of catheter tracking and
navigation solutions. Registration is the process of transforming med-
ical images into one coordinate system. In the context of catheter
tracking solutions, the keyword registration also represents the trans-
formation of medical images and tracking/navigation systems into one
coordinate system. For further readings on registration, we refer the
reader to Hill et al. (2001), Rueckert and Schnabel (2011), and Oliveira
and Tavares (2014).

5. Methods for literature selection

To ensure a comprehensive literature review, in this manuscript we
employed two techniques of research. First, an exhaustive search is car-
ried on the most reliable journals and conferences to identify the most
relevant articles of the field. For each of the articles identified, a scan
through the references is conducted to extract related articles to medi-
cal tracking techniques, more precisely, catheter tracking. Secondly, a
systematic and comprehensive keyword-based search is conducted on
medical tracking technologies in the following scientific search engines:
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Fig. 3. Initial search results of publications on catheter tracking grouped according to
search engines. (updated: July 2022).

IEEEXplore,”> PubMed,® ScienceDirect,* and GoogleScholar.® Further-
more, we screened carefully a set of relevant journals and conference
proceedings including ICRA,° IROS,” Science, Nature, SPIE, PLoS ONE,
IPCAL® IJCARS,’ MICCAL' and MedIA.!

For the second literature review technique, the keyword “catheter
tracking” was used to identify the most relevant articles. Additional
keywords have been used to extend the search, including “guidewire”,
“navigation”, and/or “endovascular procedures”. Variations of the fol-
lowing phrase have been used in all search engines: “(guidewire OR
catheter) AND (tracking OR navigation) AND (endovascular procedures)”.
The resulted works have been scanned carefully and selected only when
not exceeding the scope of the manuscript. Initial results from the
query are presented in Figs. 3 and 4. Even though the keyword-based
search resulted in a significant number of papers, titles and abstracts
were scanned manually for relevance. Following this, the number was
narrowed down by reading through the most relevant articles, pruning
duplicates, and similar articles from the same authors published on
the same work. Since the focus of most resulting papers was not the
tracking technology, we only analyzed and included the papers focusing
on catheter tracking technologies. Finally, Fig. 5 shows the number of
papers included in this manuscript, more than 150 papers focusing and
analyzing the technology for catheter tracking.

6. Classification of catheter tracking technologies

After a thorough review of the state-of-the-art, we propose the
following classification of catheter tracking technologies: image-based
tracking, active/passive tracking, electromagnetic tracking, fiber optic shape
sensing, bioelectric navigation, robotic tracking solutions, and hybrid track-
ing. Each of these categories will first be introduced and reviewed sep-
arately. We will follow this with technical discussions and comparisons
between the individual technologies.

ieeexplore.ieee.org.
pubmed.ncbi.nlm.nih.gov.
sciencedirect.com.
scholar.google.com.
IEEE International Conference on Robotics and Automation.
International Conference on Intelligent Robots and Systems.
International Conference on Information Processing in Computer-Assisted
Interventions.

9 International Journal for Computer Assisted Radiology and Surgery.

10 International Conference on Medical Image Computing and Computer-
Assisted Intervention.

11 Medical Image Analysis Journal.
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Fig. 5. Publications included in this manuscript grouped according to the tracking
technology (updated: July 2022).

6.1. Image-based catheter tracking — X-ray

We identified x-ray and ultrasound as the image modalities most
commonly used for catheter navigation during interventions that solely
rely on the acquired image information. One major advantage of such
image-based methods over other technologies is that they do not re-
quire specific catheters or the adaptation of medical instruments and
connection to external devices to enable tracking but rely solely on
the information provided by the acquired interventional images. As
such, easy integration into the medical workflow can be assured and
commonly enabled by software-based solutions. Therefore, we now
first introduce what we could identify as the core x-ray-based catheter
tracking technologies.

Fluoroscopy, and 2D x-ray projections in general, define the stan-
dard imaging used for navigation during catheterized interventions
such as percutaneous coronary interventions (PCI), cardiac electrophys-
iology (EP), or TACE. Catheterized interventions, in this context, are
performed to treat patients with arterial diseases, atrial fibrillation, or
liver cancer. The procedures themselves are minimally invasive but
require accurate placement of medical instruments and catheters within
the patient’s vessels.

While navigating the catheter through the patient’s vasculature to
the anatomical region of interest, surgeons mostly rely on the real-time
visual feedback obtained from x-ray projections during such interven-
tions. However, due to the projective nature of the imaging process
and resulting foreshortening and occlusions, such catheter placement
strongly depends on the surgeon’s experience. Radiation exposure is
considered a risk factor for the patient as well as the medical staff, and
many techniques aim at least to reduce the exposure.
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Different techniques have been developed to improve x-ray-based
navigation, such as three-dimensional roadmapping. By visualizing the
catheter to be placed in reference to the patient’s vascular anatomy, a
visual roadmap for navigation can be created in 2D or 3D. This visual
roadmap allows the surgeons to perceptually localize the catheter by
visually comparing the current fluoroscopic image and the roadmap,
thus reducing the amount of contrast agent used during an intervention.
Studies suggest that a visual overlay of the patient’s anatomy can also
reduce the amount of radiation used and the overall duration of the
intervention (Sra et al., 2007).

Three methodologies are relevant for image-based catheter tracking:

1. 3D reconstruction of the vessel anatomy,

2. Detection and tracking of catheter and guidewires used during
an intervention, and

3. Registration of the patient’s 3D model to the 2D images obtained
by the imaging modality used for navigation.

Each of these has been defined as an ongoing research direction
and extensively studied over the years. In order to provide accurate
navigation support, the proposed methods have to account for deforma-
tion of anatomical structures, e.g. due to respiratory, and if applicable
cardiac motion. They also need to provide real-time performance for
deployment during the intervention.

6.1.1. Catheter detection and tracking

A wide variety of catheters are used during interventions, and their
usage is dependent on the procedures to be performed. For instance,
specially designed catheters are used during electrophysiology pro-
cedures, in which each catheter depending on its use case includes
a varying number of attached electrodes. Such catheters are used to
treat the heart, measure electrical signals, and apply radio-frequency
energy. Due to their technical design, the electrodes distributed along
the catheter are particularly clearly visible in x-ray images, an ex-
ample of which can be found in Fig. 6. A prominent approach for
EP catheter detection and tracking in fluoroscopic images consists of
detecting the electrodes and differentiating between the catheter tip
and its remaining electrodes, catheter hypotheses generation based on
the information above, and subsequent ranking of such hypotheses to
determine the most likely position of the catheter (see an illustration
of such methods in Fig. 6). Over the years, the general framework of
such methods has been implemented and optimized with model-based,
machine learning, and deep learning approaches.

The catheter-specific methods rely on prior knowledge of the
catheter’s structure, such as its visual appearance and number of
electrodes, and use it to create an initial model that can then be tracked
in subsequent frames. Initial catheter hypothesis can be manually
created by labeling the catheter tip and its remaining electrodes (Wu
et al.,, 2011) or automatically created by detecting these components
as blob-like structures (Ma et al., 2010, 2013; Milletari et al., 2013,
2014) using Laplacian-of-Gaussian, Difference-of-Gaussian filters, SURF
features (Wu et al., 2013) or Kalman Filter-Based Growing (Wu et al.,
2015). Catheter hypotheses can then, for instance, be formulated using
dictionary learning (Milletari et al., 2014; Bui et al., 2019) or fully-
convolutional neural networks (Baur et al., 2016a). If multiple views
are available, once detected, the 3D position of the catheter can be
computed based on the epipolar constraints between view pairs (Baur
et al., 2016b; Wagner et al., 2016), paving the way for 3D roadmapping
and navigation of the catheter during interventions. These methods
have the advantage of providing fully automatic and computationally
fast frameworks but are so far restricted to specific catheters used
mainly during EP procedures.

Alternative methods do not require such specific prior knowledge
of the catheter to be tracked; however, they still require an initial
catheter position to be known in advance or to be computed to enable
the tracking in subsequent frames. In these cases, the catheter is often
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Catheter Specific

Tip and Electrode Detection

Hypothesis ranking

(a) EP catheter tracking based on electrode differentiation (tip and remaining
electrodes) and catheter hypothesis generation.

Catheter Non-Specific

Segmentation

(b) B-spline curve fitting (top), and catheter segmentation with neural net-
works (bottom).

Fig. 6. Illustration of example image-based catheter tracking concepts.

modeled as a B-spline curve defined by a set of control points and basis
functions. An illustration of the concept of such methods can be found
in 6. The B-spline model is usually initialized based on a manual label
of the catheter in the first frame and then tracked in subsequent frames.
The aim during tracking is to adjust the curve’s parameters and control
points such that it matches the current position and form of the catheter
in the image (Pauly et al., 2010; Heibel et al., 2013; Chang et al., 2016).
The displacement of the curve between subsequent frames is commonly
achieved by optimizing the image information and a regularization over
prior terms, for example, controlling the curve’s length or smoothness.
As a result, a wide range of catheters can potentially be tracked.

The tracking of other medical instruments such as guidewires in
x-ray images frequently follows similar concepts as catheter tracking
and faces similar challenges. Therefore, many methods focus on gen-
eralized frameworks that can be used for catheter tracking, but in
general aim at tracking tubular-shaped instruments and are frequently
applied to guidewire tracking. To provide an overview of the concepts,
we include exemplary methods working on guidewire tracking in en-
dovascular procedures. For example, a combination of intensity-based
and learning-based models is used by Wang et al. (2009) to find a
hypothesis for the catheter tip, guidewire tip, and guidewire segment
for guidewire tracking in fluoroscopic image sequences. The posterior
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Table 1

Medical Image Analysis 82 (2022) 102584

Summary of image-based catheter tracking methods categorized by their clinical focus, computational time, average error, and the method’s level of automation. With respect to
the average error we additionally provide the target for evaluation to highlight method specific differences, such as Tip: solely evaluating for the catheter tip, E: evaluating for the
individual electrodes (EP-specific). (EP: Electrophysiology Procedure, PCI: Percutaneous Coronary Intervention, TACE: Transarterial Chemoembolization, TAVI: Transcatheter Aortic

Valve Implantation).

Authors Clinical focus Time (FPS) Level of automation Average error (target)
2D image-based catheter tracking

Ambrosini et al. (2017) TACE 8 GPU Automatic Median 0.2mm, Tip 0.9mm

Baur et al. (2016a) EP/Ablation ~5 Automatic -

Chang et al. (2016) TAVI 20 Semi-automatic initialization -

Heibel et al. (2013) Cardiac and TACE 16.7 Semi-automatic initialization 0.8 —3.9px

Ma et al. (2010) EP/Ablation 21 Automatic 0.4mm (E)

Ma et al. (2013) EP/Ablation 15 Automatic E detection 0.96mm, E tracking 0.67mm

Ma et al. (2020) PCI ~ 18 GPU Manual initialization Tip 1.3mm

Milletari et al. (2013) EP/Ablation ~3 Automatic E 0.5mm

Milletari et al. (2014) EP/Ablation ~ 12 Automatic E 0.71mm

Pauly et al. (2010) TACE 1.5 Manual initialization -

Vandini et al. (2017) Angioplasty & Embolization ~05-1 Manual initialization 2.4px, Tip 25.6px

Wang et al. (2009) Cardiac 2 Manual initialization 2px, 0.4mm

Wu et al. (2011) EP ~35 Manual initialization E 0.76mm

Wu et al. (2015) EP/Ablation 30 Automatic < Imm

Registration/Reconstruction

Ambrosini et al. (2015a) TACE ~5 Semi-automatic Median 4.7 — 5.4mm

Ambrosini et al. (2015b) TACE ~17 Semi-automatic Median < 1.9mm

Baur et al. (2016b) EP/Ablation - Automatic E 0.67mm

Brost et al. (2010) EP/Ablation 1 Semi-automatic 2D 0.8mm, 3D 0.7mm

Ma et al. (2010) EP/Ablation 21 Automatic E 1.6mm

Hoffmann et al. (2012) EP/Ablation ~0.13 Semi-Automatic 0.4mm

probability of the guidewire presence is, in this case, maximized. For
this purpose, a guidewire feature classification is trained, using Haar
features and additional visual information, and is optimized to account
for respiratory and non-rigid cardiac motion. In comparison, instead
of representing the guidewire as a B-spline, Vandini et al. (2017)
propose to divide the guidewire into several segments, detect the
individual segments in each frame based on the image information, and
form guidewire hypotheses. The most likely hypothesis is then chosen
according to the tracking result from the previous frame. Here, the
authors aim at addressing some drawbacks arising from the B-spline
representation. Similar concepts have been applied for image-based
tracking in neurosurgery applications. One example of such an ap-
proach is described from Lessard et al. (2010), requiring a segmentation
of the guidewire in the initial frame. In contrast, Zweng et al. (2015)
relies on the movement of the guidewire for tracking.

With recent developments in medical image segmentation using
deep learning and the introduction of U-Net, numerous methods have
focused on catheter and guidewire detection and tracking based on
instance segmentation (Ambrosini et al., 2017; Subramanian et al.,
2019; Nguyen et al.,, 2020; Zhou et al.,, 2021). An ordered set of
points on the catheter centerline can then be extracted (Ambrosini
et al., 2017), providing the means for fully automatic frameworks for
catheter tracking. Another solution is converting the problem into two
stages; a region of interest detection and target segmentation (Li et al.,
2019). However, machine learning methods rely on a large number of
annotated data that usually is tedious and time-intensive to acquire.
Unsupervised methods taking advantage of optical flow (Vlontzos and
Mikolajczyk, 2018) seem to propose a promising direction dealing with
this drawback but have yet to be evaluated in the context of 3D catheter
reconstruction and tracking. Table 1 summarizes the subset of the state-
of-the-art catheter tracking methods based on x-ray imaging that have
been reviewed in this manuscript and provides their computational
time, average error, and level of automation. Please note that a direct
comparison is sometimes not possible due to differences in evaluation
criteria and the datasets used.

6.1.2. 2D/3D registration

Once detected in the 2D image, the catheter’s position can be visu-
alized in 3D, if the depth of the catheter can be recovered. Such depth
perception can result from multiple acquired views, or constraints

by the vasculature given a preoperatively taken 3D scan, if the 2D
image and 3D model mapping can be computed. For this aim, 2D/3D
registration methods provide the required transformation that aligns
the 2D image acquired during the intervention, such as fluoroscopy,
and, for instance, a preoperatively acquired 3D scan. Therefore, in
the following, we will focus on some of the main approaches and
applications addressing such 3D to 2D registration techniques. How-
ever, in general, registration has been a widely researched topic, with
methods addressing a wide variety of surgical procedures. An overview
of 2D/3D registration methods between Computed Tomography (CT)
or MRI and x-ray projections until 2012 can be found in Markelj
et al. (2012), whereas Liao et al. (2013) covers registration methods
specifically designed for minimally invasive procedures between 2006
and 2013. One of the steps of 2D/3D registration is the extraction of
relevant features that are present in both the pre-operative as well as
the interventional image. For interventional navigation, which mainly
focuses on the vasculature, such features are most often computed by
segmenting the vasculature in the pre-operative image, a research topic
by itself (Lesage et al., 2009; Chen et al., 2020b). Such a segmentation
can then further be processed to obtain a 3D model for visualiza-
tion purposes during the intervention that relates the catheter to the
anatomy of interest. Other methods, such as Wu et al. (2015) exist,
that besides registering to preoperatively acquired data, utilize inter-
ventionally acquired ultrasound volumes and perform a registration to
the fluoroscopic images for additional guidance.

While registration methods can perform well with static anatomies,
registration over time becomes invalid or has to be updated for struc-
tures heavily deformed due to respiratory, cardiac motion, or tool-tissue
interaction. Such motion poses a significant challenge in the accurate
display of the anatomy or roadmap. It hinders the visualization of
tracked catheters within the 3D anatomy or 2D overlay of the anatomy
on the fluoroscopic images, making frame-to-frame registration a ne-
cessity. Therefore, a significant number of methods have specialized
and focused on motion estimation in subsequent frames. For this aim, a
prominent approach is to assume or acquire an initial catheter position,
which is then used for catheter tracking as well as for updating the
registration in subsequent frames.

For instance, Ambrosini et al. (2015a) propose an algorithm for
rigid 3D to 2D registration for TACE procedures. By matching the 2D
catheter centerline to the most similar part of the 3D vessel model,
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corresponding points are sparsely determined, resulting in a continuous
but computationally low-cost representation that can be used for auto-
matic registration. Ambrosini et al. (2015b), after initial registration
of the catheter in x-ray with a 3D vessel model, further propose to
deploy a Hidden Markov Model (HMM) to track the catheter tip over
time. Points on the 3D vessel centerline are then defined as the states
of the HMM, and the method estimates the probability of the catheter
tip being present at this point. Finally, the HMM is updated based on
the registration of the 3D vessel tree with the catheter’s current 2D
image frame. The authors report an error between the catheter and the
projected vessel lower than 1.9mm.

Brost et al. (2009) use the lasso catheter and its ellipsoid shape and
reconstruct the catheter in 3D based on bi-plane fluoroscopy images
and manual initialization. Later, a filter-based segmentation is applied,
and distance map images relative to the catheter are estimated in the
following frames. Then, a deformable 2D/3D registration is performed
such that the re-projected 3D model aligns with the current frame
to compensate for breathing motion. A learning-based classification
further improves the segmentation as by Brost et al. (2010) to a
mean 3D tracking error of 0.7mm, showing improved performance over
vesselness-based filters, such as the Frangi filter, that can suffer from
high false-positive rates.

The coronary sinus catheter holds an almost static position during
the intervention with respect to the anatomy; thus, it has successfully
been used as a reference for motion estimation (Ma et al.,, 2010).
Tracking of such a catheter can then enable more accurate 2D/3D
registration, for which Ma et al. (2010) report a mean 2D registration
error of 1.6mm.

For PCI, Ma et al. (2020) train a neural network to predict a
heatmap for the catheter tip’s that is deployed for contrast agent
injection, and use the prediction for respiratory motion correction. On
the other hand, Electrocardiogram (ECG)-gating enables optimizing the
choice of roadmap according to the cardiac phase, based on an offline
created reference enabling a predefined framework with respect to
cardiac motion while offering real-time computational capability.

6.1.3. 3D reconstruction

Preoperative 3D scans of the patient commonly provide the means
to present additional visual information during an intervention. How-
ever, to show the catheter’s location within the anatomy of interest,
the 3D position must be estimated. Therefore, a plethora of research
has focused on 3D/4D catheter reconstruction methods based on the
2D image information acquired during the intervention. For instance,
fluoroscopic image sequences from multiple views commonly available
during most endovascular interventions provide the means for catheter
reconstruction based on triangulation.

Bender et al. (1999) assume that an initial 3D position and the
tangent to the catheter shape at a 3D point are known for reconstructing
pulmonary artery catheters. They then apply an iterative algorithm to
reconstruct the 3D shape of the catheter as a collection of 3D points
constrained by the edge information found in the 2D x-ray image. For
reconstruction of EP catheters, Hoffmann et al. (2012) and Baur et al.
(2016b) assume that the catheter is correctly detected in one view and
reconstruct the 3D catheter using the epipolar constraints between two
views provided by bi-planar angiographic imaging systems. Such syn-
chronous image sequences from two viewpoints can be acquired using
a biplane x-ray system; however, for monoplane systems that are also
frequently used in clinical settings, necessary gating for synchronization
can be error-prone. Single-view reconstruction methods, therefore, are
highly desirable.

Petkovié et al. (2014) utilize a preoperative 3D scan of the patient
to extract a volume containing the vessel tree of interest. 3D catheter
hypotheses can then be computed based on the x-ray systems geometry
and a 2D detection of the catheter, assuming the catheter to be present
within the vascular tree. In this case, though recovering a 3D model
of the catheter from single view images only, the resolution, accuracy,
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and computational time of the method are directly correlated to the
voxel size and volume of the preoperative 3D scan.

In comparison to the above described methods, instead of relying
on triangulation, Eulig et al. (2021) reconstruct medical instruments
based on four projections of a cone-beam CT and a learning-based
approach that aims at segmenting the instruments in a sparse volume
reconstruction. While solely evaluated on simulated data, the method in
comparison does not require correspondences between views or patient
specific prior knowledge and registration.

Current methods usually rely on extracting a 3D model of the
anatomy of interest from preoperative CT or MRI scans to visualize the
catheter within the 3D patient’s anatomy. However, in general, such
scans might not always be available. In addition, catheterized proce-
dures are commonly used for initial diagnostics, such as diagnosing
vessel stenosis even in the absence of a prior CT scan. For guidance
during such interventions, methods that rely less on patient-specific
prior knowledge are rather attractive. Cimen et al. (2016) provided a
review of 3D/4D reconstruction of the coronary vessels from x-ray an-
giography. Therefore, we will only provide a short overview and refer
the reader to Cimen et al. (2016) for a more detailed review. Assuming
the geometry of the x-ray system is known, corresponding points on the
centerline of the vessels can be matched in multiple views, for instance,
of a biplane system and back-projected to reconstruct the vessel tree in
3D. As cardiac motion can heavily influence the reconstruction quality,
ECG-gating can be used to choose images obtained from the same
cardiac phase and acquire a corresponding reconstruction.

As an alternative, deformable models have also been used to pro-
vide a 3D estimation of the anatomy or medical device of interest
during the intervention. Assuming an initial 3D model is available,
deformable models aim to adjust said model based on the current
image information and have, in this context, mainly been used for 3D
instrument tracking to account for the deformation of the instrument
over time (Wagner et al., 2018). Despite the promising results obtained
in this research direction, such 3D model reconstruction remains a
challenging task. However, this is a valuable path for the research
community to follow as it would provide great clinical benefits.

6.2. Image-based catheter tracking — US

Ultrasound imaging, in comparison to x-ray, provides high soft-
tissue contrast, relatively low-cost acquisition, and does not emit harm-
ful radiation. Therefore, a significant number of interventions such
as cardiac procedures are currently being conducted based on US
guidance. However, US images in comparison to x-ray suffer from lower
resolution and smaller field of view. Further disadvantages are inherent
respiratory or cardiac motion and general tissue deformation caused
by force exerted by sonographers on handheld ultrasound probes to
guarantee direct surface contact. Finally, acoustic artifacts pose addi-
tional challenges, making catheter guidance solely based on US imaging
extremely challenging. Therefore, methods for catheter enhancement,
improving visual guidance in US images are highly desirable.

Chen et al. (2017, 2020a) present a particle filter approach for
catheter tracking and 3D catheter shape estimation from 2D US images,
that overall achieves a catheter shape estimation error of ~ 3mm in
in-vivo experiments. Langsch et al. (2019) utilize robot guidance of
the US device around the centerline of the vasculature and template
matching with a synthetic reference that, in turn, enables tracking the
catheter in 2D US images. The method, on average, shows a catheter
tip detection error below 2mm and speeds up the tracking, compared
to the state-of-the-art, thereby achieving real-time performance.

Some works have taken advantage of prior or additional information
such as preoperative CT/MRI scans as well as live x-ray sequences
to merge several imaging modalities and subsequently improve the
tracking in US images. Wu et al. (2015) utilize live x-ray sequences to
guide the catheter segmentation in 3D transesophageal echocardiogra-
phy. In this work dedicated to EP procedure, the catheter of interest
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Table 2
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Summary of ultrasound and MRI image-based catheter tracking and segmentation methods categorized by their clinical focus, data, modality, computational time, and average
error. The method of Yang et al. (2021) reports the average Hausdorff distance. Note that in addition to the imaging modality used for tracking, Chen et al. (2017) and Langsch
et al. (2019) utilize a preoperative CT or MR scan. (EP: Electrophysiology Procedure, EVAR: Endovascular Aortic Repair, IVUS: Intravascular Ultrasound).

Authors Clinical focus Data Modality Time Average error
Ultrasound

Chen et al. (2017) IVUS catheter Phantom 2D US/Optical tracking - 2.23mm

Chen et al. (2020a) Cardiac In-Vitro/Vivo 2D US/Optical tracking  ~ 14fps In-vitro 2.13mm, In-Vivo 3.37mm

Langsch et al. (2019)  EVAR Phantom and healthy volunteers 2D/3D US - 1.78mm

Wu et al. (2013) Cardiac Phantom 2D US/x-ray 1.5fps < 2mm

Wu et al. (2015) EP/Ablation Porcine and patient 2D US/x-ray 1.3s 2mm

Yang et al. (2021) EP-ablation catheter, anaesthesia needle Porcine/Chicken 3D US 0.12s GPU 2 — 3voxel

MRI

Eldirdiri et al. (2014)  Catheterization Phantom MRI 100ms < Imm

Oliveira et al. (2008)  Biopsy needle Phantom MRI 1fps 1.5mm

Rea et al. (2009) Catheterization Phantom MRI 0.3ms max 0.22mm

Reichert et al. (2021)  Needle placement Phantom MRI 62s ~ 1.1mm

Thormer et al. (2012) Needle placement Phantom MRI ~ 350ms ~ 1lmm

is initially detected and tracked in the real-time fluoroscopy image
sequence and used to constraint the search space in the US volume
by building a graph on features in the US volume and identifying the
catheter as an optimal path through the constructed graph. Introducing
novel methodological aspects for both x-ray and US, the method can be
categorized in both image-based sections of this manuscript.

Recently, deep learning-based methods have emerged, showing
promising results in 3D US catheter segmentation (Yang et al., 2019a,b,
2020, 2021). These methods generally treat the task as a classification
problem, where each voxel of the US volume can be classified as either
belonging to the catheter or not. The main problems in training such
models are high computational processing time for 3D volumes, the re-
quirement of large datasets of annotated data, and class imbalance due
to the catheter covering only a limited amount of voxels in the volume.
In order to alleviate these issues, Yang et al. (2019a) apply adaptive
thresholding to initially filter voxels with low vesselness response.
Then, a patch-based classification with neural networks is computed
on the remaining catheter candidates, avoiding the requirement to
process the whole volume, and lastly, a RANSAC-based spline fitting is
applied to obtain the final catheter segmentation. The method obtains
an average error of 2mm when evaluated on recordings of a porcine
heart; however, with a computational time of 10s per volume, it does
not provide real-time performance yet, limiting its use in a clinical
setting where a common frame-rate lies around 15fps.

In subsequent works, the authors estimate an initial 3D position of
the catheter using reinforcement learning, reducing the search space,
and a subsequent segmentation predicted on patches surrounding the
detection results. In order to leverage unlabeled data, two independent
neural networks, similar to a student-teacher network, are trained in a
semi-supervised fashion using uncertainty constraints in addition to the
supervised classification loss. The two-stage methods show an average
run-time of 1.2s per volume (Yang et al., 2020).

For computational efficiency, the authors further propose to replace
the commonly used 3D-3D encoder—decoder network with a 3D encoder
that extracts relevant features, followed by two branches of a 2D
decoder that predict the catheter’s position in an axial and a side view.
As a result, the method achieves an average computational time of only
0.12s per volume (Yang et al., 2021). An overview of the reviewed
methods is presented in Table 2, summarizing their computational time,
imaging modalities and dataset used, and their average error.

6.2.1. 2D/3D registration

Similar to x-ray image-based catheter navigation, the use of multi-
modal image data and registration can enable the fusion of ultrasound
images with other modalities such as intraoperative fluoroscopy or
pre-operative CT data for an intuitive visualization. However, in this
manuscript, we focus on methods targeting catheter tracking and do
not intend to provide a general overview of ultrasound registration
methods.

Catheter

Catheter

Fig. 7. Catheter tracking roadmap as presented by Langsch et al. (2019).

Chen et al. (2017) rely on fiducial markers visible in both CT data
and the intraoperative scene for registration of a preoperative CT scan
and the ultrasound device, that is tracked with optical tracking of the
US probe. In comparison, Langsch et al. (2019) present a framework
for catheter tracking with robotic US guidance and 3D roadmapping
(see Fig. 7) for aortic aneurysm treatment. Extracted 3D centerlines of
preoperative CT/MR data and intraoperative 3D US volumes enable the
registration of the two imaging modalities without further markers.

Although not directly tracking a catheter, a successfully applied
approach should briefly be mentioned in this context due to its sim-
ilar methodological concept to image-based catheter tracking. Such
approaches aim at merging transesophageal echocardiography (TEE)
with interventional x-ray sequences by locating the TEE probe in the
x-ray image and inferring its pose to enable a registration between US
volumes and x-ray images. Registration between the two modalities
can, for instance, be facilitated by matching an initially acquired 3D
model of the US probe to its projection in the x-ray image (Gao et al.,
2010). With a computational time of an average of 1.3s per frame, the
method is fast, though not real-time. The authors report an overall
error below 2mm. Ma et al. (2021) propose a framework that can
operate at 20fps with 2.6mm registration error and utilizes a cascade
classifier for probe detection and a template database for estimating
the probe’s pose. Within this context, such methods have led to the
successful development of commercial products such as the Philips
EchoNavigator'? (Andover, Massachusetts, USA) or the Siemens Syngo
TrueFusion'® (Malvern, Pennsylvania, USA).

12 ysa.philips.com/healthcare.

13 siemens-healthineers.com/.
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6.3. Image-based catheter tracking — MRI

With the development of real-time MR imaging, interventional guid-
ance relying on MR images has become a radiation-free alternative to
fluoroscopy and ultrasound-based navigation. In comparison to ultra-
sound, MR imaging provides high soft-tissue contrast with wider field
of view and higher image quality. However, for an interventional use
of MR guidance, visualizing medical instruments such as catheters has
posed a significant challenge. Metallic components on commonly used
EP catheters hinder their use in an MR scanner, and interference of the
magnetic field of the MR system with EP signals can lead to artifacts
and signal distortions. Nevertheless, recent developments have shown
the feasibility of interventional MR imaging and catheter tracking in
cardiac electrophysiology (Campbell-Washburn et al., 2017; Mukher-
jee et al.,, 2019). Therefore, specially designed catheters have also
been developed that enhance the catheter’s appearance in MR images.
We provide a more detailed description of how the enhancement is
technically conducted in Section 6.4.2.

Image-based detection and tracking techniques can then facilitate
the tracking of the catheter, for instance, by matching of a template
signal (Rea et al., 2009; Eldirdiri et al., 2014) and directly relying on
the k-space signal that is matched according to the cross-correlation of
the template and k-space signals (Oliveira et al., 2008; Reichert et al.,
2021). In order to provide a 3D position of the catheter, such methods
can then be applied on three orthogonal slices of the MR reconstructed
volume and the catheter detected in each slice using, for instance, a 2D
Gaussian template fitting approach (Thormer et al., 2012).

Similar to most image-based methods, MRI image-based methods
generally operate on a reconstructed image for detecting the catheter
and as such depend on the catheter’s visibility in the image plane as
well as the differentiation between the catheter and background tissue.
We summarize MRI-image-based methods in Table 2.

6.4. Active/passive catheter tracking

Due to many advantages, image-based catheter tracking methods
have been among the main focuses in the current literature. However,
accurate and robust tracking and navigation in highly dynamic en-
vironments such as interventions remain challenging. In comparison,
active and passive catheter tracking methods that utilize additional
hardware components to facilitate improved navigation can alleviate
some of these issues. We now first introduce the concepts of passive
and active catheter tracking and then focus on the related state-of-
the-art methods in the context of commonly used imaging modalities,
namely ultrasound and MRI. A summary of all the works included in
this section can be found in Table 3.

Passive catheter tracking methods refer to the principle of one
imaging modality transmitting signal (for imaging) and one passive
(non-transmitting) element attached to the tip of the catheter receiving
the signal. Based on the direction of the received signal and time of
flight, one can determine the position of the element relative to the
transmitter. Breyer and Cikes (1984) explain that the passive element
tracking method is very efficient and flexible in identifying the catheter;
however, its main disadvantage is being scanner-dependent.

Contrary to passive catheter tracking, active catheter tracking refers
to the principle of an active element attached at the tip of the catheter
transmitting a signal from within the body and one imaging modality
receiving these signals. The basic principle of this method is to have
the active element transmit signals from within the body (catheter’s
tip), and the imaging modality receiving these signals superimposed
to the imaging signals. Through signal processing, these signals can
be isolated, and the position of the catheter can be determined (see
Fig. 8) (Breyer and Cikes, 1984).
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Fig. 8. First schematic of the active ultrasound catheter tracking approach as presented
by Breyer and Cikes (1984).

6.4.1. Active/passive catheter tracking — Ultrasound

The efforts to overcome the limitations of using ultrasound for
catheter tracking are witnessed by the number of projects and papers
published. In general, all these studies evaluate different methodologies
for visualization and detection of catheters in ultrasound images using
active/passive elements. A considerable amount of literature focuses on
ultrasound catheter tracking, starting as early as the 1980s by Breyer
and Cike$ (1984) as described above, that to the best of the authors’
knowledge, introduced the fundamentals of active/passive ultrasound
catheter tracking. In their paper, the authors present a “new approach”
for better visualizing a catheter, resulting in a simple system including
a piezoelectric element attached to the tip of the catheter and an
ultrasound transducer able to capture the pulses produced by this
piezoelectric element in addition to the regular ultrasound image.

Drawing inspiration from Breyer and Cikes (1984), Guo et al. (2014)
developed a more advanced system called Active Ultrasound Pattern
Injection System (AUSPIS), which works based on similar principles.
Instead of the piezoelectric element firing at a constant rate, the authors
implemented the active echo approach, which would trigger the piezo-
electric element only when a signal is received from the ultrasound
transducer. In other words, only when the catheter tip is within the field
of view of the US transducer. Furthermore, their solution implements
different performance configurations for the element, which enables
more accurate localization. According to the authors, the system can
localize the catheter with a mid-plane accuracy of 0.3mm and assures a
similar error rate up to 8.5cm depth.

As a continuation of the AUSPIS project, Ma et al. (2016) build
on top of this project a tracking system called Robotic Ultrasound
System for Tracking a Catheter with an Active Piezoelectric Element
(RUSTCAPE). This system utilizes the localization of the catheter’s tip
to perform autonomous tracking with a robotic arm, having attached
the ultrasound probe at its end effector. However, both projects work
on the principle of mid-plane detection, assuming the catheter is well
aligned with the center of the transducer. As such, based on the
strength of the received signal, the authors evaluate the alignment of
the catheter’s tip with the ultrasound’s mid-plane. Given this informa-
tion, the projects do not implement any algorithm which detects the
catheter at any position in the ultrasound image.

One approach was also presented by Mung et al. (2011) utilizing a
piezoelectric element attached to the tip of the catheter. This system
contains a custom-made 7 transducer layout, which receives the pulse
from the catheter and determines its position (see Fig. 9). Each of
the 7 transducers is built with a single piezoelectric element. Hence,
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Table 3
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Summary of ultrasound and MRI-based active/passive catheter tracking categorized by their clinical focus, data, imaging modality, method, and average error. (EVAR: Endovascular

Aortic Repair, MIS: Minimally Invasive Surgery).

Authors Clinical focus Data Modality Method Average error
Ultrasound
Breyer and Cike$ (1984) Catheterization Water tank and in-vivo Ultrasound Active and passive -
Cheng et al. (2018) Catheterization Phantom, simulation and Ultrasound Active 0.5mm at best
in-vivo
Guo et al. (2014) Catheterization ex-vitro and in-vivo Ultrasound Active mid-plane detection of 0.3mm
Ma et al. (2016) Cardiac catheterization Water tank and phantom Ultrasound Active Detection range from 10mm — lcm
Meyer and Wolf (1997) Cardiac catheterization Simulation and in-vivo Ultrasound Active 1.06 + 0.27mm and 0.52 + 0.66mm
Mung et al. (2011) EVAR Water tank and in-vitro Ultrasound Active 1.94 + 0.06mm and 2.54 + 0.31mm
Mung et al. (2013) EVAR in-vivo stent placement Ultrasound Active 6.43mm
Stoll and Dupont (2005) MIS Water tank Ultrasound Passive 0.22mm
Stoll et al. (2006) MIS Water tank Ultrasound Passive 0.81mm
Stoll et al. (2012) MIS Water tank and ex-vivo Ultrasound Passive 0.7mm and 1.7mm
Xia et al. (2017) MIS Water tank and in-vivo Ultrasound Active 0.38mm in water tank
MRI
Busse et al. (2007) Needle placement Phantom MRI Semi-active 1.7mm
Hillenbrand et al. (2004) Endovascular Phantom/Porcine aorta MRI Active < 2mm
Magnusson et al. (2007) Endovascular Porcine aorta MRI Passive -
Weide et al. (2001) Endovascular Phantom/Porcine carotid MRI Passive < 3mm
Zhang et al. (2010) Endovascular Aorta phantom/Porcine MRI Passive 1 —4mm
Frame Tigger
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Line Trigger yy
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Fig. 9. Schematic of the system with a custom-made 7 transducer layout and
piezoelectric element at the catheter’s tip (Mung et al., 2011).

Source: The image is reprinted with the acquired permission of Elsevier (copyright).
Permission to reuse the image must be obtained from the rightsholder.

the system does not use a standard ultrasound transducer; thus, no
imaging is possible. The custom-made 7-transducer probe is only used
for identifying the catheter’s position with no visualization of the region
of interest. Nonetheless, this technique claims to show reasonably good
accuracy results, with a mean error of 1.05mm, 2.42mm, and 3.23mm in
the x, y, and z-axis, respectively. One could argue that this technique
works similar to an electromagnetic tracker; however, as opposed to
EM, this technique requires skin contact.

Similar approaches are presented and followed by Meyer and Wolf
(1997) and Cheng et al. (2018). Here, the same principles were utilized
while the authors took advantage of sonomicrometry as the math-
ematical method for identifying the distance between piezoelectric
elements. These methods use active elements for tracking and can pro-
vide promising results in localizing the tip of the catheter. A follow-up
study from Mung et al. (2013) uses the ultrasound energy propagated
outward from the tip of the catheter, which is received by an external
array of sensors placed against the body surface of the subject. A time of
flight measure determines the exact position of the catheter tip, which
has to be further registered with the CT of the subject and superimposed
on it for visualization.

Xia et al. (2017) present and evaluate another technology, which
employs the fiber optic hydrophone (FOH) (see Fig. 10). The FOH
consists of a very thin flexible fiber placed within the needle, without
preventing the needle from injecting or extracting fluids, and works
based on the same principle as the approaches mentioned above, by

10

Ultrasound imaging probe Fabry-Pérot sensor

Fig. 10. Schematic of the fiber optic hydrophone tracking within needle (Xia et al.,
2016).

Source: The image is reprinted with the acquired permission of John Wiley and Sons
(copyright). Permission to reuse the image must be obtained from the rightsholder.

emitting visible pulses in ultrasound. Based on the results of their study,
the authors claim that their proposed method is accurate at increasing
depths and for various insertion angles, with 0.71mm and 1.02mm errors
in the x and y-axis, respectively. This technology offers the possibility
of using needles and catheters of different diameters. However, one
should note that the cost of such elements is significantly higher than
piezoelectric elements.

As for passive ultrasound-based instrument tracking, a significant
set of contributions has come from the group of J. Stoll and P. Dupont.
Both authors have multiple publications in passive ultrasound marker-
based tracking (Stoll and Dupont, 2005; Stoll et al., 2006, 2012).
These applications utilize image-based tracking in the background in
conjunction with passive marker-based tracking. The accuracy of the
proposed systems varies between different experimental scenarios with
an average error of 0.22mm to 1.7mm. In most of their publications,
the proposed systems are equipped with ring-shaped echogenic markers
attached to the distal end of the instruments in different configurations.

6.4.2. Active/passive catheter tracking — MRI

Active as well as passive tracking technologies in MR images gen-
erally rely on enhancing the catheter’s appearance in the image. For
active tracking methods, the catheter of interest is commonly em-
bedded with micro-coils and connected to a receiver channel of the
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Fig. 11. Active and passive catheter tracking for MRI. (a) Active tracking catheter and
position overlay in the MR image. (b) The exemplary visual appearance of a passive
tracking catheter, highlighting the catheter’s electrodes, in the MR image (Mukherjee
et al., 2019).

Source: The image is reprinted with the permission of Springer Nature under the terms
of the Creative Commons CC BY license.

scanner. Based on the receiver signal produced by the coil, the 3D
position of the catheter within the magnetic field can be inferred. For
each of the gradients applied along the three spatial axis of the MR
system, signals of the local surrounding tissue near the catheter are
received; this results in a signal peak at the catheter’s spatial position.
The combination of each of the directions then provides a 3D position
of the catheter within the MR coordinate system (Saikus and Lederman,
2009). An example of such a receiver coil and 3D overlay of the
tracked catheter tip can be seen in Fig. 11(a). Two independent coils are
attached to a catheter in Hillenbrand et al. (2004) to dissolve further
possible ambiguities in the catheter’s position and orientation in 3D.
Such methods have shown to be accurate; however, they require the
catheter to be connected to the external MRI system and have raised
safety concerns regarding possible heating of surrounding tissue (Ladd
and Quick, 2000). To face these issues, Nassar et al. (2019) has pro-
posed inductive coupling as an alternative to wired active catheter
tracking.

On the other hand, passive methods rely on markers such as ferro-
magnetic (Zhang et al., 2010) or paramagnetic materials (Weide et al.,
2001) that interact with the magnetic field of the MR system and thus
enable visualization of the catheter in the reconstructed MR image. We
show an example of such an effect on the MR image in Fig. 11(b). Early
approaches have used impregnated catheters or contrast agents that,
due to local changes in the magnetic field, introduce artifacts in the
MR images for catheter localization (Weide et al., 1998). In comparison,
catheters filled with a contrast agent enable visualization of the entire
catheter (Magnusson et al., 2007).

More recent methods that can also be classified as semi-active but do
not require external hardware connections turn to resonant coils tuned
to the proton frequency and inductively coupled to a receiver coil of
the MRI system. By enhancing the local B1 field near the catheter’s tip,
the catheter appears brighter in the reconstructed image, increasing the
catheter’s background contrast in the image. Tracking the catheter can
then be implemented using standard image-based methods (Busse et al.,
2007).

We summarize MRI-based active and passive catheter tracking
methods in Table 3, showing their average error and the experimental
setting where the methods have been tested. MRI-based methods so far
have mostly been restricted to phantom or animal studies. Although
passive or semi-active catheter tracking methods for interventional MRI
do not introduce safety concerns as their active counterparts, these
methods require a fully reconstructed image for detecting the catheter.
They strongly depend on the catheter’s visibility in the image plane and
the differentiation between the catheter and background tissue.

6.5. Electromagnetic catheter tracking

Electromagnetic (EM) tracking is one of the leading technologies
in the number of clinical applications using it and the number of
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Fig. 12. Components of Aurora’s electromagnetic tracking system from NDI.

publications reporting on its use. EM allows continuous tracking of
small sensors within the EM generated field without line-of-sight re-
quirement, unlike optical tracking. We refer our readers to read more
about the comparison, potential, and limitations of EM tracking com-
pared to optical tracking in the manuscript of Sorriento et al. (2020).
Surgeons can track even flexible instruments with EM tracking in real-
time within the human body. While we discuss the state-of-the-art of
EM use in catheter tracking, readers are also encouraged to read (Franz
et al., 2014), who provided a comprehensive review of the use of
electromagnetic sensing in medical applications up to early 2014.

Through research, the authors observed various naming conventions
used for the components of the EM tracking technology. Therefore, we
consider it of crucial importance to distinguish between the three core
components: Field Generator, EM sensor — with Sensor Interface Units
— and the Integrated Tracking Module (see Fig. 12) (Yaniv et al., 2009;
Franz et al., 2014). The field generator is the component that generates
an electromagnetic field of known geometry and is composed of one or
multiple electromagnetic coils. When moved within the generated field,
the position and orientation of the EM sensor can be determined by the
integrated tracking module.

The integrated tracking module is the component that manages
the generated and acquired data flow, computes sensor poses, and
provides them to computer-assisted intervention systems. EM track-
ing was introduced to the medical community around the 1970s; it
has been well researched, and there are well-established EM tracking
commercial products. One can find field generators and EM sensors in
various shapes and sizes, including cubic or flat-bed field generators
and EM sensors, made compatible with different medical instruments
and integrated into medical instruments and catheters (Condino et al.,
2012; O’Donoghue, 2014).

However, the popularity of EM tracking is compromised by several
drawbacks. EM tracking is prone to signal distortions in the proximity
of large imaging modalities and environments containing ferromagnetic
instruments. Other drawbacks include the difficulty of positioning the
EM field generator and the high cost of special catheters with integrated
EM sensors. Very valuable insights into the process, planning, and
difficulties of producing small-size catheters with integrated sensors can
be read in the works of Condino et al. (2012), Piazza et al. (2017),
and Abdelaziz et al. (2021).

Throughout the literature, the authors have distinguished two types
of errors in EM tracking and its applications. First, the error introduced
by the electromagnetic tracking system itself in detecting its sensor
relative to its coordinate system. Second, the errors introduced in EM
applications through patient motion, registration to anatomical images,
and calibration of tracked medical instruments.

Nafis et al. (2006) present a comprehensive study of EM tracking
sensor interference with metallic objects. The paper focuses especially
on the EM trackers’ errors in their relative coordinate system. The tests
presented in the paper are inclusive in terms of using different EM
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tracking vendors and consistent placement of metallic objects around
the sensors. Nevertheless, the scenarios followed in the study do not
portray strictly medical workflows and usage of medical devices.

A similar study has been conducted by Maier-Hein et al. (2012),
using three different EM tracking devices (field generators) and eval-
uating the interference error introduced in interventional radiology
environments. According to the study, despite the small interference
errors introduced, the EM tracking devices should be evaluated accord-
ing to their application and calibrated within those settings. Such an
evaluation of the two different systems has been conducted by Yaniv
et al. (2009), performed in four different clinical environments.

Attivissimo et al. (2018) present one example of research on enhanc-
ing EM tracking accuracy by altering the field generator. As elaborated
in the paper, the proposed field generator consists of five electromag-
netic coils with the Frequency Division Multiplexing technique. The
authors propose a new arrangement of the coils to maximize the sen-
sitivity of the system. This solution aims at providing modularity and
scalability of the field generator to enable easy adaptation to different
applications and tracking volumes. Similarly, Jaeger and Cantillon-
Murphy (2019) evaluate the accuracy of using modular tilted field
generators. According to the study, the usage of multiple planar printed
circuit board (PCB) field generators inclined at certain angles decrease
the error of localizing the EM sensors.

Motion compensation is one of the most significant challenges re-
quiring real-time tracking; Gergel et al. (2011) provide an interesting
solution for such problems. The authors elaborate on using one EM
tracking system aiming at a twofold respiratory motion compensa-
tion. A first filter compensates for the motion of the bronchoscope
using the logical constraint that it always remains within the tracheo-
bronchial tree. In contrast, the second filter uses the results from the
first filter and estimates the relative movement of the bronchoscope’s
integrated needle to determine its current position. The mean error of
the proposed solution over 18 interventions is reported to be 10.8 +
3.0mm (Gergel et al., 2011).

A more complex system is proposed by Jaeger et al. (2017), which
includes automated catheter navigation. The authors also target lung
anatomy, as in Gergel et al. (2011). The experiments are conducted
both in ex-vivo and in-vivo. Nonetheless, only the time to reach the
targeted points in the lungs has been provided, and the accuracy of
the EM system has not been evaluated. The average time to reach the
target point is reported to be 29s for the ex-vivo and 9.71s for the in-vivo
studies (Jaeger et al., 2017).

Hautmann et al. (2005) provide a prospective evaluation of an
electromagnetic system for lesion localization in the lung. The portable
field generator is positioned on the subjects’ chest during the study,
with a catheter equipped with an integrated EM sensor at its tip inserted
in the lungs. Based on this evaluation, the authors report a mean error
of 4.2mm and 5.1mm from the EM sensor’s position — catheter tip — with
two endobronchial points in CT.

Similar evaluations have been conducted by Gildea et al. (2006),
Nagel et al. (2007), Li et al. (2013), Zhou et al. (2013), Lugez et al.
(2017), Manstad-Hulaas et al. (2012), and Tinguely et al. (2018). Each
of the studies use the EM tracking system for targeting a region of in-
terest evaluating either the positioning accuracy or the task completion
time. A summary of each study can be found in Table 4.

Lund et al. (2017) also provide an exciting application of EM track-
ing in aortic endovascular procedures. The authors compare the accu-
racy of the EM tracking system with the standard x-ray fluoroscopy-
based approach within a phantom study. Even though no statistically
significant difference in the cannulation time is reported, performing
the procedure solely based on EM tracking without any imaging, requir-
ing ionizing radiation and contrast agent injection, could improve the
procedure’s safety. Similarly, de Lambert et al. (2012) provide a solu-
tion using EM tracked catheters for EVAR procedures. The authors test
their system in two different phantoms where they use the EM tracked
signal paths to register the EM system with the preoperative image
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(see Fig. 13). Even though the authors describe the registration method
clearly, its initialization and how all the components are brought into
the same space are not described well. Nevertheless, they report an
average mean registration error of 1.3mm. The registration procedure
described in de Lambert et al. (2012) matches the electromagnetically
tracked paths to the closest vessel wall points extracted from CT.
Whereas a more recent study from Nypan et al. (2019) suggests that
registration to the centerline is a more accurate representation in
realistic conditions (with motion and blood flow), even though the
accuracy registration results are higher at 3.75mm.

The work of Penzkofer et al. (2018) presents an electromagnetic
catheter navigation system for aortic stent placement and in-situ fen-
estration. The authors discuss a different approach to restoring the
renal arteries’ perfusion with EM catheters and guidewires after being
covered by stent placement. They report a successful procedure under-
taken in seven animal experiments, with 13 out of 14 fenestrations
finished successfully. Nevertheless, the authors discuss that most of
the re-perfusions exceeded the 30-minutes long-standing physiological
ischemia limit. Furthermore, the average time needed for fenestration
(10.5 + 9.2minutes) and re-perfusion (32.7 + 17.5minutes), despite their
innovative approach, shows that such a solution is still not mature
enough to be used in clinical environments.

Another approach of using EM tracked catheters is presented by Shi
et al. (2016). The authors propose to use EM tracking sensors attached
at the tip of an intravascular ultrasound (IVUS) in order to achieve
in-vitro intravascular reconstruction and navigation. Their technique
claims to increase placement accuracy and alignment of stent graft-
ing. The authors utilize the IVUS to gather endoluminal vasculature
information, which are fused and compounded through EM tracking
for vascular reconstruction. The reconstructed vasculature is registered
with the preoperative image of the phantom with an accuracy of
0.64mm. Nevertheless, the presented results show this solution while
performing in a controlled phantom environment; thus, it would be
interesting to evaluate such a solution in clinical environments as well.

The implementation of EM tracked catheters in neurosurgical appli-
cations is reported by Hermann et al. (2012) and Gilard et al. (2017).
Both authors evaluate the success of ventricular catheter placement
under EM navigation compared to free-hand. Even though the studies
show only a few limitations regarding the number of patients included,
follow-up timeframe, and randomization of targeted sub-groups, they
confirm the importance of EM tracking in their application. For the re-
spective studies, Hermann et al. (2012) focus on pediatric applications,
whereas Gilard et al. (2017) showcase the results on adults.

The most used commercial medical EM tracking solutions are pro-
vided by Northern Digital Inc — NDI'* (Waterloo, Ontario, Canada)
with two medically certified EM tracking systems named Aurora and
3D Guidance. EM sensors are provided in various shapes and sizes,
e.g. with a diameter range of 0.3mm to 10mm depending on the ap-
plication. Furthermore, some major market holders in the EM tracking
technology domain include Philips'®> (Andover, Massachusetts, USA),
Siemens Healthineers'® (Malvern, Pennsylvania, USA), Brainlab'” (Mu-
nich, Bavaria, Germany), GE Healthcare!'® (Chicago, Illinois, USA),
and others with their integrated sensors, instruments, and solutions.
Successful implementation of such systems for catheter-based applica-
tions are presented by Carto® 3 System'? (Irvine, California, USA) and
Rhythmia HDx™?° (Natick, Massachusetts, USA) in current clinical en-
vironments. The catheters of these systems integrate many technologies

ndigital.com.
usa.philips.com/healthcare/.
siemens-healthineers.com.
brainlab.com.
gehealthcare.com.
jnjmedtech.com/en-US.
bostonscientific.com.
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Fig. 13. Schematic of EM registration procedure. (a) Acquisition of preoperative image data of the anatomy of interest, (b) Acquisition of intraoperative EM tracking stream paths,

(c) Registration of preoperative image and intraoperative EM tracking streams, and (d) Visualization of the EM tracked catheter in the preoperative image (de Lambert et al.,

2012).

Source: The image is reprinted with the acquired permission of Elsevier (copyright). Permission to reuse the image must be obtained from the rightsholder.

at their tip, including (1) electromagnetic tracking, (2) mapping of the
heart’s signals, (3) pressure sensing with haptic feedback, (4) radiofre-
quency ablations, and (5) cooling the surrounding tissue through the
ThermoCool SmartTouch tip.

6.5.1. Magnetic-based catheter navigation

Another sub-category of electromagnetic tracking is the technique of
permanent magnetic-based catheter manipulation and navigation. This
sub-category gathers catheter navigation applications that use mag-
nets to navigate catheters without contact. This approach is achieved
through a three-component system: (1) the magnet generating the
magnetic field around the region of interest, (2) the catheter equipped
with magnets at their distal ends, and (3) the magnet interface that
allows changes in the magnetically generated field for catheter ma-
nipulation. While the previous approach focuses on the movement of
the catheter by large external magnets, other implementations focus on
localization only by means of a permanent magnet/instrument magneti-
zation, which require additional components (Edelmann et al., 2017).
Nevertheless, such solutions of integrating permanent magnets at the
tip of catheters for localization only are not yet known to the authors.
One major drawback of such systems is the magnetic interference and
large size of the magnets, which makes them especially difficult to use
in clinical environments. A summary of each study in this section can
be found in Table 4.

One approach for utilizing such techniques is the one presented
by Chautems et al. (2017) for cardiac ablation. The authors use variable
stiffness catheters that can partially or fully lock their shape to explore
volumes inside a magnetic navigation system. Through this proof-of-
concept study, the authors claim to outperform standard magnetic
catheters. Nevertheless, they do not report any performance study
compared to standard catheterization procedures.
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In another study from Shao and Guo (2020), they discuss the
localization aspects of wireless capsule endoscopy and evaluate the
magnetic interference of such systems. Similarly, Watson and Morimoto
(2020) also propose a technique using magneto-inductive sensors to
measure the changes in the magnetic field while the tip of the catheter
moves through its workspace. For further details, we refer our reader
to these works.

One of the early studies using magnetic navigation is the one
presented by Grady et al. (2000). In this study, the authors use a
magnetic stereotaxis system to navigate a catheter in a non-linear path
for obtaining biopsies in swine brains. They report a 1.7mm average
error over 11 swine on the catheter placement. On the other hand,
a more recent study by Pancaldi et al. (2020) suggests the usage of
magnets for navigating catheters inside the brain vasculature with the
help of blood flow (see Fig. 14). Their solution called flow driven robotic
navigation suggests engineering endovascular catheters that use the
hydrokinetic energy of the blood flow to enhance the reachability of
all peripheral brain vessels. A magnetic actuator helps traverse targeted
branches from outside of the vasculature to enable steering/navigation.
Nevertheless, the authors do not report the accuracy of such a system.

One of the commercially available systems for magnetic navigation
is the Niobe® robotic system from Stereotaxis?' (St. Louis, Missouri,
USA). Niobe® is certified for magnetic navigation of magnetically
enabled tools, especially for arterial fibrillation ablation procedures.
In a study from Carpi and Pappone (2009), the authors discuss the
advantages and disadvantages of the system for catheter arterial fibril-
lation ablation procedures and maneuvering ingestible video capsules
for endoscopy. For more details on the study, we refer the readers
to Carpi and Pappone (2009).

21 gstereotaxis.com.
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Table 4
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Summary of electromagnetic tracking and magnetic-based catheter navigation categorized by their clinical focus, data, imaging modality, and average error. (EVAR: Endovascular
Aortic Repair, MIS: Minimally Invasive Surgery, MSS: Magnetic Stereotaxis System, RF: Radio Frequency, TACE: Transarterial Chemoembolization, VCP: Ventricular Catheter

Placement).
Authors Clinical focus Data Modality Average error
Electromagnetic catheter tracking
Condino et al. (2012) Endovascular procedures Abdominal phantom x-ray 1.2 +0.3mm
de Lambert et al. (2012) EVAR Aortic phantoms - 1.3mm
Gergel et al. (2011) Transbronchial interventions Thoracic phantom x-ray 10.8 + 3.0mm
Gilard et al. (2017) VCP Patients Xx-ray 10.17 + 8.74mm
Gildea et al. (2006) Bronchoscopy Patients x-ray 6.6 +2.lmm
Hautmann et al. (2005) Bronchoscopy Patients x-ray 4.2mm and 5.Imm
Hermann et al. (2012) VCP Pediatric patients x-ray < 2mm
Jaeger et al. (2017) Bronchoscopy Thorax phantom and swine x-ray -
Jaeger et al. (2019) Bronchoscopy Swine x-ray < 10mm
Li et al. (2013) MIS Aneurysm phantom x-ray 1.4mm
Lugez et al. (2017) Brachytherapy (prostate) Phantom Ultrasound 1.7 — 1.9mm
Lund et al. (2017) EVAR Aortic phantom x-ray -
Manstad-Hulaas et al. (2012) EVAR Patients X-ray -
Nagel et al. (2007) MIS Wax phantoms X-ray < 2.0mm
Nypan et al. (2019) EVAR Abdominal phantoms x-ray 3.75mm and 3.21mm
Penzkofer et al. (2018) EVAR fenestration Swine X-ray -
Piazza et al. (2017) EVAR fenestration Phantom - -
Shi et al. (2016) EVAR Abdominal phantom x-ray 0.64mm
Tinguely et al. (2018) TACE Swine x-ray 2.9 + 1.6mm
Zhou et al. (2013) Brachytherapy (prostate) Phantom - 0.9 + 0.2mm
Magnetic-based catheter navigation

Chautems et al. (2017) Cardiac RF ablation Phantom - -
Carpi and Pappone (2009) Cardiac RF ablation Patients MSS -

Capsule endoscopy Phantom MSS -
Edelmann et al. (2017) Atrial fibrillation Phantom MSS < 2.7mm
Grady et al. (2000) Catheter navigation in brain Swine MSS 1.5mm
Pancaldi et al. (2020) Catheter navigation in brain ex-vivo Rabbit ears x-ray -
Shao and Guo (2020) Capsule endoscopy Phantom - 0.0364mm
Watson and Morimoto (2020) Growing robots Phantom - 4.3 +2.3mm

Flow-driven advancement

Fig. 14. Flexible catheter moves in the vasculature with the help of hydrokinetic
energy of the blood flow (top). External magnets steer the catheter tip into targeted
branches (bottom) (Pancaldi et al., 2020).

Source: The image is reprinted with the permission of Springer Nature under the terms
of the Creative Commons CC BY license.

6.6. Fiber optic shape sensing

Fiber optic shape sensing, also known as fiber bragg grating (FBG)-
based sensing, is a more recently introduced technique in medical appli-
cations. It is composed of fiber optic sensors (FOSs), which use the FBG
sensors embedded within an optic fiber to estimate its 3D shape. Such
shape sensing systems use FBGs as interference filters (strain sensing),
reflecting a specific wavelength inscribed in single and multi-core
fibers. Usually, the fibers are arranged in triangular orientation around
the instrument to be tracked (see Fig. 15); nevertheless, there are many
options, including multi-core fibers and helical twists. Further, the
number of FOSs differ in different applications and could be based on:
(1) single-point sensor, (2) quasi-distributed sensors, or (3) distributed
sensors (see Fig. 16) (Amanzadeh et al., 2018).
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Fig. 15. Optical Shape sensing system (a) Shape sensing system components, and (b)
Optical fiber’s cross-sectional view.

In these categorizations, the FBG sensors lie at different positions
along the optical fiber. The single-point category is very restricted in
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Fig. 16. Fiber optic sensors configurations (a) Single-point sensor, (b) Quasi-distributed
sensors, and (c) Distributed sensors.

shape sensing and can only predict the position and orientation of
a single point in the optical fiber. In contrast, the quasi-distributed
configuration, depending on the number of FBG sensors, can combine
the information from different sensors and predict the shape of the
optical fiber in real-time (Amanzadeh et al., 2018; Khan et al., 2019).
Distributed sensors, on the other hand, can only be employed with
scattering-based fiber optic sensing, which allows continuous measure-
ment along the fiber.

An alternative technique to FBG is Optical Frequency Domain Re-
flectometry based on the Rayleigh scattering, which is much more
expensive and also accurate. An extensive evaluation of this technique
is presented in Amanzadeh et al. (2018). An implementation of such
technology is presented by Parent et al. (2017, 2019). Readers are also
encouraged to refer to Shi et al. (2017) and Al-Ahmad et al. (2020) for
detailed description of different FBG-based shape sensing methods.

FOSs are gradually being integrated into medical applications and
present some advantages over other tracking technologies, such as
(1) high shape sensing accuracy, (2) immunity from electromagnetic
interference, (3) high flexibility, (4) small size, and (5) compatibility
with medical devices and imaging modalities (Amanzadeh et al., 2018;
Al-Ahmad et al., 2020). However, these technologies come with certain
drawbacks including: (1) added complexity, (2) registration, (3) cali-
bration, and (4) learning curve. We encourage readers to refer to Sahu
et al. (2021) for a state-of-the-art review on shape reconstruction
methods for intervention applications and future directions.

It is very important to understand that FOSS (also EM) does not
accurately represent the shape of the targeted anatomy without reg-
istration to an image of the anatomy (either intraoperative or preop-
erative image). Even though the tracked shape of the catheter could
give a rough estimate of the shape of the targeted anatomy, considering
motion introduced artifacts, these tracking technologies are effective
only after a correct registration with the image of the anatomy.

Many authors have utilized FOSs with different configurations of
FBGs. Each configuration is characterized by the number of FBGs per
optical fiber and the method used for determining the fiber’s shape.
The average error of the proposed methods varies between 0.24mm and
4.2mm. The most common configuration is with three equidistant outer
optical fibers (triangular) in a non-twisted configuration (Henken et al.,
2012; Abayazid et al., 2013; Roesthuis et al., 2013; Elayaperumal et al.,
2014; Roesthuis et al., 2014; Ryu and Dupont, 2014; Mandal et al.,
2015; Borot de Battisti et al., 2016; Roesthuis and Misra, 2016; Sefati
et al.,, 2019). A summary of all studies included in this section can be
found in Table 5.

A few authors have proposed more complex FOSs configurations. Yi
et al. (2007) use four single-core optical fibers in a square configuration
around the colonoscope. In each fiber, five FBG sensors are inscribed
along the length of the instrument. The minimum reconstruction error
of the shape of the colonoscope is reported to be 4.1mm (Yi et al., 2007).
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FBG array

FBG sensor

Fig. 17. Multi-core fiber optic shape sensing system with length /, and distance
d between FBG sensors. FBG sensors are highlighted with numbers in the FBG
array (Jackle et al., 2019).

Source: The image is reprinted with the permission of Springer Nature under the terms
of the Creative Commons CC BY license.

Jackle et al. (2019) have analyzed the steps of shape sensing prone
to errors and how such errors affect the shape estimation to develop
mitigation strategies. They have used a configuration consisting of one
multi-core fiber with one central core fiber and six outers (see Fig. 17).
The configuration is much more complex than standard systems, with
each core consisting of 38 FBGs. Different methods and parameter sets
have been analyzed in this configuration, and their results are validated
against CT images of 3D-printed vessels. The average error in final
shape reconstruction is reported to be 1.13mm.

Khan et al. (2019) used a similar four fiber configuration as by Yi
et al. (2007), nonetheless with multi-core fibers and FBG sensors in-
scribed to determine the shape of flexible medical instruments. The
process of determining the shape of the instrument follows the steps:
(1) Strain calculation from FBG sensors, (2) Curvature and torsion cal-
culation from strains, (3) Central curvature and torsion determination
based on four outer fiber’s results (square configuration), and (4) Shape
of instrument estimation from the central curvature and torsion using
Frenet-Serret equations. According to the authors, the usage of multiple
multi-core fibers increases the reliability of shape sensing, particularly
for long medical instruments such as a 118mm catheter used within
their experiments. The maximum reconstruction error reported over
eight configurations is 1.05mm (Khan et al., 2019).

As reported, fiber optic shape sensing is one of the trending catheter
tracking technologies for research by academia. Nonetheless, a cou-
ple of companies have invested in this technology and put together
hardware/software medical solutions in this regard. Even though this
technology has a vast number of applications — including non-medical
—, four frontiers providing medical solutions with fiber optic shape sens-
ing have been identified, such as Fraunhofer HHI*? (Berlin, Germany),
Philips** (Andover, Massachusetts, USA), FBGS** (Jena, Thuringia, Ger-
many), and TSSC*® (Austin, Texas, USA). Fraunhofer HII and TSSC
provide shape sensing solutions for endoscopes and real-time 3D track-
ing and navigation of catheters within vessels. On the other hand, FBGS
provides a wide range of solutions in different medical applications,
which mainly fall into four categories: shape, strain, force, and pressure
sensing. Philips provides solutions for shape sensing named Fiber Optic
RealShape, which follow the multi-core fiber configuration with helical
twists (Finnesgard et al., 2021). In their tests, they claim an accuracy
of median tip-to-tip distance of 2.2mm. Catheter tracking is mostly
based on shape sensing solutions enabling real-time position tracking,
navigation, and bending and deformation detection.

22 hhi.fraunhofer.de.

23 ysa.philips.com/healthcare/.
fbgs.com.
%5 shapesensing.com.
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Table 5
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Summary of Fiber optic shape sensing categorized by their clinical focus, data, imaging modality, FGB configuration, number of sensors, and average error. (DS: Distributed Sensors,
EVAR: Endovascular Aortic Repair, GT: Ground-truth, MIS: Minimally Invasive Surgery, TACE: Transarterial Chemoembolization).

Authors Clinical focus Data Modality FBG configuration Sensors per fiber Average error
Abayazid et al. (2013) Brachytherapy Phantom Camera images 3 outer fibers 4 FBGs 1.8mm
Al-Ahmad et al. (2020) MIS Phantom 3D printed GT 4 multicore fibers 18 FBGs 2.84mm
Borot de Battisti et al. (2016)  Brachytherapy Phantom MRI 3 outer fibers 9 FBGs 0.27mm
Elayaperumal et al. (2014) Needle tracking Phantom MRI 3 outer fibers 2 FGBs 4.2mm
Finnesgard et al. (2021) EVAR Phantom and porcine x-ray 4 helical fibers - <2.2mm
Henken et al. (2012) Needle tracking Phantom Known GT 3 outer fibers 2 FBGs 0.89mm
Jéckle et al. (2019) EVAR Vessel phantom X-ray 6 outer and 1 center fibers 38 FBGs 0.35 — 1.15mm
Khan et al. (2019) MIS - 3D printed GT 4x4 helical fibers 6 sets of 4 FBGs 0.44mm
Mandal et al. (2015) Needle tracking Phantom 3D printed GT 3 outer fibers 2 FBGs ~ lmm
Parent et al. (2017) Needle tracking Phantom 3D printed GT 3 outer fibers DS 0.6mm

Parent et al. (2019) TACE Phantom and porcine MRI and US 3 outer fibers DS 2.8 +0.9mm
Roesthuis et al. (2013) Needle tracking Phantom Camera images 3 outer fibers 4 FBGs 0.76mm
Roesthuis et al. (2014) Needle tracking Phantom Camera images 3 outer fibers 4 FBGs 0.74mm
Roesthuis and Misra (2016) Needle tracking Phantom Camera images 3 outer fibers 4 FBGs 0.24mm

Ryu and Dupont (2014) Robotics (MIS) Phantom 3D printed GT 3 outer fibers - 0.84 + 0.62mm
Sefati et al. (2019) Orthopedics - Camera images 3 outer fibers 3 FBGs 1.52mm

Yi et al. (2007) Colonoscopy Phantom Known GT 4 outer fibers 5 FGBs 4.1mm

6.7. Bioelectric navigation — tracking

Bioelectric navigation introduces a new paradigm for non-
fluoroscopic catheter tracking (Sutton et al., 2020). The backbone of
this concept is to mimic bio-localization as a sensing mechanism used
by weakly electric fish for reconstructing their near environment (Bas-
tian, 1982).

The proposed bioelectric navigation is based on a weak electrical
field generated by electrodes integrated into the catheter. Changes in
vessel morphology, such as bifurcations and stenosis, affect the local
impedance resulting in the change of the electrical field sensed by
the electrodes. A segmented vascular tree from preoperative CT or MR
images is used to simulate an impedance signal map, which is synchro-
nized and mapped to the online signals received from the catheter to
determine its relative position within the vascular tree (Fuerst et al.,
2016) (see Fig. 18). A proof-of-concept study is conducted with a mod-
ified electrophysiology catheter showing that catheter tracking based
on matching the simulated electric signals from segmented vascular
tree in CTA and the real-time signals acquired during intervention
could be achieved. This study confirmed the viability of the proposed
bioelectric navigation principles based on experimental data collected
during animal trials and post-processed. Even though this method
does not provide an exact 3D position, it provides the information
regarding the branch of the vessel tree in which the catheter is located,
which is considered sufficient for navigation by the clinical partners
participating in the study.

The concept of local impedance changes correlated to a vessel
cross-section has further been used by Svendsen et al. (2013) for
peripheral inserted central catheter (PICC) placement. PICC is reported
to be placed by surgeons under fluoroscopic guidance or by specialized
nurses at the bedside with 70% accuracy. The authors provide a so-
lution specifically designed for PICC placement that uses non-ionizing
methods and a conductance guidewire (CGW) system to identify vas-
cular anatomical structures. The CGW consists of several electrodes
that introduce a small amount of alternating electrical current from
the distal tip and receive the conductance with the mid-electrodes. By
relying on prior anatomical assumptions about the vessel structure spe-
cific for PICC placement and following the corresponding conductance
signal strength during insertion of the guidewire, the authors claim
that it can be identified whether the guidewire is in the correct path
as well as whether a wrong direction has been taken during insertion.
The validation of the system is conducted in-vitro and in-vivo, with a
root mean square error of 6.6% and 5.1%, respectively. The in-vitro
evaluation is conducted in a series of rigid phantoms, whereas the
in-vivo evaluation is performed in six swine. In comparison to Sutton
et al. (2020), however, the system is specifically designed for PICC
placement and relies on the operator’s knowledge of the expected
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conductance signal for identification of the correct vessel path. On the
contrary, Sutton et al. (2020) provide such information to the operator
through signal matching with a simulated signal that is based on a
pre-operatively taken CTA scan, and as a result provide a generalized
solution for navigation in a patient’s vessel tree. Further, neither the
effect of diseased vessels on the conductance signal nor the successful
placement of the catheter within such settings have been explored in
this study.
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Fig. 18. Concept of bioelectric navigation - Local impedance changes in bifurcation,
stenosis and enlargement of vessels are used for guidance. Matching between the
measured signal and a simulated signal based on the inverse vessel cross-section then
facilitate the identification of the current vessel branch (Sutton et al., 2020).

Source: The image is reprinted with the permission of Springer Nature under the terms
of the Creative Commons CC BY license.

6.8. Robotic tracking solutions

Robotic catheter steering/tracking solutions were introduced in the
medical domain in the mid-2000s. These systems usually consist of a
manipulator (master) and an actuator (slave), also known as master—
slave systems. As presented in Fig. 20, the two components operate
in synchronization and can be placed in different locations during the
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procedure. The manipulator usually is integrated into a joystick, or
custom-build devices, whereas the actuator provides different gears
and components that allow the handling of the catheter. The actuator
enables the movement of the catheter forward/backward, rotates, and
turns the tip through different gear grips that hold and drive the
catheter. However, these movements are not limited and can differ
between vendors and research groups. Different implementations of
such concepts can be found in Bao et al. (2017), Abdelaziz et al.
(2019), and Matheson and Rodriguez y Baena (2020). A summary of
all studies included in this section can be found in Table 6. In the
following, we provide a short overview of recent developments in
robotic catheterization, which could dramatically affect the integration
of catheter tracking in clinical applications. For a more detailed review
of this technology up to 2014, we refer the reader to Rafii-Tari et al.
(2014).

Over the years, several steerable catheters have been developed
that utilize magnetically steered catheters or tendon- and soft material-
driven designs (Hu et al., 2018). Besides the ability of precise catheter
manipulation, force sensing and haptic feedback, they have become
well-studied research directions that provide essential clues surgeons
naturally rely on and increase the system’s safety. For instance, fiber op-
tic sensors have been integrated to provide force measurements at the
catheter tip (Rafii-Tari et al., 2014). As a result, robotic catheterization
has been shown to reduce the risk of vessel wall injuries. Further, re-
mote manipulation of the catheter can minimize the radiation exposure
to surgeons.

In addition to visual guidance, Brett et al. (2018) aim at address-
ing the missing direct physical feedback, which provides valuable
information during catheter navigation in clinical practice. Additional
sensors are used to provide information and feedback on catheter tissue
interaction and increase the system’s safety to prevent vessel wall
damage.

Another advantage of robotic catheterization is the possibility it of-
fers for automatic navigation based on systematic integration of image-
based path planning and real-time tracking. Favaro et al. (2018) present
a 3D path planning approach for minimally invasive neurosurgery
on MRI data that constructs possible path proposals accounting for
catheter kinematics and path uncertainties arising due to inaccuracies.
The paths are then ranked according to a cost function incorporating
the distances between the start and endpoint and surrounding struc-
tures along the path such that an optimized path to a user-defined
target area can be selected.

Such preoperative path definitions can aid surgeons in optimal
treatment planning. For navigation, such a path requires adaptation to
the dynamic setting of an intervention. Starting from a preoperatively
acquired path, Pinzi et al. (2021) propose a method to optimize the
path to account for tissue deformations in an online setting such
that local deformations of the path can be computed and taken into
account while remaining consistent with the overall planned trajectory.
Electromagnetic tracking is utilized to constrain a steerable needle’s
pose to generate subsequent path information and provide a smooth
path update in a neurosurgical setting.

Matheson and Rodriguez y Baena (2020) use similar techniques to
perform minimally invasive percutaneous interventions. The authors
claim improved accuracy and less damage to the surrounding tissue
when approaching a region of interest in the brain. The steering of
the catheter is done through a joystick, and controls are integrated
into the surgeon’s tele-manipulation system (see Fig. 19). The catheter
consists of four sliding segments, which control steering through the
independent movement of different segments. The authors report on
the accuracy of such a system at 0.70 + 0.69mm for expert users and
0.97 + 0.72mm for non-expert users. Nonetheless, it is necessary to
mention that such systems cannot steer a catheter inside the vasculature
as compared to soft tissue. This is because the catheter can be steered
only when soft tissue resistance is present throughout the body of
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the catheter; hence, the steering of such catheters in non-resistance
mediums (such as vasculature) is not possible.

Dagnino et al. (2018) and Abdelaziz et al. (2019) present a new
master—slave robotic platform for endovascular catheterization proce-
dures, in which the surgeon can steer the catheter through a master
manipulator. The system provides navigation and integrated vision-
based haptic feedback (see Fig. 20). Further, the master-slave robotic
catheter insertion is integrated with a dynamic motion tracking of
the tip of the catheter and vessel walls for providing dynamic-active
catheter movement constraints. The dynamic-active constraints help
to minimize potential injuries to the endothelial vessel walls. The
latest results from the quantitative and qualitative evaluation of the
system claim more effectiveness, precision, and safety of the proposed
endovascular procedures compared to some of the methods within the
state-of-the-art. It is important to note that the evaluation of the system
has been done under MRI guidance.

Besides the state-of-the-art research in robotic catheterization, there
are also commercial systems available. Legeza et al. (2021) present
an evaluation of the master-slave system from Corindus®® (Waltham,
Massachusetts, USA), which allowed the surgeon to perform a vascular
intervention in an ex-vivo model remotely. In this case, the surgeon
was in a location 45 miles away from the intervention site. The system
provided real-time catheter navigation, visualization, and tracking to
the remote surgeon. Nevertheless, Lo et al. (2018) emphasizes the
significant importance of a good internet connection between the two
sites and the need to study the cost effectiveness of such systems.
Furthermore, some major robotic catheterization solutions available
currently in the market are the Magellan Robotic System and the Sensei
Robotic System from Auris Health?”” (Redwood City, California, USA),
Vdrive from Stereotaxis®® (St. Louis, Missouri, USA), Ion Endoluminal
System from Intuitive Surgical?® (Sunnyvale, California, USA), and
Amigo™ from Catheter Precision® (Ledgewood, New Jersey, USA).

The Amigo™ system from Catheter Precision has been described
in a “Concept to Bedside” study by Shaikh et al. (2017). The authors
claim that the Amigo™ system has better performance and lower cost
compared to the Sensei Robotic System. In another study from Clements
et al. (2019) the Magellan Robotic System from Auris Health is re-
viewed. The authors tested the system through a TACE procedure in
a clinical environment with six patients. Based on the results, the
study claims to decrease the fluoroscopic radiation time and show
successful treatment in all patients. The other above-mentioned robotic
systems are further discussed in the following section since they imple-
ment additional tracking features that fit better under hybrid catheter
tracking.

6.9. Hybrid catheter tracking

Thus far, all reviewed tracking technologies have been discussed
as standalone systems or with respect to the imaging modality. Nev-
ertheless, within this state-of-the-art review, few instances have been
identified that utilize a combination of tracking technologies. Natural
combinations of tracking technologies reported in the literature include
(1) electromagnetic tracking and shape sensing, (2) image-based track-
ing and electromagnetic, (3) image-based tracking and shape sensing,
(4) electromagnetic and robotics solutions, and (5) shape sensing and
robotic solutions. A summary of all studies included in this section can
be found in Table 7.

Denasi et al. (2018) elaborate on a sensor fusion algorithm (Lu-
enberger and Kalman) that combines the tracking data stream from
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Fig. 19. Biologically inspired surgical needle steering: Programmable bevel-tip needle system architecture for percutaneous interventions (Matheson and Rodriguez y Baena, 2020).
Source: The image is reprinted with the permission of MDPI under the terms of the Creative Commons CC BY license.

Table 6

Summary of robotic catheter tracking solutions categorized by their clinical focus, data, imaging modality, and average error. (EP: Electrophysiology Procedure, MIS: Minimally

Invasive Surgery, RF: Radio Frequency, TACE: Transarterial Chemoembolization).

Authors Clinical focus Data Modality Average error
Abdelaziz et al. (2019) MIS Vascular phantom x-ray -

Bao et al. (2017) MIS Phantom Linear motion platform 0.33mm

Brett et al. (2018) Endovascular procedures Phantom x-ray -

Clements et al. (2019) TACE Patients x-ray -

Dagnino et al. (2018) Endovascular procedures Aortic phantom Camera images 8.98 +3.31mm
Favaro et al. (2018) MIS neurosurgery Simulation - -

Legeza et al. (2021) Endovascular procedures Simulation - 1.7 +5.25%
Matheson and Rodriguez y Baena (2020) Percutaneous MIS Simulation - 0.70 & 0.69mm
Pinzi et al. (2021) MIS neurosurgery Phantom EM and MRI 1.81 £0.51mm
Shaikh et al. (2017) Cardiac EP and RF ablation Patients x-ray -

-l

Fig. 20. MR compatible master-slave robotic catheter navigation system. Actuator
robot with catheter (top) and intuitive manipulator (bottom).

Source: The image is reprinted with the permission of authors (Abdelaziz et al., 2019).
Permission to reuse the image must be obtained from the authors of the paper.
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the FOSS catheter and an image-based (template tracking) ultrasound
system. The fiber optic shape sensing catheter consists of one multi-core
(one central and three outer optical fibers) with 32 FBGs each, whereas
the ultrasound system is placed in a transversal position to track the tip
of the catheter. Besides the use of template tracking in the ultrasound
image, the authors propose another approach based on convolutional
neural networks for tracking the catheter tip, which resulted in an
average error of 1.41lmm. The mean error reported for the Lunberger
observer is 0.2mm and, for the Kalman filter, 0.18mm (Denasi et al.,
2018).

Shi et al. (2014) propose a method for transcatheter aortic valve
implantation (TAVI) with the combination of IVUS, EM tracking, and
shape sensing. Based on the information from the shape sensing system,
the authors propose to reconstruct the shape of the catheter and recover
the pose information from the EM tracker. An Aurora tracking sensor
with six degrees of freedom is integrated inside the tip of the catheter
for pose estimation. The shape sensing catheter consists of three optical
fibers in a triangular configuration, with each having 8 FBG sensors
inscribed along the 1000mm length. The proposed system reports on
catheter localization (from EM), vessel reconstruction (from IVUS), and
shape sensing. Nevertheless, errors in tracking or reconstruction have
not been reported.

Similarly, Ha et al. (2021) presents a solution that incorporates fiber
optic shape sensing with electromagnetic tracking and x-ray images.
The authors attach two EM sensors along the shaft of the fiber optic
shape sensing catheter, consisting of four cores and 68 FBGs. With this
technique, the authors claim to overcome twisting uncertainties of the
catheter with a reported root mean square error of 0.54mm.

In order to remedy the issue of the high variability of the EM
tracking accuracy, a EM tracking paradigm is introduced by Reichl
et al. (2013). In this paper, the authors introduce the concept of
electromagnetic servoing and a robotic arm to solve the significant
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problem of inconsistency in tracking accuracy throughout the gener-
ated non-linear magnetic field. The main idea is to dynamically move
the EM field generator to follow the sensor to ensure that the sensor
is always localized with high accuracy. The field generator is attached
to the end effector of a robotic arm that moves to follow the dynamic
motion of the EM sensor to guarantee uniform accuracy throughout the
procedure. The idea seems promising, especially in applications where
larger areas need to be covered. Nevertheless, no follow-up studies or
clinical implementation of such solutions have been identified in the
literature. One might assume that such solutions have not been pursued
despite the higher accuracy, mainly due to the complexity of using
robotic arms in clinical environments. This solution would help in cases
where a loss of signal would occur, in which case the servoing system
would optimize the position of the field generator to solve this issue
and guarantee tracking accuracy. Reichl et al. (2013) report significant
improvement of the overall error from 6.64 + 7.86mm to 3.83 + 6.43mm.

Jéckle et al. (2020a,b) report a shape reconstruction and tracking
system based on the combination of shape sensing and EM tracking
for endovascular aneurysm repair (EVAR) procedures. The system is
composed of a single multi-core shape sensing optical fiber with 38
FBG sensors inscribed along the length of the optical fiber and two
electromagnetic sensors attached in the middle and end of the optical
fiber (see Fig. 21). For the experiments, the preoperative CT images
are rigidly registered with the position of the electromagnetic sensors.
Afterward, the shape reconstruction is compared between the shape
sensing algorithm and the manually segmented optical fiber in the CT
images through a point-based registration. The average error of shape
reconstruction and electromagnetic tracking over five experiments are
reported to be 0.9mm and 1.0mm, respectively.

A more comprehensive phantom evaluation of the system from
Jackle et al. (2020b) is presented in Jickle et al. (2020a). While using
the same configuration, the system is evaluated against the usage of two
versus three EM sensors in an agar-agar phantom with an embedded
3D printed silicone vessel. The authors report that two EM sensors can
provide real-time guidance based on an average error of 1.57 —2.64mm,
whereas, for three EM sensors, an average error of 1.35 — 2.43mm is
reported, showing a slight improvement in the overall accuracy.

Schwein et al. (2017) investigate the effect of electromagnetic track-
ing in combination with robotic tracking solutions (Magellan Robotic
System). In a phantom study they compare fluoroscopy-based catheter
navigation and 3D electromagnetic-based navigation. They show that
the tracking of a catheter and a phantom, in a virtual setting, could
reduce the usage of fluoroscopy for catheter navigation. Nonetheless,
the authors have evaluated the system in only one angulation of the
C-arm and predicted possible EM interference problems when further
angulations are used. Furthermore, in a follow-up study, Schwein et al.
(2018) reconfirm the limitations of such a system used clinically. The
authors report that the average registration of the EM tracking system
in-vitro reached 4.18mm, which seems significant for smaller vascular
structures.

Similar to Schwein et al. (2017), Ji et al. (2011) evaluate the
usability of a robotic system in combination with EM. The authors
provide a solution of robotically traversing/navigating to the desired
branch based on the localization of the catheter’s tip using an EM
tracker. Nevertheless, the authors do not discuss any EM interference
problems in the setup similar to the latter case. Even though this has
not been the focus of these works, it would be very interesting to see
the effect of ferromagnetic interference with EM tracking in such setups
for both systems.

However, the combination of fiber optic shape sensing and robotic
solutions promises to overcome the problems of electromagnetic in-
terference. The differences between the two systems are presented
in Agrawal et al. (2020), comparing the Monarch platform by Auris
Health and the Ion Endoluminal System by Intuitive Surgical. The
Ion Endoluminal System provides real-time shape sensing of flexible
catheters driven through a master-slave robotic system. In comparison,
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the Monarch platform provides steering control of the bronchoscope
and electromagnetic guidance. We refer the readers to Agrawal et al.
(2020) for a thorough review of both technologies.

Reisenauer et al. (2022) provide a thorough review of the Ion Endo-
luminal System in a study with about 240 patients. The authors present
their work on performing pulmonary biopsies with the Ion System that
delivers shape sensing capabilities combined with robotic navigation.
The authors present a trend of decreasing operation time but do not
conclude on its significance. Besides all the benefits highlighted in the
paper, there are no evaluations of the system’s quantitative accuracy
but only qualitative evaluations of successful procedures.

7. Discussion

In this manuscript, we have reviewed over 150 papers focusing
on catheter tracking technologies. Although the initial keyword-based
search resulted in a considerable number of papers (see Fig. 3), the
focus of most of them was not on the tracking methodology itself.
Therefore, through very careful analysis, papers were selected and
included in the manuscript only when their focus was, in fact, the
tracking technology (see Fig. 5). Here, we have discussed the reviewed
tracking technologies in terms of their accuracy, ease of use, and
reproducibility.

This review paper aims to provide a broad understanding of the
history of catheter tracking and the definition of different catheter-
based tracking technologies. We also provide a table with information
regarding some of the most important applications of each tracking
technology. Each table also provides the most relevant information
required for positioning papers in regards to the advancement of each
particular tracking methodology.

Another essential factor discussed in the paper is the relation be-
tween the tracking technology and the imaging modality used during
the intervention. Furthermore, we discussed the choice of the tracking
technology based on the underlying anatomical structure of interest.

7.1. Characteristics of tracking technologies

Overall, in this review, we have distinguished between seven track-
ing technologies discussed in the literature. Each of the tracking tech-
nologies was evaluated through multiple studies included and discussed
in this manuscript. Based on the number of publications, image-based
tracking is the most frequently used technique, as can be seen in Fig. 5.
The reason for this is most probably historic in terms of existing clinical
setups and the education and training of experts, which makes it the
least costly and easiest to adopt. All the other tracking technologies
require integrating additional hardware into interventional suits and, in
some cases, specialized catheters. For image-based solutions, surgeons
are responsible for the outcome in terms of the time of execution and
accuracy of catheterization. The other tracking technologies require
extensive testing and evaluation as well as additional training for
the surgical crew, increasing the complexity, time, and cost of their
development, validation, and finally, their transfer into the clinical
practice.

However, most automatic and semi-automatic image-based
approaches are data-driven and, as such, also come with their develop-
ment challenges. With the recent success of deep learning, many fields,
including medical image analysis, have seen rapid growth and devel-
opment. Machine learning methods require large amounts of data that,
in the medical field, is not easily accessible due to additional security
and privacy concerns. Therefore, image-based algorithms are usually
evaluated on clinical data acquired at a partner site, which is not
publicly available, making a direct comparison of different methods and
their reproducibility challenging. However, with recent developments
in the construction of large-scale medical databases and promising
work on the development of federated learning methodologies (Li et al.,
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et al., 2020a).

Source: The image is reprinted with the permission of Springer Nature under the terms of the Creative Commons CC BY license.

Table 7

Summary of hybrid catheter tracking categorized by their clinical focus, data, imaging modality, tracking technologies, and average error. (EVAR: Endovascular Aortic Repair,
FOSS: Fiber Optic Shape Sensing, IVUS: Intravascular Ultrasound, MIS: Minimally Invasive Surgery).

Authors Clinical focus Data Modality Tracking technologies Average error

Denasi et al. (2018) MIS Phantom Ultrasound Ultrasound + FOSS 0.2+ 0.11mm and 0.18 + 0.13mm

Ha et al. (2021) Endovascular procedures Phantom x-ray EM + FOSS -

Jéackle et al. (2020a) EVAR Vascular phantom X-ray EM + FOSS EM - 2.79 — 6.27mm, FOSS - 1.35 — 2.43mm
Jackle et al. (2020b) EVAR Phantom x-ray EM + FOSS 0.99 — 2.29mm

Ji et al. (2011) Cardiology interventions Phantom - EM + Robotic < 2mm

Reichl et al. (2013) Bronchoscopy Broncoscopy phantom X-ray EM + Robotic 3.83 +6.43mm

Reisenauer et al. (2022)  Broncoscopy Patients X-ray FOSS + Robotic -

Schwein et al. (2018) Endovascular procedures Aortic phantom x-ray EM + Robotic -

Shi et al. (2014) Aortic valve replacement Phantom Ultrasound EM + FOSS + IVUS -

2020), and successes in related fields such as medical image segmenta-
tion (Tajbakhsh et al., 2020; Chen et al., 2020b), further improvement
of catheter tracking methodologies based on image information seems
imminent.

Electromagnetic tracking is one of the most widespread technologies
that require additional hardware for tracking. Since the technology
itself is well-established in research and commercially available, it
presents a large number of relevant publications in the field. Since EM
tracking uses generated electromagnetic fields for tracking, it imposes
the use of compatible non-ferromagnetic devices in proximity. This
limitation is one of the main factors why most research groups still
focus on x-ray and ultrasound imaging modalities for catheter tracking.
Another limiting aspect of this technology is the size of the sensors and
the required specialized catheters. When equipped with EM sensors,
the increased diameter size of catheters is another obstructive issue to-
wards clinical use, maybe even more significant than the ferromagnetic
interference, especially in pediatric procedures. Please note that there
have also been examples of successful deployment of this technology.
Specialized EM-based solutions for electrophysiology, such as Carto® 3
System, have made a great impact in their field of application.

A rapid growth of interest is observed in fiber optic shape sensing,
mainly due to ease of use and broad possibilities of integration with
other tracking technologies and imaging modalities. Fiber optic shape
sensing could provide relatively accurate 3D catheter shape recon-
struction, and the fiber configurations and sensors are customizable
for particular applications. Furthermore, the cost of such technologies
is decreasing, providing a promising foundation for further research
and commercial growth. Nevertheless, fiber optic shape sensing also
requires further extensive clinical validation before its vast deployment.
Recent publications discussed in this manuscript report the accuracy of

20

catheter tip reconstruction using fiber-optic shape sensing solutions to
be around 2mm, which is comparable to other tracking technologies.

Bioelectric catheter navigation, presented in the literature as a
proof-of-concept, offers a promising alternative. This method localizes
the catheter within branches of the vessel tree segmented in pre-
interventional CTA and enables surgeons to navigate through them
without the need for any imaging modality within the interventional
suite, hence opening new opportunities. The technology is reported to
be easy to use and reproducible; however, thorough evaluation and
further animal and patient studies are required for transferring this
technology into clinical routine.

Robotic tracking solutions seem very promising in catheter tracking
as well. With several commercially available products already in the
market by Auris Health, Siemens Healthineers, and Intuitive Surgi-
cal, the field of robotic catheterization is becoming more and more
attractive. Robotic solutions claim to provide more straightforward
navigation and reduce vessel wall injuries as well, as in Rafii-Tari et al.
(2014). Besides, there are also benefits for the surgeons as they reduce
radiation exposure.

Hybrid tracking solutions take advantage of the complementary
nature of different techniques and inherit the challenges and drawbacks
of each, especially the added complexity of multiple tracking solutions
working together. Nevertheless, in most of the literature presented
in this manuscript, the hybrid tracking technology presented more
advantages than shortcomings when such a combination of tracking
technologies becomes trivial and easy to use. For example, in Denasi
et al. (2018) hybrid tracking provided an average reconstruction accu-
racy of less than 0.2mm, and in Jéckle et al. (2020a) the combination
of electromagnetic tracking and fiber optic shape sensing solutions
provide an accuracy of about lmm.
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7.2. Clinical translation and outlook

From a clinical perspective, besides the technical issues of the
presented techniques, other challenges hinder the current research
solutions to enter the daily clinical practice. Most research solutions
focus on presenting their tracking technology and highlighting their
technical benefits, but only a few discuss the limitations regarding their
translation into clinical practice.

One crucial aspect for scientific solutions to be adopted in clini-
cal environments is the smoothness of integration. From the research
perspective, the design of the solutions should keep their usability
and adaptation in the clinical environment in mind from the starting
point. This suggests carefully studying the current workflow of clinical
procedures and identifying the required changes that would have to be
made to integrate a solution into the clinical environment. We believe
minimal alterations to the clinical workflow and ease of use when
designing tracking solutions are necessary for successful integration.
Some disruptive solutions could exceptionally change the workflow of
the procedure, but the benefits of their application should outweigh the
requirements of such integration, including the dedicated training of
current clinicians. Robotics solutions, for instance, could offer precision
for navigation beyond human capabilities; however, they require a
thoughtfully designed training of clinicians for the integration and
acceptance of the technology into clinical practice. Therefore, the
technological development should be accompanied by the design of
advanced simulation and training solutions.

One of the most challenging aspects of tracking remains the move-
ment of the underlying targeted anatomy, especially if the catheter is
located in 3D and not within the vascular tree, making it even harder
to determine the exact 3D location of the catheter in preoperative
CTA. The added complexity of tracking solutions contributes to the
difficulty of clinical translation. This applies especially to tracking
technologies requiring additional hardware and calibration or regis-
tration procedures, such as EM tracking and shape sensing. On the
other hand, technologies such as bioelectric navigation, which localize
the catheter within the vascular tree, require the development and
certification of novel tools, hindering their translations into clinical
procedures. Therefore, it is crucial for the community to understand,
and model, the clinical workflow by defining short-term, mid-term,
and long-term plans for integrating different tracking technologies into
clinical practice. Furthermore, the next generation of physicians should
be trained to master such technology to improve the outcome of routine
procedures.

A significant contribution of the novel technologies presented in
this manuscript is the reduction of the intervention’s variable outcome
based on the surgeon’s background and expertise and the possibility
of accumulating the physician’s expertise and know-how through data
gathering and analysis. In this regard, the methodologies presented
here will allow transferring information from preoperative imaging,
such as CTA or MRA, and dynamically combining them with intraop-
erative imaging. These could greatly impact the future development of
intelligent solutions since they may allow the systems to automatically
design/execute patient-specific procedures in the near future.

8. Conclusion

In this manuscript, we have presented the state-of-the-art of leading
catheter tracking technologies. First, a historical overview of significant
contributions in the field of interventional imaging has been presented,
which resulted in the introduction of interventional procedures and led
to the development of catheter tracking methodologies.

The reviewed articles have been categorized into seven different
catheter tracking technologies for which the fundamentals and working
principles have been presented. The state-of-the-art papers have been
discussed with regards to the employed tracking technology, imaging
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modality, and underlying targeted anatomy and have then been an-
alyzed in terms of their relative advantages as well as shortcomings.
Catheter interventions allow physicians to reach target anatomies with
reduced trauma to the patient efficiently. Therefore, catheter inter-
ventions enable valuable in-situ measurements and localized treatment
and deployment of many complex functional treatment devices. The
introduction of robotic catheterization solutions and machine learning
would allow computer-assisted systems to capture more semantic infor-
mation in the process and move towards semi-automatic and automatic
manipulation. Integration of automated tracking solutions will play
a crucial role in this process. Therefore, we believe that catheter
tracking technologies will only go forward, similarly to the progress
made until now, however, at a much faster pace. We believe that
such systems will combine the benefits of current tracking technologies
and be adaptable to the targeted anatomy and clinical procedure to
be performed. We hope that this manuscript could support scientists
in getting to know the state-of-the-art in this regard and allow them
to integrate one or multiple technologies into their computer-assisted
vascular intervention solutions.
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