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Samenvatting

Spina bifida (SB) of open rug is een aangeboren afwijking die in Europa bij gemiddeld 4,9 op 10 000
geboortes optreedt en wordt veroorzaakt door een niet-volledige sluiting van de neurale buis tijdens
de embryonale ontwikkeling. Afhankelijk van de structuur, vorm en locatie van het defect kunnen
de gevolgen variéren. Deze thesis focust zich op de meest ernstige en meest voorkomende vorm
van SB namelijk spina bifida aperta, en meer specifiek de myelomeningocele (MMC), gekenmerkt
door een vochtblaas op de rug waarin zich ruggenmerg en rugzenuwen bevinden.

Door langdurige blootstelling van deze laatsten aan de intra-uteriene omgeving of door schokken
tijdens de zwangerschap of de bevalling, kan SB leiden tot onder meer motorische beperkingen
of zelfs verlamming van de onderste ledematen. Het defect wordt meestal net na de geboorte
gesloten. Om bovengenoemde schade aan ruggenmerg en zenuwen te beperken, kan het ook
prenataal gesloten worden via een open buikoperatie. Deze ingreep heeft echter een hoog risico
op ernstige complicaties voor zowel moeder als kind.

Een veelbelovend alternatief is de minimaal-invasieve, laparoscopische aanpak. Dit is een re-
cente techniek die nog in volle ontwikkeling is. Gezien de complexiteit van deze ingreep en de
ernstige gevolgen bij faling moet een chirurg een intensieve training ondergaan. Goede ftrain-
ingsmodellen zijn schaars. Gedreven door het principe van de 3V’s (vervanging, vermindering en
verfijning) om zoveel mogelijk dierenproeven te vermijden, stelt deze thesis zich tot doel een syn-
thetisch trainingsmodel met geintegreerde sensoren te ontwikkelen. Op dit model kunnen chirur-
gen herhaaldelijk de minimaal-invasieve ingreep inoefenen. Na elk experiment kan beschadigd
synthetisch materiaal vervangen worden. Dankzij geintegreerde sensoren kunnen tijdens elke in-
greep performatie-parameters opgemeten worden, welke gebruikt kunnen worden om de techniek
te optimaliseren. Door over meerdere ingrepen deze parameters op te volgen kan een leercurve
van een chirurg opgesteld worden.

In samenwerking met medische experten van het UZ Leuven werden de vereisten voor het model
opgesteld. Deze volgden enerzijds uit de belangrijkste anatomische eigenschappen van het defect
en de baarmoeder en anderzijds uit de specifieke uitdagingen gedurende de stappen van deze
chirurgische interventie. Het model dient tevens de risico’s van de operatie die samenhangen met
blootstelling aan kwetsbare delen weer te geven. Het resulterende model bevat een synthetisch
gedeelte met twee vervangbare stukken: de uteruswand en het defect. Het synthetisch MMC de-
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fect laat de chirurg toe om de belangrijkste stappen van de operatie te oefenen. Verder bestaat
het model uit een sensorisch gedeelte dat tijdens de training de belangrijkste parameters opmeet,
namelijk: contact van instrumenten met het ruggenmerg en de rugzenuwen, de krachten uitgeoe-
fend op de foetus en tot slot de verplaatsing van de instrumentpoorten in de uteruswand. Tijdens
de interventie zal de chirurg met zijn instrumenten de uteruswand opspannen en vervormen wat
mogelijk tot weefselschade en vroeggeboorte kan leiden. De eerste twee parameters worden recht-
streeks gemeten bij het defect door respectievelijk een eenvoudige elektrische schakeling en een
krachtsensor. De verplaatsing van de instrumentpoorten werd gemeten door de combinatie van
bewegingssensoren en een algoritme.



Abstract

Spina bifida (SB) is a congenital malformation caused by embryonic failure in neurulation with a
prevalence of 4,9 in 10 000 live births in Europe. Depending on the structure and location of
the defect, the consequences of this malformation may vary. This thesis focuses on the most
severe and most common form of SB which is spina bifida aperta (SBA), and more specifically
myelomeningocele (MMC). This type of SB is characterized by a cyst containing the spinal cord
and cerebrospinal fluid on the fetal back. Due to prolonged exposure of the spinal cord to the intra-
uterine environment, SB can have lifelong consequences, including motor disfunctions going as far
as paralysis of the lower limbs. The severity of the consequences can increase due to the impact
of shocks during pregnancy and delivery on the spinal cord. In most cases, the defect is closed
postnatally. To minimize the aforementioned damage to the spinal cord, the defect can alternatively
be closed through open fetal surgery (OFS). This intervention, however, has a high risk of severe
complications for both mother and child.

A promising alternative is the minimally invasive, fetoscopic approach. This is a recent technique
which is still developing and which is only used in a few specialized centers across the world. Con-
sidering the complexity of this type of intervention and the severe consequences in case of failure,
a surgeon must undergo intensive training. Good training models are scarce and, driven by the
principle of the three Rs (replace, reduce, refine) to minimize the amount of animal trials in biomed-
ical research, this thesis aims to develop a synthetic training model with embedded sensing. This
training model can be used to practice the minimally invasive procedure repeatedly. After every
training session, the synthetic material that was used can be easily replaced to prepare the model
for a new intervention.

In cooperation with medical experts of the UZ Leuven, the requirements of the model were de-
fined. The physical requirements of the model are, on the one hand, based on the most important
anatomical properties of the MMC defect and the uterus, and on the other hand on the specific
challenges encountered during the steps of the fetoscopic surgery. Additionally, the risks of the
surgery leading to most severe consequences for mother and child were defined. Using the em-
bedded sensing, this set of crucial performance parameters can be measured, which can be used
to optimize the surgeon’s technique. By collecting and reviewing this data over multiple surgeries,
a learning curve of the surgeon can be established.



The resulting training model consists of a synthetic and a sensing portion. The synthetic portion
features a detailed removable MMC defect, constructed out of several layers of silicone material,
simulating the anatomy of its real-life counterpart. This defect is designed to simulate the dissection
and closure steps of a fetoscopic repair of MMC. To compensate for the tensile stress the silicone
undergoes during suturing, some of the layers are reinforced with medical compresses. Aside from
the defect, the synthetic portion also features a simplistic uterine environment, incorporating a re-
movable synthetic uterine wall.

The sensing portion features the measurement of three different parameters, namely the connec-
tivity of the surgical instruments with the spinal cord, the forces exerted on the fetus and finally
the displacement of the incision ports of the fetoscopic instruments. The development of a simple
electronic circuit sensing the connectivity between the spinal cord and a fetoscopic instrument has
been tested and validated to yield correct binary feedback. A force sensor was integrated into the
synthetic section of the model. This integrated setup was subsequently tested and validated. It is
able to compute forces exerted on the defect perpendicularly to it and can locate the origin point of
these forces with an accuracy of 4 mm. During the fetoscopic intervention the surgeon will deform
the uterine wall caused by the movements of these incision ports, which may lead to tissue dam-
age and to iatrogenic preterm premature rupture of the membranes. Therefore, an algorithm was
developed and tested that computes the displacement of the incision ports based on the position
and orientation measurements of the fetoscopic instruments. Some further work was also done
to create a numerical simulation of the synthetic uterine wall in the future. This simulation would
estimate the forces exerted on and the subsequent deformation of the synthetic uterine wall caused
by the displacement of the incision ports.

The result is thus a first version of a low-fidelity surgical training simulator which is able to simulate
the main steps of the minimally invasive surgery and capable of measuring three critical parameters
that could lead to severe consequences.

Keywords: Spina bifida, Myelomeningocele, Fetal therapy, Minimally invasive surgery, Surgical
training simulator, Low-fidelity simulator
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Chapter 1

Introduction

Spina bi da (SB) is a congenital malformation caused by the failure of a complete closure of the
neural tube during neurulation. This can lead to lifelong consequences for those affected, both
physically and cognitively. The speci ¢c consequences vary based on the structure and location of
the defect. Spina bi da aperta (SBA), the most common and severe form of SB, is addressed in
this thesis. The current methods to treat SB are to either close the defect postnatally, or prenatally
by open fetal surgery. Both methods, however, have major disadvantages. By reducing invasive-
ness, the in uence of these disadvantages would most likely be decreased. Therefore, a minimally
invasive approach is being considered. This type of surgery, however is very complex due to the
restrained motion of the surgeon and requires a lot of training.

Currently, this training is done by rst training on low- delity simulators, initially to learn basic ma-

nipulations with minimally invasive instruments and later on to train more complex tasks. The next
step in the training is to move on to higher delity models, usually in the form of animal models.
One of the animal models that is being used to train the minimally invasive SBA intervention that we
have encountered while working on this project, is a rabbit model. This model is used because the
abdominal cavity of a rabbit is approximately the same size of a human uterus at about 20 weeks
of gestation, approximately the median gestational age at which the fetoscopic intervention would
take place. When practicing on this model, the stomach of rabbit serves as the simulation for the
fetal back, onto which a patch is sutured and subsequently tested for watertightness. A second,
higher delity model that is being used to train the same intervention is that of a pregnant sheep.

In this model, the sheep fetus is approximately the same size of a human fetus at 20 weeks of
gestation. When practicing on this model, a piece of marked skin on the back of the fetus would
serve as the simulation for a SB defect.

It is an obvious necessity to train on these high- delity models before being able to move on to
human cases. However, driven by the three Rs of medical research involving work with animals
(table 1.1), we introduce our thesis project. The goal of our thesis is to create a low delity synthetic
model that simulates the most complex steps of a fetoscopic SB intervention. To make this synthetic
model as cost-effective as possible, we aim to make some parts of this synthetic model replaceable
instead of using a different model for every surgery. As an added value, we aim to introduce an



2 CHAPTER 1. INTRODUCTION

evaluation method in the model. This evaluation method would rely on a set of objective parameters
that would be measured by embedded sensing in the model. This could make it possible to score
the performance of a surgeon and to see their learning curve over multiple surgeries.

Replace | Work without animals whenever possible.
Reduce | When you cannot avoid the use of animals, use as few as possible.
Re ne Optimize the process to minimize harm done to the animal.

Table 1.1 The three Rs of biomedical research involving work with animals

While our low- delity simulator will not directly replace any of the high- delity models, our hope is
that down the line, the necessity of the number of animals used in the training process might be
reduced by the creation of a simulator that speci cally trains for the steps of the surgery.



Chapter 2

Literature study

2.1 Defect

Neural tube defects (NTD's) are anomalies occurring during the development or closure of the neu-
ral tube. They are the most common severe congenital malformations of the nervous system with a
prevalence of 4,9 in 10 000 live births in Europe (Joyeux et al. (2018)). The prevalence is strongly
dependent on geographic location and can be as high as 1 % in less developed areas. Spina bi da
(SB) is one of the most frequent types of NTD's (together with anencephaly). It is a failure in the
closure of the neural tube on the caudal side. Depending on the severity and structure, it can be
further sub-categorized into aperta and occulta. Spina bi da aperta (SBA) is the malformation fo-
cused on in this study and means that the defect is open which, in contrast with spina bi da occulta
(SBO), is a life threatening condition. It almost always comes together with physical and cognitive
functions disabilities. The most common consequences are motor restrains of the lower limbs go-
ing as far as paralysis, bowel and bladder dysfunction, hydrocephalus and a tethered spinal cord.
SBA can have many different shapes with most frequent being myelomeningocele (MMC) followed
by meningocele (MC). MMC is a herniation of neural tissue through the skin and defective bone.
MC is a protrusion of the meninges through the defect, but it has no neural involvement (Sutton
et al. (2015); Song et al. (2016)). Figure 2.1 shows the difference between SBO and the two most
frequent types of SBA, the MMC and the MC.

Figure 2.1: Difference between spina bi da occulta, MMC and MC (source: The Sydney children's hospital
network (http://www.schn.health.nsw.gov.au/))
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In further explanations, the terms neural tube defect and spinal dysraphism will be used as syn-
onyms of spina bi da aperta.

2.1.1 Embryology and anatomy

One of the rst stages in the development of a fetus is neurulation. Neurulation is a process
happening at three weeks of development which forms the neural tube. This neural tube will later
develop to become the spinal cord and the brain. Before neurulation, the fetus is shaped as an oval
plate called the neural plate. During neurulation, this neural plate folds and fuses along the mid-line
to create a hollow tube called the neural tube. This fusion then extends like a zipper caudally and
cranially simultaneously as shown on gure 2.2.

Figure 2.2: Neurulation development and failure, creating a spina bi da defect (https://www.mayoclinic.org)

In the case of SBA, the fusion fails in the lumbar area in most cases, leading to a de ciency in the
skin, fascia, muscle and bone at that place. It is important to understand the different layers that
are de cient to later understand the surgery. In the normal case, the spinal cord is protected by
meninges, bone of the vertebra, muscles, fascia, fat and skin (Dickson et al. (2009)). Figure 2.3
shows a cross-section of a healthy spine. This gure only shows the bones and spinal cord. The
posterior part of the vertebra is covered with muscles and then skin.

The meninges are three membranes surrounding the spinal cord. The external membrane of the
meninges is called the dura. The fascia is connective tissue that attaches muscles, bone and
skin to each other. To be able to compare the anomaly with a healthy spine, a cross section of
the anatomy of an MMC is shown on gure 2.4. First, one can see that the posterior part of the
vertebra is missing. Depending on the severity and location of the NTD, one or several posterior
vertebrae can be deformed. Secondly, one can observe that instead of being a cylindrically shaped
membrane contained between bones, the dura is not completely closed and is herniated to the
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