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1. Introduction

Twin-to-twin transfusion syndrome (TTTS) is a severe disorder that often leads to

the death of monochorionic twin fetuses, if left untreated. Current prenatal
interventions to treat the condition involve the use of rigid fetoscopes for targeted
laser coagulation of the vascular anastomoses. These tools are limited in their
area of operation, making treatment challenging, especially in cases with anterior
placentation. Herein, a robotic platform to perform this task using remote
magnetic navigation is proposed. In contrast to rigid tools, the presented custom
magnetic fetoscope is highly flexible, dexterous, and has considerable advan-
tages, including safety and precision. A visual servoing algorithm that allows the
surgeon to navigate in the uterus with submillimeter precision is introduced. The
system has been validated on ex vivo human placentas in a setting that mimics

the real intraoperative conditions.
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In the past 40 years, the percentage of twin
pregnancies has increased by almost a third
as a result of a rise in medically assisted
reproduction and delayed childbearing.!"
Of the 1.6 million twin pairs born around
the globe every year, ~15% are monochor-
ionic (MC), i.e., they share the same pla-
centa.””) These pregnancies present more
frequent complications than dichorionic
twins that develop with separate pla-
centas.l”! One of these complications arises
from vascular anastomoses that connect
the blood circulation systems of both
fetuses to the placenta. Twin-to-twin trans-
fusion syndrome (TTTS) affects 10-15% of
MC multiple pregnancies and is character-
ized by a chronic, imbalanced blood flow from the donor to the
recipient twin, which results in a disproportionate nutrient sup-
ply.l" If left untreated, the consequences of TTTS are severe,
leading to a mid-trimester mortality rate of up to 95%.")

State-of-the-art treatment of TTTS involves fetoscopic laser
coagulation of the placental anastomoses. Under ultrasound
guidance, the surgeon identifies a safe entry site in the maternal
abdomen from which a fetoscope is inserted through a trocar
(typically 2.2-4 mm in diameter; 7-12 French®)) into the recip-
ient’'s amniotic sac. The fetoscope consists of a camera and a
working channel to deliver laser light through an optical fiber
at the desired location. Before the surgeon ablates the vessels,
the vascular architecture is scrutinized and the connecting ves-
sels are identified. Subsequently, all identified anastomoses are
coagulated with a neodymium-doped yttrium aluminum garnet
(Nd:YAG) or diode laser such that the MC circulation is con-
verted into two independent vascular systems.”! To ensure no
small vessels are missed, the laser is repeatedly fired along a line
connecting all the coagulation points from one placental border
to the other (known as the Solomon technique).>*”!

Mortality rates still range from 20% to 48% after this surgical
procedure and significant complications are reported in 6-18%
of surviving newborns.'” Neurological damage to the fetus is
also more likely to occur in technically difficult cases.®! As the
procedure is demanding, outcomes are also dependent on
the surgeon experience.’'”) Cases with anterior placentas
(i-e., located on the abdominal side of the uterus) constitute a
major challenge, even for experienced surgeons. Good access
and visualization of anterior placentas are difficult with rigid
endoscopes.'] This can prevent complete coagulation, which,
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in turn, can lead to the recurrence of TTTS.>'? Moreover, by
lasering at other than an optimal 90° angle between the endo-
scope and the vessels, there is an increased risk of damaging
healthy surrounding tissue. Therefore, procedure-related compli-
cations occur more frequently in cases with anterior placentas.™*!
Surgical equipment for TTTS surgery has remained largely
unchanged since its introduction 30years ago."” Straight, rigid
endoscopes can be used for the coagulation of posterior placentas.
To reach anterior placentas, endoscopes that are curved or
equipped with deflection mechanisms are preferred. As accessing
anterior placentas is particularly challenging, alternative methods
have been considered for these specific cases, including the use of
sidefiring laser fibers®™* and laparoscopic assistance.>*>*¢
Several research groups have attempted to facilitate the surgery
by developing novel endoscopes with automated steering. None
of these efforts have reached clinical readiness to date.l">*”~**
In this work, we introduce a robotic platform to perform TTTS
surgery using remote magnetic navigation (RMN). In RMN,
magnetic fields are used to navigate devices containing magnetic
material.”®) Due to the low magnetic susceptibility of tissue,
these fields have no reported negative impacts on the human
body,?® and RMN is, thus, particularly promising for minimally
invasive robotic surgeries. In 2001, Stereotaxis Inc. designed the
first clinical system to manipulate catheters for heart ablation
procedures via external magnetic fields that are generated with
mobile permanent magnets.””! In contrast to traditional cardio-
vascular catheters that use tendon wires to steer the orientation of
the ablation tip, the magnetic catheter offers higher flexibility,

www.advintellsyst.com

stability, and precision.”**" While this technology is well estab-

lished in clinical settings for cardiac ablation procedures,*?
researchers have only recently investigated other applications,
such as navigating through the neurovascular system,**** mag-
netic guidance for steering a catheter to a biopsy target within a
pig brain,®*! steering a magnetic catheter for ophthalmic
applications,**>% and manipulating magnetic tools for fetal
surgery.*” Other research has focused on the vascular
system,*1* colonoscopies,**! the cochlea,** or the nose.*”!
Here, we use a flexible, magnetic fetoscope with an integrated
high-resolution camera and a working channel for a laser fiber.
The fetoscope can be readily navigated at the different possible
locations of the placenta within the uterus during surgery,
including the challenging position of the anterior placenta. To
steer the fetoscope remotely, we use an electromagnetic naviga-
tion system (eMNS) in combination with a robotic advancer unit,
as shown in Figure 1. While the eMNS generates the necessary
magnetic fields to guide the orientation of the magnetic tip, the
robotic advancer unit is used to insert or retract the fetoscope.
This combination allows for a large workspace and provides con-
trol over the orientation of the fetoscope and its integrated laser
fiber. RMN is particularly interesting for TTTS surgery, as it ena-
bles precise manipulation of highly flexible, small tools, which
increase patient safety. In addition, our platform offers many
of the advantages of conventional robotic approaches, such as
tremor reduction, increased dexterity, and automated and teleop-
erated manipulation. To automate steering, visual servoing tech-
niques have been extensively used for several decades in the

Figure 1. Overview of magnetically guided fetal surgery. The eMNS is positioned near the patient. The electromagnetic coils embedded in the eMNS
create the necessary field to deflect the magnetic fetoscope within the patient’s uterus. During the procedure, the fetoscope can be guided to the desired
location using visual feedback from the camera as well as from commonly used ultrasound probes. The robotic advancer unit allows the surgeons to
accurately insert the fetoscope into the uterus. Combined with the magnetic field, this allows them to place it precisely at a desired distance to the
placenta. The laser can be activated at any time, similar to conventional fetoscopes.
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industrial context using rigid robotic manipulators that operate
in a well-controlled environment.**! However, their use for med-
ical soft continuum robots remains extremely challenging to
date. This is due both to the complexity and variability of the
visual and physical environment of the endoscope, and to the soft
robot’s dynamic behavior.*”! There is, however, a clear trend
toward supervised autonomous actions of robotic endoscopes,
as visual servoing has shown the potential to automate repetitive
tasks such as wound closure and anastomosis.**! Our main con-
tributions to this article include: 1) the design of a fully functional
magnetic fetoscope, 2) the derivation and implementation of a
dedicated visual servoing approach for navigating magnetic devi-
ces with a distal camera, 3) a method to update the Jacobian
matrix that captures the variability of the physical environment
due to changes in fetoscope strain or inaccuracies in the eMNS,
as well as 4) a demonstration of these contributions by perform-
ing a semi-automated magnetically guided ablation on exvivo
human placentas in a setting that mimics the environment of
a conventional procedure.

Following the introduction, two modes of operation are intro-
duced in the Results section. A teleoperated mode allows the sur-
geon to have direct control over the movements of the fetoscope,
and a second visual servoing mode allows the surgeon to select
targets on the fetoscopic image to reach the desired location. We
then present the performance of our system and experimental
results conducted on ex vivo human placentas. In the discussion,
the results are examined and in the conclusion, we present a
short summary and future prospects of this work. Finally, the
methods are presented.

2. Results

2.1. Remote Magnetic Navigation

Figure 2 shows the setup and components used in this study.
They are described in detail in Section 5. The externally applied
magnetic fields were generated by the MagHead, a custom
eMNS, which uses three electromagnets in a parallel triangular
arrangement to generate magnetic fields. By regulating the
currents in each coil, it can generate magnetic fields for
manipulation.

The fetoscope contains permanent magnets at the distal tip,
such that a magnetic torque can modify its orientation. The
magnetic torque t; € R in (N-m) applied on a single permanent
magnet i is given by

t; = m; x b(p;) (1)

where m; € R® denotes the magnetization vector of the perma-
nent magnet in (A-m?) and b(p;) € R® denotes the externally
applied magnetic field’s flux density at the location p; of the mag-
net in (T).

The magnetic tip tends to align in the direction of the applied
magnetic field due to the magnetic torque, which is used to
manipulate the orientation of the catheter. The angle between
the catheter orientation and the field orientation depends on
the stiffness of the catheter and the magnitude of the magnetic
field.
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The magnetic field was controlled by transmitting the neces-
sary currents to the eMNS via a TCP/IP connection that was
established using the open-source robot operating system
(ROS). A set of currents iy € R? that produce the desired mag-
netic field by at a desired position py can be found using a cali-
brated magnetic model.[*")

ig = Al (pa) mbg (2)

where Al (pg) € R¥3 is the pseudoinverse of the actuation
matrix A, at the position pg and by € R? is the desired field
vector in the so-called eMNS frame (subscripted “M”) that is
attached to the eMNS and in which the magnetic model was cal-
ibrated. For simplicity, we assume the magnetic field is homo-
geneous (i.e., spatially invariant) within the eMNS workspace W?
so that

b(p) =bgVp e W? (3)

For the purpose of magnetic calculations, we can, therefore,
assume py to be a fixed position at the center of the workspace.
We control the magnetic field in a closed loop, so inaccuracies
coming from the model are rejected by the controller.
Previous work with this*”! and other eMNSs have shown that
this simplification ~generates satisfying results.>¢3%3%->0
During the experiments, the field magnitude ||bg|| was constant
at byg = 18 mT, which is approximately two orders of magni-
tude smaller than a clinical magnetic resonance imaging
(MRI) system.

2.2. Teleoperation

To allow manual teleoperation of the fetoscope, we used the
Phantom Omni haptic input device (Figure 2A). The manual
operation mode would typically be used to move the fetoscope
to a broader area on the placenta before engaging the automated
control mode described in Section 2.3. The most intuitive steer-
ing with the Phantom Omni’s stylus occurs when the motion of
the stylus corresponds directly to that of the catheter in the mag-
netic field. However, the stiffness of the catheter, gravity, and
inhomogeneities of the field can lead to a misalignment between
the input field angle of the Phantom Omni and the fetoscope
orientation. The Phantom Omni was initially calibrated in mul-
tiple configurations to create a reference table. The reference
table maps the orientation of the stylus to the magnetic field,
which leads to corresponding angles between the stylus and
the catheter tip. During the experiments, this reference table
was interpolated online to apply the correct input field for the
desired orientation of the fetoscope, as shown in our previous
work.[*]

The insertion length of the catheter can be adjusted with but-
tons located on the Phantom Omni’s stylus. Furthermore, the
gravity of the stylus was haptically compensated to make it virtu-
ally weightless for the user.

2.3. Visual Servoing

To automate the positioning of the catheter tip with high preci-
sion, we introduce an automated visual servoing approach that is
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Figure 2. Magnetic fetal surgery platform used for the ex vivo study. A) Experimental setup to validate our approach. A model of a pregnant woman and
uterus (scale bar corresponds to uterus size) that contain an ex vivo placenta is placed near the eMNS. The magnetic fetoscope is inserted into the uterus
through a 10 French trocar, typically used in a clinical setting. The laser fiber is integrated into the magnetic fetoscope and can be guided to the desired
location, visualized with the integrated camera. B) The fetoscope is comprised of different sections of stiffness to increase stability and maximize maneu-
verability (see Section 5). Permanent magnets embedded at the tip are accompanied by reinforcement coils to ensure uniform bending of the fetoscope.
C) The fetoscope is axially actuated with a customized robotic advancer unit. The lateral actuation is achieved by applying an adequate magnetic field
at the location of the tip. To facilitate surgeries on anterior placentas, the tool was designed to achieve an upward bending angle of 90° at a realistic

(15-25 cm) distance from the eMNS.

shown in Figure 3A. The aim is to control the vertical and
horizontal translations of a feature that is located at
1Py = [X; Y;]T € Z% in the image coordinates X-Y (subscripted
“I”). Therefore, the goal is to find an appropriate field by such that
the induced torque described in Equation (1) creates the desired
movements in the image.

The rotation of the magnetic field by that leads to this motion
is expressed as a chain of intrinsic rotations with a coordinate
system x'—y’—z’ (subscripted “B”), which is fixed on the field vec-
tor by. As shown in Figure 3B, we chose our coordinate frame
such that by = [by,g 00]T. Each successive rotation and the
associated change of the heading of by can then be fully parame-
terized with two intrinsic Euler angles a; and a,, which describe
rotations around the z’ and y’ axes. With u = [a; @], we can

Adv. Intell. Syst. 2022, 4, 2200182 2200182 (4 of 12)

find a Jacobian matrix ] € R?*? that approximates the first-order
differential system behavior around the current heading of by>"

Pr=—Ju “4)
assuming the relative motion between the placenta and the feto-
scope’s tip is only caused by the magnetic actuation. When J has
full rank, we can directly relate the parameterized angular veloc-

ities u of the magnetic field to the feature velocity ;p; in the
image coordinates with

u= —rllpf' ®)

© 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 3. Visual servoing workflow. A) The aim is to control the position of a feature ;ps in the fetoscope image. This can be achieved by moving the
fetoscope with a magnetic torque t = m x by. The desired magnetic field that needs to be generated by the eMNS is calculated with a linearized inverse
kinematics model that is valid in a moving reference frame {B}. The intrinsic rotations of the magnetic field in that frame can be parameterized with two
angles a; and a;,. These two control inputs are then transformed into the input yby in the inertial eMNS frame {M} to generate the desired field. The
Jacobian estimator provides the Jacobian matrix ] to the controller by monitoring the feature trajectory ps. The measured control error ;e as well as the
detected misalignment y of the Jacobian estimator is subjected to a proportional-integral-derivative (PID) control law. B) The x-y—z eMNS frame is
inertial, while the x'—y’—z’ frame is a moving coordinate system attached to the field vector b,. The magnetic torque t is generated by the interaction of the
embedded magnets with magnetization m and the magnetic field by. C) The feature trajectory ;ps is monitored in the fetoscope image coordinate system
(). A poorly estimated Jacobian matrix leads to an increased angle y between the actual and the desired heading of the feature trajectory.

For fetoscopic laser coagulation, we assume that the position 6= —(K,e+K edt + K,,¢) 3
of the laser in the image frame is constant and centered in the B pe he e ®)
middle of the image at ;p,.s = [00]". To bring a tracked feature z
Py to the center of the image, we define the control error
e €72 as where K,., K;,, and K, are constant scalars that are found

experimentally. Thus, to bring a tracked feature ;p; to the center
1€ = [Prer —1Pf = —1Pf (6)  of the image, we can calculate the necessary control inputs u with
u=J"e ©)

Combining Equation (5) and (6), we arrive at the differential

equation governing the dynamics of our control system ~ 5.
where ;e € R? is the adapted control error that can be calculated

with Equation (8). The control input u is translated into a
magnetic field vector by by intrinsically rotating the previous field
vector by the increment Ou = [day 0ay|T with Oda; = a0t
To exponentially decrease the error in Equation (7) with mini- and da, = a, 0t in their respective axes. Since the implementa-

u = liljé. (7)

mal overshoot and static error, we introduce a proportional_ tion of the controller is realized in discrete time, we denote
integral-derivative (PID) control law that is governed by Au = [Aa; Aay|T as their discrete counterparts. We can
Adv. Intell. Syst. 2022, 4, 2200182 2200182 (5 of 12) © 2022 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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characterize this intrinsic rotation R, € R**3 with two matrices
R, € R¥3 and R € R3>*3 that describe the elemental rotations

around the 7z’ and y axes of the moving x'-y'-z’ frame
(Figure 3B). With our incremental control input Au, we can write

RA(AU) = RZ’(Aal)Ryf (A(lz) (10)
with
[cos(Aq;) —sin(Aa;) O]
R, = |sin(Aa;) cos(Aay) O (11)
0 0 1

[cos(Aa;) 0 sin(Aay) ]

R, = [0 1 o . (12)
Y .

| —sin(Aa,) 0 cos(Aay) |

To calculate the rotation matrix Ry, € R3*3 that describes the
rotation from {B} to {M} at the time step k > 1 in the discrete
implementation of the controller, we apply the iterative update law.

R; = Ry 1Ry (Awy) (13)

where R, defines the initial orientation of the magnetic field and
Auy, is the angle increment to be performed at step k. Finally, we
can use this transformation to express our desired field vector in
the inertial eMNS frame as

mbg = Ry, gbg (14)

The visual servoing controller is typically initialized after
moving to a desired area via teleoperation.

2.4. Jacobian Matrix Estimation

The inverse Jacobian matrix J~! is initially estimated by perform-
ing two perpendicular motions with an angular velocity w in the
moving x'—y'—z’ frame." Given the two inputs 1; = [0 0]T and
1, = [0w]", we record the respective feature velocities p; and
1P, The measurement of the feature velocities in discrete time
is described in Section 5. With U = [0, u,] and P = [;p; 1p,],
Equation (5) can be reformulated to include two motions. We
can then calculate an estimate j~! of the Jacobian matrix with

jo!=-up! (15)

Due to the nonlinear kinematic behavior of the magnetic feto-
scope, the estimate of the Jacobian matrix in Equation (5) is only
valid within a limited area of operation. To address this problem,
we employed a method to continuously update the Jacobian
matrix during the procedure. As shown in Figure 3C, a poor
Jacobian matrix leads to feature trajectories that move in a spiral
toward the central target (white dashed line). Even though the
PID controller can often overcome a poor Jacobian matrix, this
leads to a slow control algorithm and, unnecessary, distracting
movements of the fetoscope. To overcome this problem, we
introduced a model-free approach where we measured the mis-
alignment angle y during motion (Figure 3C). In the discrete

Adv. Intell. Syst. 2022, 4, 2200182 2200182 (6 of 12)

controller, this was implemented by monitoring the feature tra-
jectory and extracting y, with the law of cosines.

HIek—nHZ + || e —Iek—nHz - Hlekllz) (16)

y = arccos
( ZHIek—nH ! ||Iek _Iek—nH

where 7, denotes the misalignment angle at time step k, e, € 72
denotes the error in the current time step in the controller, and
[€_n € Z? denotes the measured error n > 1 time steps ago. The
choice of n is subjected to a trade-off between noise minimiza-
tion and the ability of the measurement to capture recent
changes in y.

We control the fetoscope by rotating the magnetic field by to
suitable positions. To simplify, we assume that a misalignment
due to a poor Jacobian matrix can be updated with a rotation
matrix. The misalignment y; acts as an estimate for how much
the Jacobian matrix should be rotated. Similarly to Equation (8),
the aim is to achieve an exponentially stable dynamics in y; by
applying a PID law.

Ye=— <Kpﬂk +K;, / 7idt + Kd,ﬂ"k) (17)

where K,y Kiy,
experimentally. Depending on the orientation of the misalign-
ment, we can then update the inverse Jacobian matrix clockwise
or counterclockwise. In practice, this update does not happen
instantly, but is applied to the Jacobian matrix with an exponen-
tial decay profile over three time steps to avoid interfering with

the visual servoing PID controller derived in Equation (8). In

and K;, are constant scalars that are found

each of these time steps, we, therefore, apply a portion of ¥, that
we denote Ay,. We can then update our Jacobian matrix with

o1 e |CO8 (A;k> +sin (A;k>

Joo = L ~ (18)
ism(Ayk> cos (Ayk>

where k denotes the current time step in the controller. The com-

putation of the exponential decay profile can be found in Section 5.

2.5. Visual Servoing Performance

To demonstrate that our proposed visual servoing algorithm
works in various locations of the placenta within the uterus,
we placed paper patches of photographed placentas in anterior,
posterior, sideway, and frontal locations with respect to the entry
point. We imprinted four small visual markers in a 10 mm
square to have normalized ground-truth targets (Figure 4A,H).
To simulate realistic conditions for the feature tracker
(see Section 5), the markers are small, relative to the size of
the tracking window (height =100 pixels and width = 100 pix-
els). The fetoscope was moved via teleoperation to the respective
locations in the uterus and placed in front of the first marker with
the visual servoing algorithm by selecting the marker directly in
the fetoscopic image (see Movie S1, Supporting Information).
Subsequently, the fetoscope was moved to the other targets in
a counterclockwise fashion (targets labeled from I to IV in
Figure 4C,H). The controller threshold, i.e., the precision of
the visual servoing algorithm, was chosen as three pixels.
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Figure 4. Visual servoing results. A) The fetoscope is moved to different locations in the model uterus to test the performance of the visual servoing
algorithm. B) The mean time and standard deviation between targets for the different locations and controller methods (number of targets: n = 20). C-G)
Normalized feature trajectories for a controller with and without the Jacobian matrix update in the different locations. The distance between two targets on
the placenta (marked with a cross +) is 10 mm. The shaded areas indicate the range of the trajectories, whereas the line indicates their mean (number of
runs: n=15). Trajectories shown in subfigure C were acquired in the anterior location with a poorly calibrated Jacobian matrix. H) Fetoscopic view of a

feature trajectory example that is shown in subfigure D.

The path of the tracked feature ;p; is shown in Figure 4C-G.
They show normalized feature coordinates for each of the four
tracked markers in the anterior (C) and (D), posterior (E), side-
ways (F), and frontal (G) position of the fetoscope with respect to
its entry point as shown in Figure 4A. The four areas represent
the most common possible locations of the placenta in the con-
ventional procedure. To capture the real geometry, the model
uterus was designed realistically according to a uterus at about
24 weeks of gestation. Due to the normalization, the distance
between the center and any peripheral target point (both marked
with crosses +) corresponds to the real distance (10 mm)
between two markers on the image of the placenta. As shown
in Figure 4D-G, the Jacobian matrix was initially calibrated at
the starting location, whereas Figure 4C shows the result of
the Jacobian matrix calibrating approximately 800 pixels off from
the starting point at the anterior location. This graph indicates

Adv. Intell. Syst. 2022, 4, 2200182 2200182 (7 of 12)

that a poor Jacobian calibration leads to spiral movements
and, thus, increased time between targets (Figure 4B), if the
Jacobian matrix remains constant. In contrast, a controller that
makes use of the Jacobian matrix update pipeline can correct the
feature trajectory rapidly such that the final target is approached
in a straight line (Figure 4C, zoom-in). Nevertheless, in the case
of a well-calibrated Jacobian matrix, the updated algorithm will
not lead to improved times between tracked targets (Figure 4B).
Figure 4H shows a typical feature trajectory when navigating the
magnetic fetoscope on the anterior side of the uterus.

2.6. Ex Vivo Placenta Experiments
Two successive experiments on exvivo human placentas were

conducted to evaluate the viability of magnetic fetoscope laser
surgery for TTTS. The preparation of the placentas and the model
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in which they were embedded are described in the Methods sec-
tion. Two fetal surgeons who are experts in the conventional man-
ual procedure performed the procedures using our system. As
shown in Figure 5, the placentas were ablated by first navigating
the fetoscope to the target area in the uterus via teleoperation. We
evaluated both anterior and posterior locations of the placenta and,
thus, the fetoscope was either pointed down or up during the
respective experiments. Figure 4A shows the anterior location with
letter C and the posterior location with letter E. The entry point
(trocar) for the procedure is shown in Figure 2A. Once the sur-
geons steered the fetoscope to the desired location in the uterus,
the visual servoing control mode was activated to achieve accurate
positioning of the tip (see Movie S2, Supporting Information). The
target (;py) was selected manually in the fetoscopic image dis-
played on the screen. The robotic advancer unit was used to control
the insertion of the catheter, which, combined with the magnetic
field, can be used to control the distance between the laser fiber
and the tissue. To achieve a desired distance to the placenta at a
desired location in the uterus, it may, therefore, be necessary to
iterate between insertion and visual servoing (see Figure 5).
This strategy allows the operator to benefit from both the accuracy
of the magnetic manipulation, as well as their intuition for the
required distance between the placenta and the laser fiber to
achieve an optimal outcome of the ablation. Once the desired posi-
tion was reached, the laser was activated via a foot pedal to ablate
the vessels on the placenta. Similarly, to the conventional proce-
dure, the magnetic fetoscope does not move during ablation.
After the operation, the water was drained from the uterus model
and the placentas were removed for histological analysis.

Figure 6A shows the placenta that was situated in the posterior
location before (left) and after (middle) the ablation. The black
arrows indicate the positions where the surgeons targeted the
laser using the visual servoing algorithm. The differences in ves-
sel structure from the ablation are highlighted with a close-up. To
validate that the vessels were completely closed by the procedure,
a contrast agent was injected in the proximal and distal locations
of the targeted artery. A radiography of the injected placenta con-
firmed that the vessels had been completely coagulated and were
impermeable to perfusion, indicating a successful ablation
(Figure 6A, right, white arrows).

www.advintellsyst.com

Figure 6B shows the results of the magnetically guided laser
surgery on the anterior placenta. In this configuration, the mag-
netic fetoscope was bent ~290° to achieve a perpendicular incident
angle of the laser beam toward the placenta. We can see that the
targeted vessel was ablated successfully, while the surrounding
tissue remained intact (black arrows). Similar to the aforemen-
tioned, the ablated artery was injected with a contrast agent prox-
imal to the location of the ablations. The white arrows in the
radiography image of Figure 6B indicate the ablations that inhib-
ited further perfusion of the blood vessels in that area.

A fundamental challenge in TTTS laser surgery is to target the
anastomoses without damaging surrounding tissue. To validate
that the magnetic fetoscope can be positioned precisely enough
to avoid such damage, we analyzed the cell structure of the
ablated artery. The black arrows in Figure 6C mark the ablated
artery (right) that is highlighted in Figure 6A and an adjacent
untreated segment of the same vessel (left). The untreated artery,
sampled directly proximal to the location of the ablation, shows a
healthy structure. The same artery in the region of ablation
shows a complete coagulation with disruption of the adjacent
amnion membrane, which is a typical histological finding in a
successful ablation. Furthermore, the surrounding tissue
remains unharmed in all directions, indicating a precise posi-
tioning of the magnetic fetoscope.

3. Discussion

There is a growing need for steerable and flexible endoscopes to
visualize and ablate anastomoses on anterior placentas.[**? To
address this need, a robotic platform that enables precise and
intuitive navigation of a magnetic fetoscope anywhere in the
uterus is presented. We utilized a shared control strategy that
combines teleoperation and visual servoing. The semi-automated
control scheme leaves the task of adjusting the insertion of the
fetoscope and the target selection to the surgeon’s manual com-
mands, whereas the fetoscope positioning is automatically con-
trolled by a vision-based algorithm.

This control method enables the surgeon to directly target
locations in the fetoscopic image; thus, the lateral precision
(precision of the laser on the placenta) of this approach is

P

O—> Teleoperation — Target selection —> Visual servoing

Ablation

Insertion adjustment

Ablate Further Targets

Tlterate until satifsfied |

Move to different area in uterus

[ Surgeon in control
[ Computer in control

Figure 5. Workflow for magnetically guided ablation on ex vivo human placentas. The surgeon first moves to the desired location via teleoperation. The
desired target is then selected in the fetoscopic image. The visual servoing algorithm then moves the fetoscope toward the chosen target. Once reached,
the surgeon can adjust the distance by mobilizing the robotic advancer unit, if necessary. The process can be iterated until the desired location and
incident angle are reached. Finally, the surgeon performs the ablation by using a foot pedal.
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C 5mm

Héalthy artery

Ablated artery

Figure 6. Results of magnetically guided placenta ablation on exvivo human placentas located on the posterior and anterior walls of the uterus.
A) Experiments on the posterior placenta. Left: The black arrows indicate an artery that was ablated by the surgeons during the procedure. Middle:
The black arrows mark the same artery after magnetically guided laser ablation. Right: The proximal and distal ends of the artery are injected with
a contrast agent. A radiography reveals that the artery is no longer perfused after the ablation. B) Experiments on the anterior placenta. Left: Area
of healthy vessels to be ablated is marked with black arrows. Middle: The same vessels in the area marked with black arrows are completely coagulated
after the ablation. Right: The radiography image reveals that the area no longer supports blood flow. The white arrows indicate the beginning of the
ablated vessels, i.e., the location where the perfusion of the area has been prevented. C) Microscopic image of sliced and colored arteries before and after
magnetically guided ablation. Left: The image of the healthy artery (black arrows) was taken at the location directly proximal to the start of the ablated
region. Right: The sliced lasered artery (black arrows) shows a ruptured amnion due to the coagulation of the tissue. The surrounding tissue remained

intact, indicating a precise and minimally invasive ablation.

essentially only limited by the resolution of the camera, as the spa-
tial resolution of the generated magnetic field from our custom
eMNS far exceeds the related resolution in the fetoscopic image.
For the chosen threshold of three pixels, the lateral precision of the
fetoscopic laser on the placenta would amount to approximately
120 pm at a distance of 10 mm. It is possible that during operation,
the channel and spatial reliability tracking (CSRT) tracker moves
several pixels from its initial location. However, the surgeon can
reselect the exact desired location after moving to the vicinity. If
the tracker is occluded by an obstacle such as a fetus, it automati-
cally turns off the visual servoing algorithm and keeps the

Adv. Intell. Syst. 2022, 4, 2200182 2200182 (9 of 12)

magnetic field constant. As the magnetic fetoscope is highly flexi-
ble, unwanted physical contact with a fetus would inflict minimal
force. In these cases, the surgeon has to move the fetus and rese-
lect the desired target. Furthermore, the tracker is limited in
patients with almost opaque amniotic fluid. However, in these
cases, the amniotic fluid is routinely replaced with a temporary
fluid that improves visibility.® During the initial experiments,
the surgeons preferred a relatively high insertion speed
(12mms ") when using the robotic advancer unit in the teleop-
eration mode, whereas lower insertion speeds (3 mms™') were
preferred for high-precision tasks.
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In challenging procedures, the control algorithm for steering
the fetoscope via feature selection on the image allows the sur-
geon to focus all their attention on the ablation of the correct ves-
sels. This increases the chance of success for the surgery and its
accessibility: the training required to perform this operation
could be significantly less than for the current procedure, which
would facilitate exporting this surgery from highly specialized
centers to more remote geographical areas. Furthermore, the
surgeon can perform the procedure from a remote location
and is not constrained to the operating theater.

We demonstrated that the magnetic fetoscope is effective for
ablating placentas situated in an anterior location. A successful
photocoagulation of these placentas relies on a complete visuali-
zation as well as an incident angle of 90° between the laser beam
and the targeted vessels. Therefore, these cases are often inoper-
able because of the insufficient dexterity of rigid tools. In con-
trast, it is possible to move the magnetic fetoscope to any
location without the typical kinematic constraints of rigid tools.
Furthermore, the incident angle of the fetoscopic laser beam
can be adjusted with a combination of advancing the fetoscope
and modifying the field orientation. We believe that this semi-
autonomous approach is an efficient trade-off between intuitive
control and the ability of the surgeon to quickly adapt to new cir-
cumstances. The effectiveness of this type of co-manipulation
approach has been previously confirmed by the navigation of
a magnetic endoscope.**!

The results of our visual servoing experiments indicate that we
can precisely move the fetoscope to any location within the
uterus. To ensure a consistent performance, we continuously
update the Jacobian matrix that describes the system behavior.
Although previous studies have been dedicated to the Jacobian
matrix for steering magnetic continuum devices,?%>* we found
that these methods are difficult to implement in practice as they
are highly dependent on parameter tuning. In contrast, our
method only involves tuning three parameters of the PID
controller.

Previous work in the field of flexible, fully actuated fetoscopes
has focused on tendon-driven systems.'>'”) Tendon-driven sys-
tems are difficult to miniaturize and require multiple powered
actuators to be mounted on or near the fetoscope. For fully actu-
ated fetoscopes, it can, therefore, be challenging to accommodate
these robotic devices in the highly dynamic operating environ-
ment. However, the actuation for magnetically guided devices
is generated externally and transmitted wirelessly. This allows
us to manufacture miniaturized, light, and highly flexible tools
that can minimize the risk of injury to the fetus and the mother.
In addition, they could reduce the abdominal strain and the asso-
ciated risk of preterm premature rupture of membranes®* or
premature delivery.!®

A previous study introduced a method to intuitively steer a
tendon-driven fetoscope in a cooperative manner™? by repurpos-
ing a commercially available fetoscope and testing it in an in sil-
ico environment. This system reports a misalighment error of
~5°. For a typical laser distance of 10 mm to the surface, this
would amount to a lateral precision on the placenta of
~900 pm. Therefore, magnetic actuation has considerable advan-
tages over other flexible actuation methods, mainly for enhanced
precision, the ability to use easy-to-manufacture miniaturized
fetoscopes, and increased procedural safety.
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4, Conclusion

Fetoscopic laser coagulation for TTTS is an established surgical
technique for treating malformations that pose a significant
threat to unborn twins. However, the associated procedure-
related complication rate is dependent on the location of the pla-
centa and the associated shortcomings of rigid surgical tools. To
approach this challenge, we demonstrated the design, manufac-
ture, and control of a miniature (3.1 mm OD) magnetic fetoscope
via an eMNS. The semi-automated control method enables the
surgeon to safely, precisely, and quickly target vessels by select-
ing them in the fetoscopic image. A wider range of movement
can be executed via teleoperation by means of a haptic input
device. We demonstrated that our proposed Jacobian matrix
update method ensures a robust performance of the controller
in different locations of the placenta within the uterus. The sys-
tem was successfully validated on two human ex vivo placentas in
a medically relevant setting that included a clinical laser, medical
trocars, a to-scale uterus model filled with water, and an eMNS
that is compatible with the operating theater. To our knowledge,
we presented the first robotic system to operate on an anterior
placenta in a fully enclosed, realistic model, while providing a
full histological analysis to show the effectiveness of the
procedure.

Future work will be directed toward animal trials and, poten-
tially, human patients. Specifically, with novel, high-resolution
miniature image sensors infiltrating the market in the future,
the design of the magnetic fetoscope can be further optimized
to increase the visibility for the surgeon. In the future, novel
imaging technologies could be embedded in the magnetic feto-
scope to enhance its performance. For example, optical ultra-
sound could potentially provide the distance of the tool from
the placental vessels,”® as well as a method to track the progress
of the ablation.”®

5. Experimental Section

Experimental Setup: The experimental setup to simulate magnetically
navigated TTTS surgery exvivo is shown in Figure 2A. A to-scale
phantom of a pregnant woman and a uterus was created (3D printed,
polycarbonate-fused deposition modeling, fits in a 250 mm x 250 mm
x 250 mm box) and placed in close proximity to the eMNS. The ex vivo
human placentas were glued to anterior and posterior locations before
filling the closed uterus model with water. Human placentas were obtained
from patients with written consent and approval from the Ethical
Committee of the District of Zirich (study Stv22/2006). The magnetic
fetoscope was inserted into the uterus through a commercially available
10 French trocar (Transcot, Switzerland), typically used in this type of sur-
gery. During the experiments, the operator guided the fetoscope to the
desired location either via teleoperation or visual servoing before activat-
ing the laser using a pedal. The laser unit (Kerr lens mode-locked Nd:YAG
laser MY 60) that was interfaced with our magnetic fetoscope was a clinical
system, capable of delivering a 60 W laser beam at 1064 nm. For the pur-
pose of this study, we used a maximal power of 20 W. The contrast agent
(Angiofil, MediLumine Inc., Canada) was injected into the placental ves-
sels for validation.”!

Electromagnetic Navigation System: The eMNS is capable of generating
magnetic fields up to 20 mT in magnitude in any direction within a 25 cm
side cube centered at 13 cm from the surface of the coils. It is capable of
generating these magnetic fields at frequencies of up to 5 Hz. During the
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experiments, we typically operated at distances between 15 and 25cm
from the eMNS.

Navigation: The teleoperation mode was facilitated using the Phantom
Omni (3D Systems, USA) haptic device, while the visual servoing control
mode was accomplished using a standard computer mouse to click targets
on the image acquired by the fetoscope. The teleoperation mode reduced
hand tremors by using a digital low-pass filter and the mechanical friction of
the Phantom Omni, as well as the dynamic response of the eMNS (it takes
time for the eMNS controller to adapt the current in the electromagnetic
coils). The insertion of the catheter was controlled using a custom-built
robotic advancer unit that was mounted on a Fisso (Baitella,
Switzerland) arm. During the operation, the fetoscopic view was displayed
on a screen as shown in Figure 2A. This surgery would normally include an
ultrasound probe to localize the fetoscope and the moving fetus. However,
since we operated in a static environment, it was not required for this study.

Magnetic Fetoscope: The design of the magnetic fetoscope is shown in
Figure 2B. The tubular shaft of the fetoscope comprises a lumen that holds
camera cables and a polymide tube (ID =635 pm, OD =660 pm, Zeus
Inc., USA) to guide the laser fiber (OD=500pm, KLS Martin,
Germany) to the tip. The tip consists of a camera with an integrated
light-emitting diode (LED) illumination array with variable intensity
(universal serial bus camera, MD-T1001SLH-120-01, 400 x 400, 30 fps,
1.75pm pixel size, and focal length =0.418 mm, Misumi Electronic
Corp., Taiwan). To facilitate maneuverability of the tip, the distal part
of the fetoscope is flexible and contains multiple neodymium-iron—boron
ring magnet segments (sintered, axially magnetized, OD =3 mm,
ID =1.7 mm, and segment lengths =2 mm x 10 mmand 1T mm x 4 mm,
X-Magnets, China), which are separated by custom reinforcement coils
made of stainless steel wire (200 ym, zivipf.com, Germany). They were
encapsulated with a soft Pebax (Durometer =35 D, Nordson Medical,
USA) layer. To provide stability when the catheter is inserted deep into
the uterus, the proximal part was encapsulated with a more rigid Pebax
(Durometer =72 D, Nordson Medical, USA) jacket. The components
of the fetoscope were chosen to allow it to bend upward at a 90° angle
(see Figure 2C) with a field strength of 18 mT. This enables the magnetic
fetoscope to operate on a placenta located on the anterior side of the
uterus with sufficient dexterity.

Robotic Advancer Unit: As shown in Figure 2C, the robotic advancer unit
consists of a custom, 3D printed casing that enables quick insertion and
removal of the endoscope during operation. A Maxon EPOS microcontrol-
ler (EPOS4 Compact 24/1.5 EtherCAT, Maxon Motors, Switzerland) allows
velocity control of the robotic advancer unit's motor. The insertion speed
can be set to levels between 3 and 12 mm s, depending on the surgeon’s
requirements.

Visual Feedback: The key to the overall performance of the vision-based
magnetic fetoscope control algorithm is reliable visual feedback. The
intrinsic properties of the fetoscope camera are initially calibrated to cor-
rect for distortion. The distorted coordinate ,ﬁf is, therefore, subjected to a

nonlinear, rectifying transformation ,ps :f(,ﬁf).[ssl

To initialize the inverse Jacobian matrix according to Equation (15), we
applied two separate perpendicular field rotations Au; and Au,, each of a
total of 22.5° over time t = 1.5s. During the motion of the field, we used
the modified image to detect translational shifts that occurred between
two images with the Fourier shift theorem.*? To detect the movement
Aip; and Ap, in the image, we took the mean of the translational shifts
that occurred during the movement of the field. In discrete time,
Equation (15), therefore, becomes

J7' = —[Auy Auy][Aipy Ajp,]”! (19)

After the Jacobian matrix was initialized, the features 1Py were tracked
using a discriminative correlation filter with CSRT.®? Both the feature
tracker and the control loop were operated at 20 Hz. The CSRT output
coordinates were filtered with a moving average (window size of three
samples) without introducing significant delays in the control system.

Controller Parameters: For this study, we tuned two sets of PID param-
eters for the visual servoing and Jacobian matrix estimation controllers.
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We found K,.= 0.025, K;.= 0.047, and K4.=0.0085, as well as
Kp, =02, K;,= 0.1, and Kg, = 0, respectively. Furthermore, the
Jacobian matrix update was only active when the misalignment angle
y > 5° and the tracked feature were more than 20 pixels from the target
in the center, i.e., ||ps|| > 20. To calculate y, in Equation (16), we looked
n =5 frames in the past. The update of the Jacobian matrix is applied over
three successive steps in Equation (18) with an exponential decay profile.

1 1~ 114~

05+025+01252m 1 = m 11 (20)

Ay
where m = ((k —1)mod 3) + 1 and | = (k+ 1) — m. This guarantees that
m follows the sequence (1,2,3,1,2,3...) and [ the sequence (1,1,1,4,4,4...)
for k in the sequence (1,2,3,4,5,6...).
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