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Abstract

Introduction Accurately inserting catheters for gynecologic brachytherapy (GBT) can be
difficult and time-consuming, especially for complex GBT procedures involving placement
of one or more freehand catheters next to the applicator, through the perineal or vaginal
tissue. Electromagnetic (EM) tracking for real-time visualization during catheter placement
might improve catheter placement accuracy and procedure time. This study aims to develop
and evaluate an EM-navigation system for 3D assistance during GBT catheter insertion.

Method A new EM-navigation workflow was proposed, involving EM-tracked transrectal
ultrasound, an in-house developed catheter insertion stylet, and dedicated software. The
accuracy of the EM system, the US calibration, and the EM-tracked insertion stylet was

measured. Phantom tests were conducted to assess initial accuracy and system usability.

Additionally, a case study was conducted with ‘regular’ GBT procedures to test the first
part of the proposed workflow in a clinical setting. The accuracy of gold marker (GM)
localization, registration techniques, and overlay discrepancies were examined.

Results The average EM-system accuracy was 0.64 mm, and the average jitter was 0.02.

The transverse US calibration had a fiducial registration error (FRE) of 1.47 mm and a
target registration error (TRE) of 1.59 mm. The sagittal US calibration had an FRE of 0.67
mm and a TRE of 0.72 mm. The calibration RMS of the EM-tracked stylet was 0.23 mm
and the mean position error was 0.54 mm. For the phantom tests, the mean FRE was 0.83
mm for the initial registration and 0.74 mm for the tumor tracker registration. The mean
overall US-catheter to EM-catheter distance was 1.69 mm. The mean US-catheter tip to
EM-catheter tip distance was 3.04 mm. During the clinical cases, a mean FRE of 2.4 mm
was acquired for both the MRI-US registration and the CT-US registration. Besides, the
inserted catheters were tracked with an inter-catheter geometry accuracy of 3.4 mm.

Conclusion This study showed that EM-navigation for gynecological brachytherapy catheter
insertion is feasible in a research setting and has potential in a clinical setting. The proposed
workflow has potential benefits that eliminate the need for intraoperative CBCT. This
workflow can only truly be analyzed after the prospective clinical study in our institution.

Keywords - Electromagnetic tracking; Gynecological Brachytherapy; Ultrasound; Freehand
catheters
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1 Introduction

1.1 Clinical background

1.1.1 Gynecological anatomy

The female pelvic organs and structures include the urinary bladder and urethra, the rectum
and anus, and the female reproductive system, including the uterus, the cervix, the vagina,
the ovaries, and the fallopian tubes (Fig. 1). The uterus is a pear-shaped organ, consisting
of the fundus, body, and cervix, positioned between the urinary bladder (anterior) and
the rectum (posterior) (Fig. 1, Fig. 2). The uterus is naturally anteverted and ante exed,
meaning that the fundus is located more anteriorly than the cervix so that the cervix forms
an angle between the body and vagina and the mass of the uterus lies over the bladder [1, 2].
The position of the uterus and the cervix are dependent on bladder and rectum lling. The
variations in position differ per person but the angle of anteversion and angle of ante exion
(Fig. 2) are generally larger when the bladder is lled because the bladder pushes the uterine
body more superiorly and more posteriorly. The cervix and the vagina are pushed anteriorly
when the rectum is lled. [3]

Figure 1. Anterior view of the uterus [4].

1.1.2 Gynecological malignancies

Gynecological malignancies are all malignancies in the female reproductive system, includ-
ing cervical, ovarian, uterine, vaginal, vulvar, and fallopian tube cancer. Surgery, external
beam radiotherapy (EBRT), and chemotherapy are considered options for these types of
cancers. For uterine, vaginal, and cervical cancers, high-dose-rate (HDR) brachytherapy can
be considered an additional treatment modality. [5]

1.1.3 Brachytherapy

Brachytherapy (BT), literally meaning “short-therapy', is a radiation techniqgue where
radioactive seeds or sources are placed very close to or inside the tumor, being able to
deliver a high dose to the tumor while minimizing the dose to the organs at risk [5, 6].
For high-dose-rate (HDR) BT, or pulsed-dose-rate (PDR) BT, which are used for uterine,
vaginal and cervical cancers, radioactive sources are sent through an inserted applicator,



Figure 2. Angulations of the uterus and vagina [4].

with or without additional catheters. HDR BT is mainly indicated for patients with locally
advanced cervical cancer after a period of chemoradiation and for patients with surgically
treated uterine endometrial cancer for decreasing the risk of vaginal vault recurrence or in
case of vaginal recurrence after radical hysterectomy. For locally advanced cervical cancer
(LACC), the 5-year disease-free survival rate was 76.7% for patients receiving concomitant
chemoradiation plus BT, against 69.3% for patients receiving neoadjuvant chemotherapy
plus surgery [5]. For endometrial cancer, the disease-free survival rate after surgery and BT
is 82.7% [7].

LACC patients usually receive three or four fractions of BT in two to three applications.
Applications are generally planned with an interval of one week. Intraoperatively and under
general anesthesia, the radiation oncologist (RTO) places a BT applicator against the cervix
with an intrauterine tube inside the uterus, enabling intracavitary BT. Besides, a speci ed
number of interstitial catheters are inserted through the applicator, inside the cervix and
tumor, guided by a preoperatively made plan based on magnetic resonance imaging (MRI)
(Fig. 3). These catheters enable interstitial BT. In some complex cases, the clinical target
volume (CTV) constraints are not met with only the intrauterine tube and the interstitial
catheters placed through the applicator, wherefore the RTO places additional freehand
catheters, transperineally or transvaginally. [6, 8, 9]

1.1.4 Image guidance during the standard freehand gynecological BT catheter
insertion procedure
The standard gynecological BT (GBT) catheter insertion procedure is as follows: The tumor
and surrounding organs at risk (OARS) are preoperatively segmented in the MRI. Ultrasound
(US) and Cone-beam Computed Tomography (CBCT) are available intraoperative imaging
modalities. The intrauterine tube of the applicator is placed inside the uterus with abdominal
US guidance. The RTO palpates the catheter trajectory transvaginally, wherefore it is often
easier to insert the catheters before placing the applicator. In some cases, the catheters are
visualized with abdominal or transrectal US (TRUS). An intraoperative CBCT gives more
detailed information, based on which catheters can be replaced if necessary. Postoperatively,
an additional MRI is made which is used for planning the dose distribution. [6]



Figure 3. A) The Venezia Brachyterapy applicator [10] B) the template used for GBT catheter
planning.

1.2 Technical background

1.2.1 Surgical navigation

Surgical navigation is a technology involving real-time tracking and visualization of surgical
instruments and anatomical structures, providing detailed spatial information to the surgeon
during the operation [H15]. Surgical navigation is used for a wide range of applications,
including needle placement, tumor resection, and orthopedic surgery. Surgical nhavigation
requires (image) co-registration of the patient's preoperative data, such as CT or MRI scans,
with the intraoperative situation, such as CBCT or US. To perform surgical navigation,
specialized hardware and software are required, including tracking sensors, imaging devices,
and a navigation system that processes and displays the gathered data in a user-friendly
manner.

1.2.2 Electromagnetic tracking system

Electromagnetic tracking systems (EMTSs) consist of an EM eld generator (FG), a System
Control Unit (SCU), a Sensor Interface Unit (SIU), and EM sensors (Fig. 20). The FG emits
a low-intensity, varying EM eld, which induces a voltage in the coils inside the EM sensors
positioned in the magnetic eld. This voltage induction is measured by the SCI, which
ampli es and digitizes the electric signals. The SCU processes and analyses the signal,
determining the position and the orientation of the sensors.

Sensors are de ned as 5 degrees of freedom (DOF) or 6DOF. Degrees of freedom describe
the number of axes in which a change in position or rotation can be detected. With 5DOF

sensors, the translation is reported in x-, y- and z- positions and two of the orientations are

reported in yaw and pitch. 6DOF sensors also report a third orientation of the sensor, which

is called the roll. [16-19]

With the use of (image) co-registration between the EM coordinate system and intraoperative
imaging, and between intraoperative and preoperative imaging, the EM sensors can be
visualized relative to the anatomical target. EM tracking is relatively fast, easy to use, and
does not require a direct line of sight to the generator like optical tracking systems. The
downsides of EM tracking are potential eld distortions by ferromagnetic materials close to
or inside the magnetic eld, causing inaccurate measurements, as well as the inconvenience
of wires that connect the sensors. [17,20-23]



Figure 4. From left to right; an Aurora NDI FG, SCU, and SIU [17]

1.2.3 Image registration

Image registration is an imaging processing technique to align images acquired from
different modalities or time points, and is a crucial component of surgical navigation
systems. Mathematically, rigid image registration can be represented as ndingd
transformation matrixJ , that optimally transforms a source imadjg,to a target image,

It. A common method for image registration is landmark-based registration, which aims to
match anatomical landmarks in the source imé&ge, to their corresponding landmarks in

the target images! p. The corresponding landmarks in the two images can be correlated
by [24]:

p= 1T Ep (1)
where|L T is the transformation matrix from the source image to the target image. This is
a complex problem to solve, ﬁsT contains 7 degrees of freedom, which are 3 from the
rotation matrix, 3 from the translation vector, and 1 from the scaling factor. However, as
the dimensions of medical images often correspond (mm), scaling is usually not applied for
medical image registration. In case of an optimal registration, the sum of square8Error
would be zero:

X
SE= " ji"pn (sT"™pnjj®=0 (2)
n=1

In reality, the registration will not be perfect, and tR& will be larger than 0. By solving
this equation as an optimization problem wh& € is minimal, L T is found. Several
approaches to nding the transformation matrix exist, all involving a method for data

association, alignment, and error measurement.

Data association is the process to match each landihpgko their corresponding landmark

't p,. There are some automatic approaches to obtain this association, which involve trial
and error, iterative closest point, feature matching, and learning-based methods [24, 25].
The trial and error method uses all possible combinations and tries to align the points; the
alignment with the lowest error is chosen as the nal alignment. The iterative closest point
algorithm calculates the Euclidean distance betw&pp and't p, and matches the closest



points. After alignment and error measurement, the data association is performed again
until a minimal error is acquired. The feature-matching approach calculates a unique feature
vector for each point and uses these features for association. Learning-based approaches
have received attention in recent years. They are often more robust than classical methods
and have great potential for a variety of tasks.

Data association is followed by alignment, consisting of several steps on its own, described
as the Procrustes algorithm [24]. Firstly, the centroids of bythand't p are calculated and
subtracted from all points in their corresponding point sets so the two point sets are centered
in the origin. Secondly, the calculation of the rotation is done with the Kabsch algorithm,
which estimates the rotation matrix based on singular value decomposition (SVD). The nal
step for the alignment is to calculate the translation vector, to obtaih thetransformation

matrix | T.

Lastly, error measurement is done by calculating the ducial registration error (FRE),
described as the root mean square (RMS) of the distance betiygeand the transformed
Is .

p [24]:

X .
ji'tpn L T'spjj2 (3)

n=1

<

1
FRE = N
However, the FRE is not an objective measure, as the ducials that are used for nding
the transformation are also used for the evaluation of the registration. Besides, it is more
important to know the registration accuracy of the “targets', which are points that are directly
associated with the reason for registration, expressed with the target registration error (TRE).
The TRE is de ned as the distance between any poiht'in not used for registration, and
their corresponding transformed point froft with [L T. The TRE varies based on the
position of the targets relative to the ducials, where larger distances usually result in higher
TRE values [26]. The RMS of the found TRES is calculated to get a single performance
measure [24]:

TRERrMs = N TREZ (4)
m

1.2.4 EM-tracked US for surgical navigation

US imaging uses high-frequency sound waves, generated by a transducer, to produce two-
dimensional (2D) cross-sectional anatomy images [27]. The transmitted sound waves
re ect off boundaries between different tissues, producing echoes that are detected by the
transducer's piezoelectric crystals. The speed of sound in tissue (about 1540 m/s) is used to
calculate distances, providing real-time, non-invasive imaging.

For surgical navigation, the US probe needs to be tracked with an EM sensor. The most
convenient way to achieve this is by designing a clip-on with an EM sensor, securely tting
the US probe. US calibration correlates pixels in US images to the EM sensor. One method
for US calibration is proposed by Bo et al. [28], using the tip of an EM-tracked pointer for
landmark-based registration. The calibration aims to nd4he4 transformation matrix
describing the rotation and translation from the US-probe reference fragpe, to the US

sensor reference framggs' , noted aé(jng (Fig. 5).



Figure 5. Schematic overview of US calibration transformation matrices.

Four coordinate systems are correlated (Fig. 5). 1) The US image coordinate system
usi' , with its origin in the left upper corner of the US image, 2) the US probe coordinate
systemysp' , with its origin in the center of the US probe imaging array, 3) the US sensor
coordinate systemss' , with its origin in the US sensor in the clip-on tool, and 4) the EM
coordinate systeng,g' . By imaging the EM-tracked pointer's tip in a basin with a 9.5%
ethanol/water solution, with a speed of sound of 1540 m/s mimicking soft tissue, its position
is known in two coordinate frames: by its pixel locationjig;' , usip, and by the EM data
ingg' , Fgp, correlated by the relationship described in Equation 1.

Following Equation 1ysip is transformed tgsp’ with the transformation matriggipT,
containing rotation and translation based on the origin of the probe on the US screen and
a scaling factor based on the current zoom factor of the US device. Additiopalhyis
transformed t@)ss' , with a transformation matring, acquired by the EM data of the

US sensor.

Thereafter, landmark-based registration wjfpp andyssp enables the calculation of the
calibration matri>{j§ipT, by using the iterative closest point algorithm described in 1.2.3.
1.2.5 Software and user interface for surgical navigation systems

Surgical navigation systems often incorporate various views to optimize the physician's
understanding of the patient's anatomy. Conventional orthogonal MRI/CT slices are desired
as physicians are accustomed to these views [29], but 3D models can be of additional
value in complex anatomy cases {12, 30]. However, these 3D models are visualized

on 2D screens, posing dif culties in spatial comprehension and depth perception [11,
31]. Especially accurate estimation of the distance between surgical instruments and
target organs is important for the surgeon. Various conventional techniques have been
described to overcome the depth perception problems, such as adjusting lighting, shading,
and sizing of the visible objects [31]. Augmented reality is a more cutting-edge technology
but requires extra equipment, which is often undesirable in a clinical work ow [32]. A
higher sense of depth perception is acquired by manually rotating around visible objects.
However, this introduces the necessity of a technician controlling the 3D visualization by
following the directions of the surgeon, requiring close collaboration and being prone to
miscommunication.

A preliminary, recently submitted study in our institution (Van Aalst, 2023) explored
the application of game visualization technology in conjunction with EM-tracked GBT
catheter insertion, resulting in enhanced comprehension of 3D models on a 2D screen. By



incorporating two 3D model interfaces, each offering a different perspective, and introducing
a virtual camera with a “third person view', in line with or perpendicular to the catheter,
users were able to insert the GBT catheters more accurately with respect to the target (Fig.
6).

Figure 6. Two automated 3D views with a 'third person’ needle view from behind and from the side.
Also, three MRI slice projections are visualized (Van Aalst, 2023).

1.2.6 Clinical research involving non-CE marked medical devices

Surgical navigation systems with in-house developed software and hardware components
are considered non-CE-marked medical devices. If such a navigation system is subject to a
clinical investigation, involving human participants, of cial approval by a Medical Ethics
Review Committee (MERC) (Dutch: Medisch Etische Toetsings Commissie (METC)) is
necessary before starting the study. The Medical Devices Regulation (MDR) [33] is the EU's
regulatory framework for the design and use of medical devices and outlines the requirements
for information to be submitted for clinical investigation with a non-CE-marked medical
device (MDR Annex XV).

Under the MDR, medical devices are classi ed into four risk-based classes, ranging from
Class | (lowest risk) to Class Il (highest risk). This classi cation system helps regulators,
manufacturers, and healthcare professionals to ensure that medical devices meet the neces-
sary safety and performance standards for their intended use. A detailed description of the
classi cation system is provided in MDR Annex VIII. Summarized, the four classes are:

 Class I: Low-risk medical devices that are non-invasive and do not signi cantly impact
the patient's safety. Examples include bandages, stethoscopes, and non-powered
surgical instruments.

* Class lla: Moderate-risk medical devices that are non-invasive or have limited contact
with the patient's body. Examples include some diagnostic devices, hearing aids, and
certain types of surgical instruments.



* Class lIb: Higher-risk medical devices that are invasive and have more signi cant
interactions with the patient's body. Examples include implantable devices, infusion
pumps, and orthopedic implants.

« Class lll: High-risk medical devices that are invasive and may have life-sustaining or
life-supporting functions. Examples include heart valves, pacemakers, and neurostim-
ulators.

For a structured description of all necessary information, the researcher composes a standard
Investigational Medical Device Dossier (IMDD), which is submitted to the METC together
with the research protocol and other relevant documents.

An important criterion for approval of using the navigation system is close collaboration
with the institution's Clinical Physics and Informatics (CPI) and the Decontamination,
Sterilization, and Medical Devices Hygiene (DSMH) department. CPI ensures the safe and
effective use of the medical device and reviews the medical device for risks of technical or
mechanical failure of the software and hardware components. The DSMH ensures proper
cleaning, disinfection, and sterilization of medical devices before use on patients and reviews
the risks of transmission of infections caused by a medical device. To obtain approval from
the DSMH, medical devices must demonstrate full sterilizability. This involves minimizing
lumens and fringes in the design and using materials resistant to high autoclave temperatures
and Sterrad sterilization [34].

1.3 Rationale

Accurate placement of freehand GBT catheters can be challenging and time-consuming
[5,6,8,9]. Using US guidance can be fast and safe, but images sometimes have low contrast,
are hard to interpret, and are operator-dependent [35, 36]. The catheters are relatively clearly
visible on CBCT, but CBCT is inconvenient to use in the operation room (OR), as it needs a
lot of space, and the operating staff needs to leave the OR because of the radiation, disrupting
the surgical work ow [37]. Besides, anatomical borders within the pelvis are dif cult to
identify in CBCT.

With an EM navigation system, it is possible to visualize the catheter in real-time, relative to
the patient's anatomy. EM tracking could, therefore, be a valuable addition to the catheter
placement work ow [15,16,19]. Some phantom studies have successfully used EM tracking
to place a BT catheter in a target, with an accuracy of around 2 or 3 mm [22]. Besides, EM
tracking for interstitial BT has been investigated for catheter reconstruction after catheter
insertion in dose planning [38]. However, in clinical situations, the registration between
preoperative and intraoperative imaging is challenging in the pelvic area, mainly due to
the deformations of the pelvic organs, because of the difference between preoperative
and intraoperative leg positions and the physiological movement of pelvic organs, such as
bladder lling. To minimize the effects of these movements, the registration should be based
on structures close to or in the tumor.

For external beam radiation therapy (EBRT) registration purposes, three gold markers (GMs)
are inserted inside the patient's cervix. These GMs are visible with CT, CBCT, MRI, and
US and could, therefore, be used as registration points [39]. To optimize the work ow, US
is the desired intraoperative imaging modality used for registration. In this study, we aim to
develop and evaluate an EM tracking system (EMTS) for 3D assistance during GBT catheter
placement.



2 Materials and methods

An EM navigation system was developed for navigated insertion of EM-tracked freehand
GBT catheters. The intended setup with hardware and software components and the
proposed clinical work ow are described in this section. For validation of the system and
the work ow, the accuracy of different navigation system components was tested, phantom
tests were executed, and a clinical case study was conducted.

2.1 Navigation System Description

2.1.1 Set-up
An in-house developed, US-based EM navigation system was designed. The navigation
system consists of (Fig. 7):

* An EMTS (Aurora, NDI [17]), with an FG, a sensor interface unit (SIU), a system
control unit (SCU) (Fig. 20), a 6DOF FlexTube sensor (Fig 8), and a host computer,
all housed in a navigation trolley,

» A BK5000 US system (BK Ultrasound Systems, Analogic Corp., Peabody, MA,
USA), with an EM-tracked transrectal US (TRUS) transducer (Fig. 9),

* Anin-house designed, EM-tracked stylet for catheter insertion (Fig. 10),

» Dedicated software for preoperative planning, intraoperative visualization, and post-
operative analysis.

Figure 7. Setup for the EM navigation system with an FG, EM-tracked TRUS, a US device,
EM-tracked catheters, a sensor interface unit, and a navigation computer [17].

Figure 8. Aurora NDI 6DOF FlexTube [17]
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EM Tracking System

The Aurora planar FG (20x20x7.1 cm) has a tracking volume of 50x50x50 cm, in which

wired EM sensors detect the varying EM eld. The sensors connect to an SIU, which is
connected to the SCU, along with the FG. The SCU is linked to the navigation computer,
where dedicated software is stored for visualization and analysis.

The reported average position and orientation accuracy of this FG within the measurement
volume are approximately 0.70 mm and 0.20 degrees, respectively, for 5DOF sensors and
0.48 mm and 0.30 degrees for 6DOF sensors. However, the accuracy varies, with higher
accuracy closer to the FG and reduced accuracy further away. Besides, for each sensor, a
speci ¢ accuracy corrective factor is reported [16, 17].

EM-Tracked US

A 3D printed clip-on tool of the material Grey V4 with an integrated 6DOF sensor was
designed speci cally to track the endocavity biplane E14Cl4b US transducer (Fig. 9). All
edges of the clip-on tool were blunt to prevent damage to the sterile cover. To relate the US
images to the US sensor, US calibration was performed according to the method of Bo et
al. [28], described in 1.2.4.

Figure 9. The E13CL4b transducer for the BK5000 US system (A) with a 3D printed clip-on,
viewed from the left and from the right side (B, C), and the sensor integrated in the clip-on

D)

EM-Tracked Insertion Stylet

An EM-tracked stylet was designed and produced in-house (Fig. 10, Fig. 11). The stylet
consists of a stainless steel 304 tube (1.5 mm outer diameter) with an Aurora NDI 5DOF
sensor (0.45 mm diameter, 6.3 mm length) integrated into the tip, and a 3D printed hollow
grip made of the sterilizable material BioMed Clear. The sensor's cable was soldered to a
silicon-shielded cable with a tool connector containing an SROM device connector (Aurora
NDI). All hollow parts were lled with glue (UHU plus schnellfest [40]), and the grip was
sealed with a cap and cable gland to facilitate the cleaning process (Fig. 11). All edges were
sanded smoothly to reduce contamination risks. The stylet can be sterilized with Sterrad
100NX. The stylet was calibrated with a pivot calibration in Cygna 6D (NDI [17]) while
inserted in a catheter, to calibrate the actual tip of the catheter. The RMSE of the calibration
was 0.23 mm.



Figure 10. Design for the EM-tracked stylet (A) and the 5DOF sensor integrated into the tip of the
stylet (diameter: 0.45 mm, length: 6.3 mm) (B)

The EM-tracked stylet is a reusable surgically invasive device intended for transient use,
with connection to an active device, and is therefore classi ed as class lla according to
rule 6 of MDR annex VI, being a moderate-risk medical device. Manufacturers of class
Ila medical devices must undergo a conformity assessment involving a noti ed body to
demonstrate compliance with essential requirements outlined in the MDR. Additionally,
comprehensive technical documentation, clinical evaluation, and a quality management
system are required if CE marking is intended.

Figure 11. The cable gland and grip design for the EM-tracked insertion stylet. A and B show the
individual parts before assembly, with A) the normal view, and B) a transparent view. C)
shows the assembled body of the insertion stylet. The compression nut, gland body, and
grip were 3D printed. When driving the gland body in the compression nut, the sealing
ring is compressed in the compression nut, putting pressure on the cable, xating itin the

compression nut, and making a water-tight connection.
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Software

Data of the EMTS and the US imaging were integrated into the open-source software 3D
Slicer 5.2.2 [41]. The hardware-to-software connection is established through open-source
software PlusServer [42].

Besides the image-guided therapy (IGT) [43] extension within 3D Slicer, two modules
were designed to simplify the technical procedure. These modules are designed for scene
initialization ("preparation'), and to optimize the user interface and point of view during
catheter insertion ("Brachy_set _camera'). These modules are explained in Appendix A.

Preliminary, recently submitted work in our institution showed that the use of two interfaces
with automated virtual camera positioning driven by the tracked catheter was intuitive and
that the catheters were placed more accurately than with only one, stationary interface.

The software was intended to provide information used to make decisions with therapeutic
purposes and could therefore also be classi ed as a class lla medical device according to
rule 11 of MDR Annex VIII.

Postoperative measurements were also done in 3D Slicer.

2.2 Navigation Work ow

This paragraph outlines all steps necessary for successful EM navigation for GBT catheter
insertion, with active tumor tracking. One note has to be made that the work ow has not yet
entirely been performed because no eligible patients were scheduled in our institution yet.

2.2.1 Preoperative

Days before the procedure, 3D models of the pelvic structures and organs, including the
target lesion, are segmented from the MRI that is acquired one week before the GBT (T2-
weighted Turbo Spin Echo) (Fig. 16). The GMs, inserted during an earlier hospital visit
for accurate EBRT delivery, are localized in the MRI. The GMs are used intraoperatively
for landmark-based registration from US to MRI. The impact of pelvic organ movement
on the accuracy might be less signi cant, as the GMs are placed in close proximity to the
target lesion. The use of the Gold Anchor (Gold AnchorTM [44]) markers is preferred
over the conventional GMs (VisicoilTM [45]), because the Gold Anchors fold during
insertion and therefore anchor in the tissue, decreasing the chance of migration or falling
out (Fig. 12). Besides, increased visibility in MRI and US is reported for the Gold Anchor
markers [39, 46, 47].

Figure 12. Folded placement of a Gold Anchor [44].

Nevertheless, in case of problems localizing the markers in MRI, supplementary veri cation
is attained by performing a comparative analysis of marker positions in (CB)CT scans,
acquired during an earlier hospital visit (Fig. 13). The models are uploaded to 3D Slicer
on the navigation computer, in a predesigned startup scene to facilitate the intraoperative
navigation procedure.



Figure 13. GMs in corresponding slices in CT (upper two views) and MRI (bottom two views). The
GMs are indicated with a red circle.

2.2.2 Intraoperative

Preparation

After the patient is anesthetized and positioned in the leg supports, the Aurora Planar FG
is mounted below the bed. To compensate for FG movements during the procedure, a
6DOF patient reference sensor is attached to the patient's back, at a location with the least
movements due to leg repositioning. All EM sensor's locations are expressed relative to this

reference sensor, according to:

Ref _FG Ref

CathT — Cath T FG T

Ref _FG Ref

uss! “usSs T Fg T ®)

Ref _FG Ref
FIethubeT ~ FlexTtube T FG T

Afterwards, the surgical eld is covered, and the RTO proceeds with the sterile procedure.

Image Registration

Landmark-based registration is performed using the GMs as landmarks to nd a 4x4
transformation matrix that describes the rotation and translation from the reference sensor
reference framezer , to the MRI eld reference framgir; , noted ag{y' T (Fig. 14).

Firstly, the GMs are localized by the EM-tracked TRUS&i# (EQ. 5 The GMs are ordered

in accordance with the GMs in the MR}r p. As there are only three GMs, automatic
point matching does not give accurate results, so manual point matching is the most robust
way.

Secondly, the transformation matri§®' T, is calculated, according to the Procrustes
algorithm (section 1.2.3). With that, the objectgia were transformed tQr, , enabling

an overlay of MRI and US. The transformations applied to the US image and the insertion
stylet are:
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U T=UST ST M T o

MRI _ Ref MRI
CathT ~ Cath T Ref T

The FRE of this initial registration (Eq. 3) is calculated for registration accuracy measure-
ment, noted ab RE it -

Figure 14. A schematic overview of the transformations that were done in the navigation work ow.

Tumor Tracking

A tumor tracking mechanism is incorporated as the pelvic organs and structures are de-
formable, causing inaccurate navigation when the RTO adds pressure to the cervix with the
US transducer or with a catheter. The rst freehand catheter is placed with the EM-tracked
insertion stylet by the RTO. After withdrawal of the insertion stylet, the 6DOF FlexTube
sensor is inserted into the catheter and xed with sterile tape. The GMs are visualized again
and marked ik jexTube , DY transforming the US image according to:

FlexTtube + — USs 4 FlexTube
USi T=ug Tyss T (7

FlexTubeT js calculated according to Equation 1 and 2, and the Procrustes algorithm de-
scribed in section 1.2.3 (Fig. 15).

Catheter Insertion

The subsequent freehand catheters are inserted with the EM-tracked insertion stylet, visual-
ized real-time, relative to the FlexTube sensor and thus relative to the moving target area.
To optimize the user experience, ve interfaces are shown, of which two 3D interfaces, the
US image interface, and two 2D MRI slice interfaces (Fig. 16, Fig. 17, Fig. 18). The rst
3D interface shows a global view of the 3D models, and the second 3D interface shows
a 'catheter view', either in line with or perpendicular to the needle, where the camera
moves along with the needle movements. Previous preliminary research in the NKI has
shown that having two 3D interfaces gives a clearer view of the 3D structures, on a 2D
screen (Van Aalst, 2023). The 2D MRI interfaces convey one axial view, one sagittal view,



Figure 15. A visualization of the tumor tracking transformation.

and one in-plane needle view. The catheter is displayed with a targeting line, displayed
in red in Figure 16, indicating the direction of catheter insertion. Preoperatively planned
catheter paths are visualized to serve as insertion guides. Besides, a breach warning module
displays the distance from the catheter tip to the target lesion, or from the catheter tip to the
preoperatively planned path (Fig. 17). After insertion, the catheter paths are visualized with

a margin of 5 mm, to provide insight into dose tumor coverage (Fig. 18).

The US- and EM data are recorded during the procedure for postoperative analysis. The
procedure is evaluated with the outcome measkiRE jni andF RE tumorTracker BESIdES,

the TRE (Eq. 4) is calculated by comparing the distances between the catheters and
surrounding organs for both the EM-reconstructed catheters and the MRI-reconstructed
catheters.

Figure 16. The navigation interface in 3D Slicer with a pelvic 3D model containing a uterus (pink),

tumor (purple), bladder (blue), bones (beige), the TRUS transducer, the preoperatively
planned catheter paths (yellow), and the real-time visualized catheter (blue) with a
targeting line (red). The left upper view displays the third-person catheter view, and the
right upper view displays the 3D global view. In the red interface, the US is displayed
with an overlay of the 3D model. The green interface displays the axial MRI view and
the yellow interface the in-plane view, both with the segmented organs, indicating where
the catheter will be placed by the red circle/line.
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Figure 17. A visualization of the breach warning module, the upper view shows the distance from
the catheter to the tumor, and the lower view shows the distance from the catheter to the
closest preoperatively planned path.

Figure 18. The navigation interface after catheter insertion. Four inserted catheters are displayed in
dark green, with a margin of 5 mm in light green.



2.3 Accuracy Tests

2.3.1 EM System Accuracy

The EM tracking system underwent testing in a clinical environment, using a method based
on a standardized test proposed by Hummel et al. [48] (Fig. 19). The test setup involved a
clinically used OR bed with a metal reduced bed insert, two leg supports, and the Aurora
NDI planar FG. A plate with 8 6DOF sensors, tting a box with a grid of 10x7 positions
with a spacing of 5 cm, resulted in a measurement grid of 35x45x30 cm. The NDI track
software was used for measurements.

Per sensor location, 150 measurements were averaged to get one mean position and orienta-
tion. The obtained grid was registered to a virtual grid in Matlab 2023a using an iterative
closest point algorithm. The positional errors were calculated based on the distance between
the virtual grid and the sensors, being a measure of the accuracy. The jitter was found by
calculating the RMS of the Euclidian distances between the measured locations and the
mean location, over all the measurements, being a measure of precision. To obtain clinically
relevant measurements, measurements at more than 330 mm distance in the z-direction from
the eld generator were excluded, resulting in 5 vertical levels.

Figure 19. The experimental setup of the Hummel board test [48].
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2.3.2 US Accuracy

Both the sagittal and the transverse imaging plane of the TRUS were calibrated according to
the method of Bo et al. [28], section 1.2.4. To quantify the accuracy of the EM-tracked TRUS,
the FRE was calculated (Eqg. 3), and the TRE by means of the leave-one-out-method [24].
With this method, the registration is performed again but with one point left out. This point
is used for measuring the TRE, which is the Euclidian distance between the transformed US
point and the EM point. This is done for all points. Finally, the RMS of the found TREs
was calculated to get a single performance measure (Eq. 4).

2.3.3 Stylet Accuracy

The accuracy of the EM-tracked stylet was measured by pointing at a known reference point
on the Aurora 6DOF reference sensor tool [17] (Fig. 20). A total of 76 points were recorded
in different positions in the EM eld. The mean and standard deviation of the 76 errors were
calculated.

Besides, the angle of the sensor in the tube was measured by spinning around the needle
axis, placing ducials at the tip of the needbg, and at the end of the needbg,¢. The

angles between all possible combinationp&f andp, were calculated. The half of the
largest angle was assumed as the angle of the sensor in the tip (Fig. 21).

Figure 20. The Aurora NDI 6DOF reference tool (diameter: 25 mm, thickness: 5 mm) [17].

Figure 21. Schematic overview of the measurements of the sensor angle in the insertion stylet.



2.4 Phantom Tests

Phantom tests were conducted to test the initial accuracy and system usability with a prostate
phantom containing a rectal wall, seminal vesicles, perineal membrane, a urethra, three
lesions, and three GMs (Fig. 22). All structures are visible with (CB)CT, MRI, and US.
CBCT served as preoperative imaging, as it was quick and easily accessible. The structures
were segmented using 3D Slicer software.

Figure 22. The prostate phantom with the TRUS transducer inserted. The middle view displays a
US image and the right view displays a CBCT slice of the phantom, both with a GM.

During the tests, the users located the GMs with the EM-tracked TRUS. Landmark-based
registration with the GMs was employed to register the EM eld with the CBCT, resulting in
the initial FRE, FRE; (Eg. 3). The user placed one catheter and inserted a FlexTube sensor
in the catheter, serving as a tumor tracker. Landmark-based registration was performed again
with the locations of the GMs relative to the FlexTube sensor, resulting in the tumor tracker
FRE, FREumortracker SUbsequently, the user placed six catheters. A recorded US sweep
was made of the entire prostate. To evaluate the overlay accuracy, the distances between
the EM-reconstructed catheters (Gagh and the US-reconstructed catheters (gg)hwvere
calculated (Fig. 23). The RMS of the shortest distances from ducials placed along{ath

to Catlgy was calculated as TRE. Additionally, the RMS of the US-tip to EM-tip distance
was calculated to quantify the z-direction accuracy of the catheter (gyror

Figure 23. Schematic presentation of the phantom test outcome measures, which gredfiRE
FRETumorTracker TRE: and Errqrp-
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2.5 Case study: The feasibility of EM tracking for GBT catheter insertion

Two patients scheduled for intrauterine BT were included in our case study. The patients
underwent regular intrauterine BT, thus a procedure without the placement of freehand
catheters. Consequently, only the rst part of our proposed work ow could be executed.
However, due to the absence of eligible patients with freehand catheters after the METC
approval, we proceeded with the regular procedures to gain clinical experience.

3 Results

3.1 Accuracy tests

3.1.1 EM system accuracy

The position error was visualized as a vector at their position in the grid, and the errors
were plotted against the distances to the FG (Fig. 24). The mean error was 0.64 mm. The
error was higher at larger distances from the FG. Besides, higher errors were seen at the left
superior dorsal corner (patient perspective). The mean jitter was 0.02 mm.

Figure 24. Position error in the EM eld in a clinical setup. The upper graph displays the errors at
the measurements' positions in the grid. The grid is rotated such that the directions
correspond with the directions in the upper image in Figure 19. The lower graph shows
the relation between the distance to the FG.



3.1.2 US calibration accuracy

For the transverse US calibration, the FRE \&¥ 0:.65 mm and the RMS TRE was
1:59 0:70mm. For the sagittal US calibration, the FRE wa65 0:32mm and the
RMS TRE wa€):72 0:37 mm.

3.1.3 EM-tracked stylet accuracy

The calibration RMS of the EM-tracked stylet w23 mm. The mean position error of
the EM-tracked stylet wa@54 0:14 mm (erro, = 0:14  0:07 mm; errog, = 0:51
0:19mm; error, =0:10 0:11mm): The angle of the sensor in the tube vies .

3.2 Phantom tests

The phantom tests were executed four times, with three different EM navigation specialists.
With six catheters per phantom test, a total of 24 catheters were inserted. The resulting model-
US overlay and 3D model view are visualized in Figure 25. FRENd FREumortrackerfOr

each experiment are displayed in Table 1, the RMS of the Ep,cnad the mean TRE are
displayed in Table 2. The mean FRE for all experiments®@8 0:23 mm for the initial
registration and:74 0:24 mmfor the tumor tracker registration, relative to the sensor in

the catheter. The mean overall US-catheter to EM-catheter distance®as 0:60 mm.

The mean US-tip to EM-tip distance wa®4 0:72 mm.

Table 1. FREi; and FREymortrackerOf the four phantom experiments and the overall mean and
standard deviation (STD) (in mm).

Experiment 1 2 3 4 MeanxSTD
FREn 049 1.09 0.77 0.96 0.83+0.23

Table 2. The mean RMS errgs and TRE of the four phantom experiments separately and overall
(in mm).

Experiment 1 2 3 4 Overall
Error jp Mean  3.17 4.25 3.02 4.75 3.04
STD +134 +156 +158 =211 £0.72

TRE Mean 1.49 2.67 1.55 1.04 1.69
STD +0.77 +*1.07 +0.67 =041 =£0.60
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Figure 25. Results of the phantom tests with the US image on the left and the 3D view on the right.
The yellow paths are the EM-reconstructed paths and the purple paths are the
US-reconstructed paths.



3.3 Case study: The feasibility of EM tracking for GBT catheter insertion

A total of three procedures for two patients were included. Procedure 1 involved the
placement of catheters through the applicator. Procedures 2 and 3 only involved insertion of
the applicator, without catheters.

The rst part of the proposed work ow, described in section 2.2 was followed, including
preoperative preparation and image registration. In addition to the MRI 3D model, a second
3D-pelvic organ model was created based on a preoperative CT scan. The bladder lling in
this CT scan matched the intraoperative situation better. Therefore, both the GMs in MRI
and CT were used to compute the registration.

The GMs were clearly visible in the US images, brightly hyperechoic with a reverberation
artifact, as can be seen in the left US image in Figure 26 and in the left US image in Figure
27. This enabled registration with a mean KEREBf 2.4 mm for both the CT-US and
MRI-US registration. The FR; for each procedure is displayed in Table 3.

Upon visual inspection of the overlay, it's clear that the overlay error was bigger than the
given FRE (Fig. 26, Fig. 27, Fig. 28). In procedure 1, the CT-US overlay was better than
the MRI-US overlay, in procedure 2, the MRI-US overlay was better, and in procedure 3
they were comparable. Quantifying the TRE was challenging due to the absence of clear
anatomical landmarks and the rounded nature of the uterus. Consequently, the TRE was not
calculated in the study.

Figure 26. The overlay of the CT model (left) and the MRI model (right) onto a US image after
registration, and the corresponding CT and MRI slices with segmented structures, for
procedure 1.
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