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Abstract

The surgical management of paediatric chest wall tumours is complex. Due to neoadjuvant
chemotherapy, these tumours have often shrunk and become invisible and nonpalpable from the
outside. During resection, surgeons therefore use multiple intraoperative imaging techniques
such as thoracoscopy, ultrasonography, radiography, and fluoroscopy to locate the affected ribs
and tumour. Intraoperative tumour localisation is hence a difficult and time-consuming process
which has even led to the resection of incorrect ribs in the past.

The use of Augmented Reality (AR) could facilitate intraoperative tumour localisation and
surgical decision making by allowing a direct projection of relevant anatomy onto the patient in
the OR. A recent in-house study by Spijkerboer et al. (2022) has introduced an AR system to use
the HoloLens 2 for tumour localisation prior to incision. Although the first results are promising,
in-house experiences have shown that the system’s landmark-based registration method is prone
to user-dependent errors and registration inaccuracies. This thesis therefore explores the
feasibility of surface matching as a new registration method to improve the conventional AR
system.

Within this thesis, two surface acquisition methods were considered. The first method uses a
tracked 3D printed pointer which is traced along the contour of the patient’s thorax. The second
method makes use of the Time-of-Flight (ToF) camera of the HoloLens 2.

First, a phantom study was performed to compare the registration accuracies of both
surface matching methods to the conventional landmark-based registration method. Second, the
clinical applicability of the surface matching methods was investigated through a cadaver study
in which surgeons performed a simulated chest wall resection.

The phantom study showed that with both surface matching methods it was possible to locate
targets with an accuracy below 1 cm. When testing the methods in a surgical setting, the cadaver
study proved that surgeons were able to locate the correct ribs with both surface matching
methods. However, the contour registration method resulted in the most consistent and accurate
projections. Additionally, unlike ToF camera registration, it was possible to perform registration
on the post-incision surface of the exposed ribs with use of the contour registration method.

This thesis proved the feasibility of surface matching as a new registration method to use AR for
intraoperative tumour localisation during paediatric chest wall resections. The contour
registration method showed the most potential for both pre- and post-incision registration.
Future studies should focus on testing the method in an even more realistic setting and improving
the robustness and user-friendliness of the HoloLens application. Furthermore, efforts should be
made to increase the willingness of surgeons to use the HoloLens during surgery. Ultimately, the
use of AR could circumvent the need of additional imaging techniques and thereby facilitate
intraoperative tumour localisation and surgical decision making during paediatric chest wall
resections.
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Introduction

Ewing sarcoma (ES) is a rare malignant bone tumour that is mainly found in children and
adolescents, with two thirds of the patients being younger than 20 years!2. In the Netherlands,
around 13 children are diagnosed with ES every year3. ES mainly occurs in the tubular bones of
the extremities, pelvic bones or the chest wall, but it can be found in almost any bone or soft tissue
245, ES is a high-risk tumour and around 25% of patients present with metastasis at the time of
diagnosis#¢-8. As metastatic disease at diagnosis is associated with a poor prognostic outcome,
the overall 5-year survival rate of paediatric patients is solely 60-70%91°.

The aggressive behaviour of ES requires extensive treatment which usually consists out of
neoadjuvant chemotherapy, radiation therapy and tumour resection, depending on the location
and extend of the disease89. In the case of ES of the ribs, induction chemotherapy is followed by
a chest wall resection. Due to the highly malignant nature of ES, the main goal of surgery is to
achieve wide tumour resection margins.611-13 This often means that the affected rib is removed
together with adjacent ribs, leaving a chest wall defect that can cause significant deformities, such
as scoliosis!214, These chestwall resections require accurate tumourlocalisation and preoperative
planning to achieve the most optimal outcome for the patient while still maintaining safe tumour
margins. However, for ES of the ribs, intraoperative tumour localisation can be extremely difficult.
These tumours tend to grow more inward into the pleural cavity and are therefore usually not
visible from the outside. Secondly, due to neo-adjuvant chemotherapy, the tumour has often
shrunk enormously and has also become non-palpable.516 Intraoperative localisation of the
affected rib is hence a time-consuming and complex process that requires multiple imaging
modalities, depending on the tumour’s extend, depth and positions. Surgeons generally use a
combination of the preoperative CT and MR images, as well as intraoperative imaging techniques
such as ultrasonography, thoracoscopy or fluoroscopy to localize affected rib and tumour and
plan the resection. The used techniques differ per patient and thus no generalized approach for
tumour localisation yet exists.1517

A visualisation technique that could be a solution to these challenges is Augmented Reality
(AR). AR enables the 3D visualisation of a virtual model within the real world, e.g. the operation
room (OR). AR has the advantage of being a non-invasive visualisation technique that can give a
directimpression of the patient’s anatomy in 3D. When used with a head-mounted display (HMD),
e.g.the HoloLens (Microsoft Corporation, Redmond, WA, USA), the virtual model can be displayed
as a hologram and projected directly on the patient in the working field of the surgeon. This
enables a more intuitive interpretation of the patient’s anatomy. Furthermore, surgeons can limit
their focus to the working field and do not have to switch between 2D monitors displaying the
preoperative images and the intraoperative situation (the switching focus problem).18-21

Several studies have shown that AR already has great potential in many surgical fields such as
orthopaedics, maxillofacial surgery or neurosurgery.21-26 Arecentin-house study by Spijkerboer et
al. (2022) has explored the feasibility of AR in paediatric surgical oncology?’. The HoloLens 2 was
used to intraoperatively localize Ewing sarcoma of the ribs in paediatric patients prior to chest wall
resection by projecting a virtual 3D model onto the patient. To align the virtual 3D model with the
real position of the patient in the OR, a registration procedure is required. The system proposed by
Spijkerboer et al. uses a common five-point registration method based on anatomical landmarks.
During this registration procedure, the most optimal transformation is found between five
recognizable landmarks derived from preoperative CT images, and the corresponding landmarks



on the patient in the OR. The surgeon therefore pinpointed five recognizable landmarks on the
patient’s skin, e.g. the nipple, birthmarks or scars with a surgical pointer. A Quick response (QR) code
was attached to the pointer to allow the HoloLens to track the position of the pointer, and
therefore save the intraoperative position of the five landmarks. Subsequently, a Procrustes
algorithm was used to find the most accurate transformation between the position of the
intraoperative landmarks and the corresponding landmarks in the preoperative CT scan. This
transformation was then applied to the virtual 3D model to project the ribs and tumour onto the
patientin the OR. A second reference QR code was attached to the patient to adjust for respiratory
movement and enable a stable visualisation. The proposed system has the potential to enable
intraoperative 3D visualisation and tumour localisation, hereby facilitating surgical planning and
management of chest wall resections. However, there are stillimprovements to be made in order to
realize actual implementation in clinical practice.

Firstly, the thorax generally lacks the presence of distinguishable landmarks which are
needed for the five-point registration method. Currently, the landmarks are marked during the
preoperative CT-scan by attaching radiopaque lead stickers to anatomical features such as the
nipple, birthmarks, or scars. If the number of recognizable features is not sufficient, additional
landmarks are drawn on manually with a marker. The first in-house experiences with this
workflow have shown that the selection of landmarks is prone to user-dependent errors and
inaccuracies easily stack up due to the manual steps that are required. Thus, there is a need for a
more robust registration method that requires fewer manual steps and is not dependent on
explicit anatomical features.

Secondly, the conventional AR system is only suitable for tumour localisation prior to
incision. However, the surgeons from our centre have reported that they also see potential to use
the HoloLens post-incision, as a reference and guidance for resection once the skin has been
opened. If the conventional AR system is to be used post-incision, the reference QR code should
be sterile and remain in the surgical field for the whole procedure. Subsequently, in-house testing
showed that the ability of the HoloLens to accurately track the QR code and update the position
of the hologram is often lacking. This insufficient tracking causes a misalignment of the
holographic overlay and often requires a new registration procedure to update the hologram'’s
position. However, as the anatomical landmarks on the skin are inaccessible once the first incision
has been made, it is impossible to perform a new registration with the use of the current AR
system. Hence, a second need is to explore the feasibility of other registration methods that allow
registration post-incision, i.e. on the exposed surface of the ribs. With such a system, the HoloLens
could be used to locate the affected rib and tumour easily and accurately prior to incision, and
subsequently guide the resection once the skin and chest have been opened. This would reduce
the complexity of intraoperative tumour localisation and circumvent the need for multiple
imaging techniques that are conventionally used during surgery.

A registration method that could possibly fulfil these needs is surface matching. Surface matching
registration methods find the most optimal transformation between two large sets of points, i.e.
point clouds, that make up a surface2829. For example, a transformation between the surface point
cloud of the skin in the OR and the corresponding surface point cloud derived from preoperative
images. Surface matching does not require the preoperative selection of anatomical landmarks,
and therefore would circumvent the user-dependent errors that arise with the conventional
landmark-based registration method.30 Additionally, surface matching makes it possible to
perform registration on only a sub patch of the total reference surface. This means that
registration can be performed even if the anatomical structure is not fully exposed during
surgery.3! It is therefore hypothesized that surface matching could also be a suitable method to
perform registration on the exposed surface of the ribs and allow registration post-incision.

An important step during surface matching is the acquisition of a point cloud of the
surface in the OR. This intraoperative surface point cloud can be obtained by different acquisition
methods, each having their own benefits and limitations. Common methods are the use of a



tracked pointer, a laser scanner or depth camera.32-3¢ These examples mostly find their
applications in neurosurgery or maxillofacial surgery, as surface matching especially shows good
results on explicit surface features like the nose or edges of the jaw. Less literature exists on the
use of surface matching methods on anatomical structures with no explicit surface features, for
example the thorax or ribs. It is therefore still unknown whether surface matching is a feasible
method for registration during chest wall resections. Furthermore, it should still be explored
which surface acquisition method would be most suitable for this application.

This thesis explores the feasibility of surface matching for the use of AR during paediatric
chest wall resections. Therefore, two different surface acquisition methods were developed and
evaluated. The first method uses a tracked pointer which is traced across the surface of the thorax
or ribs, to capture the intraoperative point cloud. The second method captures this point cloud
with the Time-Of-Flight (ToF) camera of the HoloLens 2. Both surface matching methods were
compared to the conventional landmark-based registration method to investigate which
registration technique has the best potential to be used during paediatric chest wall resections,
both pre-incision and post-incision. Consequently, the outcomes of this thesis can contribute to
the further optimalisation of the conventional AR system for intraoperative tumour localisation,
hereby improving surgical management of paediatric chest wall Ewing sarcoma.



I. Clinical background

Ewing sarcoma (ES) is the second most common bone tumour in children and constitutes 10% to
15% of all bone sarcomas*. It was first described by James Ewing in 1921 as a radiosensitive
round-cell sarcoma thought to originate from the blood vessels in the bone tissue3536. Current
research mainly suggests an origin in mesenchymal or neural crest-derived stem cells, though the
exact origin of ES is still a subject of debate.?:37.38

ES may occur in any bone or soft tissue, but is mostly found in the tubular bones of the
extremities (45%), thorax or abdomen (20%), or the pelvis (20%)*7. The incidence of ES is higher
in Caucasians than in Asians and Africans, with a slight predilection for males.2539 It is mostly
diagnosed in children and young adolescents, with a mean age of 15153940, In the Netherlands,
around 13 children are diagnosed with ES every years+40.

ES is a high-risk tumour and approximately 25% of the patients present with metastases
at the time of diagnosis, usually found in the lungs (70-80%) or bones (40-45%)%6-8. Metastatic
disease is an independent risk factor for a poor prognostic outcome with a 5-year overall survival
(OS) of solely 30%841, Other risk factors include large tumour volume, older age, male sex and an
axial tumour location42. Patients with localized disease have a significantly better 5-year OS of
75% or higher, mainly because of the advances in therapeutic management that have been
accomplished over the years.841-43

The most common symptoms of ES include localized pain or a palpable mass at the tumour site.
Other symptoms are unexplained fatigue, weight loss or fever.4445 With symptoms being variable
and nonspecific, early diagnosis of ES remains challenging.

Diagnosis is based on a combination of imaging techniques such as ultrasonography,
radiography, magnetic resonance imaging (MRI), computed tomography (CT) and position
emission tomography (PET) to examine the extend of the tumour and the presence of metastases.6
On radiography or CT images, ES can be recognized by an aggressive pattern of permeative
osteolysis, lamellated periosteal reaction (so called “onion skin”), or mineralization of the bone
matrix.646 MR imaging often shows a soft-tissue mass together with marrow replacement and
cortical destruction#’. The signal intensity on T1 and T2 can be heterogeneous, though ES usually
presents as a low intensity mass on T1 and a high intensity on T26. The tumour shows a prominent
gadolinium uptake in contrast enhanced T1 images.6:46:47
Diagnostic imaging is always combined with a biopsy to allow histological assessment of the
tumour tissue. This assessment shows sheets of monotonous small round blue cells with
prominent nuclei, minimal cytoplasm and positive CD99 immunostaining. The presence of a
t(11:22) translocation differentiates ES from other paediatric small round cell tumours.*8
Histological assessment is mainly used to find a definitive diagnosis and less for prognosis of the
disease, as studies have not yet reached consensus on prognostic markers within ES.7.48

Subsequently, all diagnostic techniques are combined to confirm the diagnosis of ES and
to determine the most effective therapeutic strategy.645

In the Netherlands, all paediatric patients are treated according to the Interim Ewing Protocol.
Regardless of the extend of disease, all patients start with nine intensive cycles of chemotherapy.
Patients receive a combination of vincristine, doxorubicin, and cyclophosphamide (VDC) followed
by ifosfamide and etoposide (IE) after an interval of 14 days. Eventually, patients receive five
cycles of VDC intermitted with four cycles of IE. After the third and sixth cycle, imaging is repeated
to evaluate tumour response and to determine the appropriate strategy for local treatment
through radiotherapy and/or surgery. If possible, resection of the tumour is always the first option



for local control. However, it can be combined with preoperative radiotherapy for patients that
show clinical progression under chemotherapy or when the tumour is (yet) inoperable. During
surgery, the main goal is to achieve wide tumour resection margins. Secondly, another major aim
is conservation of the limb or limitation of the defect created by resection. Consequently, the
resection margins should be wide enough for optimal oncological control but narrow enough to
maximize function. In case of insufficient margins, surgery is often combined with postoperative
radiotherapy to assure local control.

After local treatment, patients receive postoperative chemotherapy according to their risk
group defined in the Interim Ewing Protocol. Patients with localized disease and good tumour
response are considered ‘good risk’ and will receive another three cycles of IE intermitted with
two VC cycles. Patients with localized disease but a poor tumour response, or patients with large
tumour volumes are stratified as ‘poor risk’. These patients receive one cycle of both IE and VC,
followed by a high dose chemotherapy (HDT) treatment with busulfan-melphalan (BuMel).
Patients with metastasized disease receive five more cycles of intermitted VDC-IE, often combined
with radiotherapy. Additionally, treosulfan-melphalan HDT (TreoMel-HDT) followed by
autologous stem-cell reinfusion may be considered for high risk patients.11.49-51

For ES of the ribs, local treatment consists of a chest wall resection. As literature has shown that
a complete resection with wide margins leads to the best long-term outcome, it is most common
to remove the affected rib together with parts of the adjacent ribs.16435253 This makes a chest wall
resection an invasive procedure that might lead to significant thorax deformities especially in
young children that are not full grown. As deformities of the thorax can lead to impairments in
breathing and mobility, chest wall resections require an extensive surgical planning to determine
the most optimal outcome. Hence, a patient specific planning is made based on a preoperative CT
scan and the previous MR images. This plan should allow safe and wide resection planes, while
saving as much healthy tissue as possible.

During surgery, the majority of patients is placed in lateral decubitus position with the
affected side up. Dual lumen intubation is used to deflate the ipsilateral lung to create space in the
pleural cavity if necessary. Additionally, patients will receive an epidural catheter, arterial line and
venous access lines, available for urgent fluid administration when needed.15

After the patient has been correctly prepared and positioned, the first step during surgery
is an accurate tumour localisation. This is of utmost importance to execute the surgical planning
and to achieve safe tumour margins. However, ES of the ribs are often invisible or nonpalpable
due to the tumour growing in medial direction and their response to preoperative chemotherapy.
Consequently, several techniques are used to locate the affected rib and to map the extend of the
tumour prior to resection. Surgeons generally use a combination of palpation, thoracoscopy,
fluoroscopy, ultrasonography and radiography to locate the tumour as accurately as possible,
though no generalized approach exists.1517

Once the correct resection planes and corresponding incisions are established, the
affected ribs are exposed and resected. The Interim Ewing protocol prescribes a resection with
wide tumour margins according to Enneking, meaning that the resection planes are histologically
negative.l15¢ In practice, ES are commonly resected with a 1-4 cm margin around the
tumour.1516,55

Depending on the size of the resulting defect, reconstruction is needed to restore chest
wall rigidity, protection for underlying organs, preserve respiratory function and to achieve good
cosmetic results.56 The most commonly used reconstruction materials are the non-rigid Gore-
Tex® and Marlex® mesh.57 These materials are biologically inert and minimize the potential for
lung adhesions. The mesh is tensioned inside the defect to create an airtight seal. Subsequently, a
thorax drain is positioned, and the skin is closed in layers. Most patients are then transferred to
the Intensive Care for postoperative recovery and monitoring.15



Given the intensity of ES therapy, patients are at high risk of developing long-term complications
after treatment has ended.5®8 A study by Hamilton et al. (2017) showed that at least 77% of the
long-term survivors of ES (= 5 years) suffers from long-term complications.8 Half of the patients
experience complications with musculoskeletal abnormalities due to surgery or radiotherapy,
such as amputation, bone deformities, or limb length discrepancies. For patients that underwent
a chest wall resection due to ES of the ribs, the most common musculoskeletal complication is
scoliosis. The removal of affected ribs decreases the attractive force on the ipsilateral side of the
thorax and therefore increases the load on the contralateral side, which can lead to significant
deformities of the vertebral column. Studies show that 25-43% of patients develop scoliosis after
a chest wall resection, the severity depending on the age, location of the tumour and size of the
surgical defect.12525960 Of these patients, 39% requires corrective spinal surgery.53

Another common long-term complication in paediatric oncology is cardiovascular
toxicity, which is mainly caused by anthracyclines in chemotherapy agents or radiation on the
chest.61 Around 28% of ES survivors develop some form of cardiac dysfunction, such as pericardial
disease or cardiomyopathy.862 Other prevalent complications after the treatment of ES are
infertility, endocrine dysfunction or psychiatric illness.8

The presence of these long-term effects can have a significant impact on the Quality of Life
(QoL) of ES survivors. A recent study by Kadan-Lottick et al. (2022) showed that ES survivors are
at an increased risk for reporting neurocognitive difficulties, such as difficulties with task
efficiency or emotional regulation.63 Furthermore, survivors tend to have lower QoL scores when
comparing their physical abilities to healthy control subjects.6* Fortunately, when comparing
mental health and overall QoL scores, the difference between ES survivors and healthy subjects
remains minimal.6465 This indicates that survivors generally manage to adapt to their physical
limitations by changing their internal standards, i.e. the response shift, which consequently
results in normal QoL scores.66.67

This thesis focusses on the clinical challenges that arise during the surgical management of chest
wall Ewing sarcoma. As mentioned before, the intraoperative localisation of these tumours is a
complex process. Since chest wall Ewing sarcomas are generally invisible and nonpalpable from
the outside, finding the affected rib only by visual inspection and palpation is extremely difficult.
Therefore, surgeons generally use multiple imaging techniques to locate the rib and tumour as
accurately as possible prior to incision. Not only is this a time-consuming process; intraoperative
tumour localisation remains a challenge when the tumour has become invisible due to neo-
adjuvant chemotherapy, even with invasive imaging techniques like thoracoscopy. Consequently,
there have been case reports of chest wall resections where incorrect ribs were removed. As chest
wall resections can lead to significant deformities that negatively affect respiration, mobility and
aesthetics, removal of incorrect ribs must be prevented at all times. This emphasizes the need to
improve and facilitate the intraoperative tumour localisation during paediatric chest wall
resections.

This thesis aims to reduce the complexity of intraoperative tumour localisation by exploring
the use of surgical guidance through Augmented Reality (AR). With AR, a virtual model of the
affected ribs and tumour can be directly projected onto the patient in the OR. AR could thus serve
as a quick, non-invasive, and intuitive visualisation technique and therefore significantly facilitate
surgical planning and management of chest wall resections. The next chapter gives an
introduction to AR and describes the basic principles of using AR for guidance during surgery.



2. Technical background

Augmented Reality

Augmented Reality is a visualisation technique to project virtual objects or environments into the
real world. With AR, an interactive and immersive environment can be created to enhance the
user’s experience, or to add in the user’s enjoyment or understanding. Over the last couple of
years, AR has gained popularity in many fields and applications, such as gaming, education,
tourism, marketing and manufacturing.68 AR is commonly applied through smartphones or
tablets, with examples like Snapchat photo filters, the Pokémon Go game, or the visualisation of
virtual furniture into your own interior (Figure 1).

Another way of applying AR is through a Head Mounted Display (HMD). In this case the
user wears a device with semi-transparent displays, on which the virtual content is projected
while the vision of the real environment is preserved. Popular HMD’s are the Google Glass, Magic
Leap and Microsoft HoloLens 2.6970 The ability to project models directly in the user’s field of view
brings numerous advantages. It provides the user with better ergonomics, hand-eye coordination,
perception of the virtual content and a more intuitive experience than AR through a phone or
tablet.6® Additionally, an HMD is a hands-free device, and thus allows the user to still use their
hands for certain tasks or to interact with the virtual model.

Based on these advantages, HMD’s have also shown great potential in the field of
healthcare. Currently, HMD’s are already being used as a therapeutic tool in the treatment of
patients, to train or educate medical professionals, or as an additional tool during surgical
procedures.’! For example, HMD’s can be used preoperatively to examine the patient’s anatomy
in 3D and to determine a patient-specific surgical plan. Intraoperatively, an HMD can be used to
visualise the planned resection, or guide the placements of trocars or incisions. Though the use of
AR through HMD’s is currently being explored in almost any medical field, the most popular
applications lie within the field of neurosurgery, maxillofacial surgery, orthopedics and
laparoscopic surgery.23

Figure I. Examples of Augmented Readlity. Left: AR through a smartphone, to visualise virtual furniture. Right: AR through an HMD
(the HoloLens 2), for surgical guidance.

Registration

When using an HMD as a guidance during surgery, the alignment of the virtual model with the
patient in the OR should be as accurately as possible. This alignment is achieved by performing a
registration procedure. Registration describes the process of geometrically aligning two or more
images or scenes taken at a different times or angles”2. For example, the alignment of a virtual 3D
model to the real location of the patient in the OR. The virtual model is generally derived from
preoperative images and is therefore defined in a different coordinate frame than the patient in
the OR. During the registration procedure, alignment of the model is achieved by finding the most



optimal transformation matrix between the different coordinate frames.”3 The next section of this
chapter describes the mathematical concept of such a registration procedure.

Consider we have two coordinate frames 4 and B, which are scaled, translated, and rotated
versions of each other. A point p is represented in by Zp. The same point is presented in A4 by:

Ap= SARBBp+AtB (1)

Here s is a scaling factor, and 4tp is a 3D vector that describes the translation between the two
coordinate frames, i.e. the translation of frame B with respect to frame A:

Atx

AtB — Aty (2)

Atz

The rotation between the two frames is described by the 3x3 rotation matrix 4Rp:
€oS(@xx)  COS(Pry)  COS(Pxz)

ARB: COS((pyx) COS((pyy) COS(QDyZ)
cos(@zx)  COS(@zy)  COS(Pzz)

(3)

Where ¢, is the angle between the x-axis in 4 (X,4) and the x-axis in B(Xs), ¢y is the angle between
x4 and y5 and so on. The scaling factor, translation vector, and rotation matrix can be combined
into one 4x4 homogenous transformation matrix 4Tg:

AT — s”Rg Aty (4)
5 =
0 0 0 1

With 4T we can describe the direct transformation, including translation, rotation, and scaling,
of a point p in frame Bto frame A:

p = Tp"p (5)

The use of homogeneous transformation matrices makes it easier to calculate transformations
between more than two coordinate frames. When using an HMD during surgery, we are generally
dealing with multiple coordinate frames. For example, separate coordinate frames are defined for
the HoloLens (the HMD), the patient, and the preoperative 3D model. By combining all
transformation matrices for each coordinate frame to another, we can compute the correct
transformation of the preoperative model into the HoloLens coordinate frame:

patientT

model

HLyy — HL
B_ Tpatient

modelp (6)
In order to solve this equation, a patient registration should be performed. During the registration
procedure, the correct transformation matrix from the preoperative model to the patient in the
OR can be computed by different methods and algorithms.”¢+ Within this thesis, two different
registration methods are considered: landmark-based registration and surface matching. Both
methods will be further explained in the next section of this chapter.

Landmark-based registration describes the process of aligning two small sets of points. Within
surgical context, these points are defined as a set of anatomical landmarks, which are features
that can be easily recognized on the patient in the OR and in the preoperative images.”¢ Examples
of anatomical landmarks are features such as the nose or eyes, corners of bones, or bifurcations
of important vessels.”576 Anatomical landmarks can also be created manually, for example by
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attaching artificial markers to the patient during the preoperative scan. These can be non-invasive
markers such as radiopaque lead stickers, as well as more invasive bone screws.27.77

During the registration procedure, the positions of the anatomical landmarks in the OR
can be obtained through different tracking methods, for example by using external
electromagnetic (EM) or optical tracking systems.”879 With the use of an HMD, e.g. the HoloLens,
the intraoperative position of the anatomical landmarks can also be derived by internal tracking
through the HoloLens camera, for example by using a surgical pointer with a QR code.27.3¢ After
obtaining the intraoperative positions of the anatomical landmarks, they can be directly
correlated to the virtual position of the landmarks in the preoperative images by computing the
transformation matrix between the two sets of points.

Procrustes algorithm

To compute the transformation matrix between the patient and the preoperative images, a
commonly used method is the Procrustes algorithm. This algorithm consist of several steps to
align two sets of points as accurately as possible.”3 Consider we have a set of five landmarks that
are selected on the patient with use of a pointer tracked by the HoloLens; Lp,, withn=1,...,5
(Figure 2a). These points correspond to the set of landmarks in the preoperative CT scan; ‘Tp,,
(Figure 2b):

Hip, = s*'RcrTpy, + Hlter (7)

The first step in the Procrustes algorithm is to calculate the centroids, i.e. the means, of the set of
points within each frame. By subtracting the mean from each set of points, the translation
between the two frames is ruled out (Figure 2c). Secondly, the scale (s) is calculated by taking the
ratio between the deviations of each set of points. Subsequently, the points in the reference frame
(the CT points) are neutralized for this scale (Figure 2d). After the points are compensated for
the scaling, the rotation matrix between both frames (¥‘R.;) can be calculated. This is done by
the Kabsch algorithm, which is a method to calculate the most optimal rotation matrix between
two frames by use of singular value decomposition (SVD).80 The final step is the calculation of the
translation vector (“#‘t.;), which follows directly from Equation 7. Consequently, the CT points
can be transformed into the HoloLens coordinate frame and be projected onto the patient in the
OR (Figure 2e).73

HoloLens

HoloLens

c d e
Figure 2. Procrustes algorithm illustrated. a) Five landmarks selected with a pointer tracked by the HoloLens. b) The corresponding
five landmarks in the preoperative CT scan. Note that the landmarks are translated, rotated, and scaled versions of each other. c) The
two sets are neutralized for translation by subtraction of the centroids. d) The set of CT points is neutralized for the scale. e) The most
optimal rotation matrix is obtained through SVD, and the CT points are transformed into the HoloLens coordinate frame.”3
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Surface matching

Another commonly used registration method is surface matching.3! Surface matching is a
registration method that is used to align two corresponding surfaces. In order to perform
computations on these surfaces, they should be considered as a mesh, which is a digital 3D object
composed of vertices and faces. Vertices represent the surface as a large collection of points
defined in a 3D Cartesian coordinate system, a so-called point cloud (Figure 3a). This point cloud
is divided into smaller sets of three connected vertices which make up the faces, also called
triangles or polygons, of the mesh (Figure 3b).

Figure 3. Surface of the face visualised as a mesh. a) The vertices, or point cloud, of the surface. b) The faces of the surface.8!

Within medical applications, surface matching can be performed on surfaces of anatomical
structures, for example the surface of the skin, an organ or bone.328283 A preoperative point cloud
of the surface can be derived by the segmentation of these structures from preoperative images
and saving them as a mesh object. Subsequently, the obtained surface point cloud can be used for
registration.

During registration, the preoperative point cloud is matched to the corresponding
intraoperative surface of the concerning structure. For example, a preoperative point cloud of the
patient’s head is matched to the patient’s head in the OR (Figure 4). To realize this, the
intraoperative surface of the patient’s head should also be defined as a point cloud. This can be
achieved through different surface acquisition methods. Common methods are the use of a
tracked pointer, a laser scanner or an (RGB) depth sensor (Figure 4b).32-3¢ Subsequently, the most
optimal transformation matrix between the two corresponding point clouds can be computed,
and the preoperative surface can be registered to the intraoperative situation (Figure 4c).

a b c

Figure 4. Example of surface matching on the head. a) Surface of the skin, reconstructed from preoperative imaging. b) Acquisition
of the corresponding point cloud in the OR with a tracked pointer. c) Alignment of the two surfaces after registration.8*

An advantage of surface matching is that it is no longer required to locate specific anatomical
landmarks prior to surgery. This reduces the complexity of the preoperative workflow and the
risk of user dependent errors. Additionally, most surface matching algorithms do not require the
corresponding point clouds to have the same number of points. Consequently, registration can be
performed on only a sub patch of the total surface. This makes it possible to perform registration
even if the organ or anatomical structure is not fully exposed during surgery.31
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Iterative Closest Point algorithm

The most common algorithm to compute the transformation matrix between two corresponding
point clouds is the Iterative Closest Point (ICP) algorithm. The ICP algorithm considers one point
cloud as a fixed reference and transforms the other point cloud to best match this reference point
cloud. For example, in Figure 4 the intraoperative surface of the patient’s head is kept as the
reference, and the preoperative point cloud is transformed to align with the patient’s head in the
OR. The most optimal transformation is iteratively estimated by minimizing the squared distances
between the corresponding points of the two point clouds. This process consists of multiple
steps:8s

Consider a reference point cloud p; and a corresponding preoperative point cloud q;, which is a
rotated and translated version of p; (Figure 5a). The first step in the ICP algorithm is to match
each pointin q; with its nearest point in p;. These matched points form the correspondence pairs
(Figure 5b). The next step is to estimate the transformation (consisting of a rotation matrix R and
a translation vector t) which will best align each correspondence pair. Mathematically, this
transformation is estimated by minimizing the squared distance between the transformed point
cloud q; and the reference point cloud p; (Figure 5c):8687

min > [Ip: — (Rg; + ) | (8)
T

The estimated transformation is then applied to the point cloud q; and all steps of the algorithm
are repeated. New correspondence pairs are formed and again the most optimal transformation
is estimated and applied to q;. This means that with each iteration, the two point clouds become
closer and more aligned with each other. Eventually, the solution reaches convergence, meaning
that alignment won’t improve any further and the most optimal transformation is found. In
practice, this iterative process can lead to long computation times. Consequently, thresholds are
often used to limit the number of iterations or to stop convergence at a certain level.87
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Figure 5. ICP algorithm illustrated. a) Selected points in a point cloud of a surface (red). b) Find the closest points in the corresponding
point cloud (blue). c) The transformation is calculated by minimizing the distances between the points. All steps are iterated until
convergence is reached.s8

A disadvantage of the ICP algorithm is that it does not guarantee that the computed
transformation matrix is the overall best solution. As the correspondence pairs are solely based
on the closest distance between points, it is possible that the algorithm gets ‘trapped’ into a
solution that brings the point clouds very close, but not aligned perfectly with each other. This is
called a local minimum. It means that locally, the algorithm has returned the best solution, but an
even better solution (a so-called global minimum) exists. Consequently, to prevent the algorithm
from getting trapped in local minima, ICP algorithms generally require some form of an initial
transformation step to globally align the two point clouds before starting the actual ICP
registration process.32
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Arecentin-house study by Spijkerboer et al. (2022) has explored the feasibility of AR in paediatric
chest wall resections?’. The HoloLens 2 was used to visualise a virtual model of the ribs and
tumour prior to incision. To align the virtual 3D model with the real position of the patient in the
OR, Spijkerboer et al. used a five-point registration method based on anatomical landmarks, such
as the nipple, birthmarks, or scars. However, the first in-house experiences with this workflow
have shown that the selection of landmarks is prone to user-dependent errors and inaccuracies
easily stack up due to the manual steps that are required. Thus, there is a need for a more robust
registration method that requires fewer manual steps and is not dependent on explicit anatomical
features.

Secondly, the landmark-based registration method is only suitable for tumour localisation
prior to incision. However, the surgeons from our centre have reported that they also see potential
to use the HoloLens post-incision, as a reference and guidance for resection once the skin has been
opened. To realize this, a new registration should be performed after the ribs are exposed.
However, as the anatomical landmarks on the skin are inaccessible once the first incision has been
made, it is impossible to perform a new registration with the use of the conventional AR system.

Surface matching could be a solution to these challenges, as it does not require the
localisation of anatomical landmarks. Additionally, it is thought that surface matching could be
used to perform registration directly on the post-incision surface of the exposed ribs. However,
literature on the use of surface matching methods on anatomical structures with no explicit
surface features, for example the thorax or ribs, is scarce. It is therefore still unknown whether
surface matching is a feasible method for registration during chest wall resections. Furthermore,
it should still be explored which surface acquisition method would be the most suitable for this
application. This thesis explores the feasibility of surface matching for the use of AR both pre- and
post-incision during paediatric chest wall resections. Therefore, two common surface acquisition
methods were developed and evaluated based on their accuracy and applicability.

The first method acquires a surface point cloud of the patient in the OR by tracing a pointer
across the patient’s skin or exposed chest wall. The pointer contains a QR code through which the
position of the tip can be tracked by the HoloLens 2. The registration procedure is similar to the
method described by Liebmann et al. (2019)34, who used a 3D printed pointer to capture the
surface of vertebrae during spinal surgery. An advantage of acquiring the surface point cloud with
asurgical pointer is that it doesn’t require the anatomical structure to be fully exposed, as it allows
the user to capture the exposed surface very selectively.89.90 For the use of chest wall resections, it
is therefore hypothesized that this acquisition method would especially be suitable for the
registration post-incision.

The second acquisition method captures the intraoperative surface point cloud by use of
the Time-of-Flight (ToF) depth camera inside the HoloLens 2. With this ToF camera, a depth image
of a surface is automatically obtained by measuring the phase delay of reflected infrared (IR) rays.
Literature on the use of a depth camera for registration has proven it to be quick, automatic and
less prone to user dependent errors than landmark-based methods.309192 However, a
disadvantage of automatic depth cameras it that they generally capture a large and non-selective
surface. This means that the acquired point cloud easily contains noise that might reduce the
accuracy of registration.?293 Within the application of chest wall resections, surface acquisition
with a ToF camera is therefore thought to be most suitable for registration pre-incision.



3. Objectives

The main goal of this thesis is to improve the conventional AR system for the surgical localisation
of paediatric chest wall Ewing sarcoma. The new system should reduce the complexity of the
preoperative workflow and the user-dependent errors that currently arise with landmark-based
registration. Furthermore, the new system should allow registration post-incision, to let surgeons
use the HoloLens as an extra guidance once the skin has been opened.

This thesis investigates the applicability of surface matching as a new registration method
that could be applied both pre-incision and post-incision during paediatric chest wall resections.
However, no literature exists on the use of surface matching on the thorax or the ribs. Thus, a first
step is to explore the feasibility of surface matching on a surface without explicit features, such as the
thorax. The second step is to explore whether surface matching can be used to perform
registration directly on the ribs to allow the use of AR post-incision. Within this thesis, the
feasibility of surface matching is investigated by comparing two different surface acquisition
methods. The first method uses a surgical pointer which is traced along the contour of the
patient’s skin or exposed ribs to acquire a point cloud that can be used for registration. The second
method acquires this point cloud with the Time-Of-Flight camera of the HoloLens 2.

To reach the main goal of this thesis, several research questions are considered:

1. What is the feasibility of surface matching as a registration method for tumour
localisation prior to incision?

2. What is the accuracy of both surface matching methods compared to landmark-based
registration?

3. Does surface matching result in better performances based on registration times, user-
friendliness and registration complexity compared to landmark-based registration?

4. To what extend can we use surface matching as a registration method post-incision?

- Which surface acquisition method can perform a registration on the exposed
surface of the ribs the most accurately?

- What is the potential of registration post-incision based on the surgeon’s
experience?

This thesis explores the feasibility of surface matching by comparing two different surface
acquisition methods. The software design and technical background of both surface matching
methods are described in Chapter 4.

To validate their performances and to compare their results with the conventional
landmark-based registration method, a phantom study was performed (Chapter 5). All three
registration methods were compared based on their accuracy, registration time, and inter-
observer variability. Chapter 6 describes the results of a human cadaver study that was performed
to investigate the performance of surface matching in clinical practice. To test the feasibility of the
two surface matching methods, two surgeons performed a chest wall resection with the use of the
newly developed AR systems. Both surface matching methods were compared based on their
ability for registration prior to incision, as well as registration directly on the ribs. Subsequently,
surgeons completed a questionnaire to evaluate on the system’s potential, user-friendliness and
added value of AR during surgery.

The results of the two studies are combined in Chapter 7, which gives a general discussion
and complete overview of the feasibility of surface matching and AR during paediatric chest wall
resections.
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5. Phantom study

Comparison of different registration methods for the use of
Augmented Readlity during chest wall resections

In the last couple of years, Augmented Reality has gained popularity in many surgical fields. AR
allows the direct visualisation of anatomical structures onto the patient in the OR, and can
therefore facilitate surgical guidance and decision making.18-21 AR has already proven to be of
added value in maxillofacial surgery, neurosurgery, and orthopaedics.21-26 A recent study by
Spijkerboer et al. (2022) has explored the feasibility of AR for the intraoperative localisation of
paediatric chest wall tumours.2” These tumours have often become invisible and non-palpable
due to preliminary chemotherapy, making intraoperative localisation of the affected rib a complex
and time-consuming process that requires multiple imaging modalities, depending on the
tumour’s extend, depth and position?5. Surgeons generally use a combination of the preoperative
CT and MR images, as well as intraoperative imaging techniques such as echography,
thoracoscopy or fluoroscopy to localize affected rib and tumour and plan the resection. The used
techniques differ per patient and thus no generalized approach for tumour localisation yet
exists.1517

The use of AR during paediatric chest wall resections has the potential to facilitate surgical
tumour localisation by projecting a virtual model of the affected ribs, tumour, and anatomical
structures directly onto the patient in the OR. The conventional AR system of Spijkerboer et al.
uses a landmark-based registration method to project the virtual model prior to incision with the
HoloLens 2. The first experiences with this system are promising and surgeons see the potential
of using the HoloLens 2 for intraoperative tumour localisation during chest wall resections.
However, since the intraoperative tumour localisation is conventionally based on multiple
imaging techniques and no golden standard exists, surgeons find it difficult to quantify the
accuracy of the holographic overlay in the OR. Hence, before surgeons can fully rely on the
localisation based on the AR system, the projection accuracy should be validated.

Furthermore, in-house experiences with the conventional landmark-based registration
method have shown that the current AR system is prone to user dependent errors and
inaccuracies easily occur. Thus, there is a need to explore other registration methods to improve
the conventional AR system. This thesis therefore explores the feasibility of surface matching,
which allows a more automatic registration without the need for additional manual steps or the
preoperative localisation of anatomical features. Additionally, the algorithms that are generally
used for surface matching make it possible to perform registration on only a sub patch of the total
surface. This means that registration can be performed even if the organ or anatomical structure
is not fully exposed during surgery.3! It is therefore expected that within paediatric chest wall
resections, surface matching could be used for registration post-incision, e.g. directly on the
surface of the ribs. This would make it possible to provide surgeons with holographic guidance
once the skin has been opened.

This phantom study explores the feasibility of surface matching for the use of the
HoloLens 2 during paediatric chest wall resections. Therefore, two different surface acquisition
methods are considered. Both methods are compared to the conventional landmark-based
registration method based on their accuracy, registration times and inter-observer variability.
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Chapter 5 Phantom study

Materials & Methods

The feasibility of surface matching was investigated by comparing the two different surface
acquisition methods that are described in Chapter 4 of this thesis: contour registration and ToF
camera registration. Both methods were tested on a pre-incision and post-incision surface of a 3D
printed phantom of a paediatric thorax, i.e. on the surface of the skin, and the exposed chest wall
respectively.

Phantom design

The phantom was designed by use of a preoperative CT-scan of a paediatric patient who
underwent a chest wall resection of the sixth to eighth rib. During this preoperative CT scan, the
patient was positioned in lateral decubitus position and radiopaque lead stickers were attached
to scars and birthmarks to serve as anatomical landmarks. A 3D model of the patient was created
by manual segmentation of the thorax in 3D Slicer (Version 5.0.3, The Slicer Community,
http://www.slicer.org108) (Figure 14a). Additionally, to simulate registration on the post-incision
surface, the exposed surface of the ribs and chest wall was manually reconstructed to mimic the
operating field after the skin has been opened (Figure 14b).

a b

Figure 6. 3D models created in 3D Slicer. a) Segmentation of the thorax, used for registration pre-incision. b) Reconstructed surface
of the operating field (exposed rib 6,7 and 8) for registration post-incision.

Subsequently, the 3D models were transferred to Fusion 360 (Version 2.0.15995, Autodesk, Inc.,
San Francisco, CA, USA) and redesigned into a phantom that could be used for multiple
registration purposes. Therefore, two different panels were designed. The first panel included
pivots at the exact locations of the anatomical landmarks in order to validate the landmark-based
registration method (Figure 15a). The second panel was used for both surface matching methods,
and consisted of a smooth skin surface in which five beacon points were included for accuracy
measurements (Figure 15b). Registration post-incision could be tested by removing the skin
panel and hereby exposing the surface of the ribs and chest wall (Figure 15c). Like the skin panel,
five beacon points were included in this surface to allow accuracy measurements based on
registration post-incision.

The phantom was 3D printed true to size in white polylactic acid (PLA) with the Ultimaker
S5. As the material and lighting conditions of the phantom can have an effect on the performance
of a ToF camera, the phantom was painted in realistic colours to minimize the effect of these
possible errors.103
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a b C

Figure 7. 3D printed phantom with different registration surfaces. a) Panel used for landmark-based registration. The five indicated
pivots were used for registration. b) Panel used for both surface matching methods. c) Post-incision registration surface.

Registration

The technical background and software design of all three registration methods is described in
Chapter 4 of this thesis. Like the workflow for actual chest wall resections, the HoloLens
application was prepared by implementing the surface meshes of the skin and exposed chest wall
of the phantom into Unity. In order to enable accuracy measurements, the Unity applications were
adjusted to project nine target points instead of an anatomical 3D model (Figure 16).

Figure 8. The nine target points that were projected onto the phantom after each registration.

During all phantom experiments, the registrations were performed with the user standing at the
dorsal side of the phantom, as this corresponds to the surgeon’s position during surgery. The user
was instructed to maintain this position while performing the accuracy measurements to
minimize the effect of drift. All experiments were performed in a room without natural lighting,
to eliminate ToF camera differences caused by varying lighting conditions between experiments,
and to simulate the lighting conditions in the OR. Subsequently, the next factors were considered
for each registration method specifically:

Method |: Landmark-based registration
Landmark-based registration was performed with the five anatomical landmarks indicated in
Figure 15a and the reference QR code attached to the cranial side of the phantom. During
registration, the Vuforia system shows the tracked position of the pointer’s tip by projecting a
green overlay onto the 3D printed pointer. However, inaccuracies inside the Vuforia system can
cause a mismatch between the physical position of the pointer and the green overlay. Within these
phantom experiments, the holographic overlay of the pointer was therefore always seen as truth.
When registration was succeeded, the panel with pivots was changed for the panel with
beacon points to perform the accuracy measurements.

Method 2: Contour registration

Contour registration was performed by tracing the surgical pointer across the whole surface of
the skin panel or exposed chest wall surface (Figure 17), as this gave the most accurate results
during preliminary testing. During registration, the user was instructed to keep the head as still
as possible to reduce the risk of drift while acquiring the point cloud of the surface.
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a b

Figure 9. Example of the acquired point cloud (pink spheres) during contour registration. a) Registration pre-incision. b) Registration
post-incision.

Method 3: ToF camera registration

During ToF camera registration, the depth maps were acquired from a dorsal, diagonal
perspective according to the surgeon’s position during surgery. The user was instructed to keep
its head approximately 30-50 cm from the phantom, as preliminary tests showed that this
position resulted in the most accurate depth maps.

Accuracy measurements

The registration accuracy of the three methods was validated by means of two experiments. The
experiments were performed by two observers, both an experienced and unexperienced
HoloLens user. In the first experiment, the accuracy of all three registration methods was
validated prior to incision. Per observer, each registration method was timed and repeated five
times. After each registration was completed, nine target points were projected onto the phantom.
The user was instructed to objectively mark the positions of each target with a pencil, while
keeping their head as still as possible to eliminate the effect of drift. Subsequently, a digital calliper
with 0,01 mm accuracy was used to measure the 2D distance between the marked points and the
five beacon points in the panel of the phantom. Using these measurements, the 3D position of the
marked points was computed in Python with the use of the trilateration principle (Appendix C).109
Subsequently, the Target Registration Error (TRE) was calculated for each target. The TRE was
defined as the Root Mean Square error (RMS), or Euclidian distance, between the 3D positions of
the marked targets and the 3D positions of the virtual targets. Additionally, the separate errors in
X-, y-, and z-direction were calculated to examine systematic shifts into a certain direction.

The second experimented investigated the feasibility of the two surface matching methods for
registration post-incision. The landmark-based registration was not included in this experiment
as it is impossible to perform registration post-incision with use of landmarks on the skin.

During the second experiment, the same validation experiment was performed by the two
observers. Registration was performed on the surface of the exposed ribs and chest wall, and each
registration method was timed and repeated five times. Like the first experiment, nine target
points were projected onto the phantom and again the TRE’s and systematics shifts were
calculated with the use of five beacon points and trilateration principle.

Statistical analysis

For the first experiment, a one-way ANOVA test was performed to investigate whether there was
a significant difference between the TRE’s of the three registration methods. Subsequently, a post-
hoc Tukey’s test was performed to compare the registration methods in pairs to discover which
methods were significantly different from each other. For the second experiment, a student T-test
was performed to compare the TRE values of both surface matching methods. Additional student
T-tests were used to analyse the inter-observer variability in TRE values and registration times
for each registration method during both experiments.
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Per registration method and observer, nine target measurements were performed five times,
resulting in a total of 90 TRE measurements per registration method for both experiments. Table
1 shows the results of the accuracy measurements for the first experiment. The average standard
deviations were calculated based on the standard deviation of each registration moment (e.g. five
per method and observer).

The ToF camera registration was proven to be the fasted registration method with an
average time of 26 + 11 seconds. The landmark-based registration and contour registration were
performed in 35 + 10 and 84 + 42 seconds respectively. The statistical analysis showed no
significant difference in registration times between the landmark-based registration and ToF
camera registration (p = 0,723). The contour registration method was significantly slower than
the other two registration methods (p < 0,001).

The biggest inter-observer variability in registration times was seen in the contour
registration method, with an average registration time of 52 + 2 seconds for the experienced
observer (Observer 1) compared to 115 + 38 seconds for the unexperienced observer (Observer
2) (p < 0,05). For the other two registration methods, the differences in registration times
between the observers were less evident, though the statistical analysis showed a significant
difference for the landmark-based registration method (p < 0,05).

Landmark-based registration resulted in the most accurate projections, with an average
TRE of 2,3 + 2,3 mm, which was significantly lower than both surface matching methods (p <
0,001). The contour registration method and ToF camera registration method had an average TRE
of 6,5+ 1,9 mm and 7,7 + 2,1 mm respectively and were not significantly different (p = 0,162).

The errors in x-, y- and z-direction do not show evident systematic shifts for any of the
registration methods, as all values are close to zero and the standard deviations are small. The
biggest shift is seen in the results of the ToF camera registration for Observer 2. The error in the
x-direction of -7,3 £ 1,4 mm showed that the targets were mostly shifted towards the ventral side
of the phantom.

Table I. Results of the accuracy measurements for the registration pre-incision.

Method Subgroup Time * std TRE * std Error x * std Errory * std Error z + std
(s) (mm) (mm) (mm) (mm)
Observer | 27 +3 24+ 1,0 07+ 1,0 0,74+ 1,0 0,1 +0,9
Landmark-based | o (oo 43+8 22+ 1,2 0,1 0,9 06+12 04+12
reglstratlon
Mean 35+ 10 2,3+2,3 0,4+0,9 0,7+ 1,1 0,2+ 1,0
Observer | 5242 29+08 1,4+0,5 09+1,0 07 +0,8
Contour
ontot Observer 2 115+ 38 10,1 +0,8 04+ 0,9 0,1+38 12+08
reglstratlon
Mean 84 + 42 65+1,9 0,9+0,7 0,4 +2,8 0,9+0,8
Observer | 2143 50+09 25+07 12418 25+ 1,1
ToF camera Observer 2 32+ 13 103+ 1,1 73+ 1,4 13439 09+1,4
reglstratlon
Mean 26+ 11 7,7+2,1 2,4+ 1,1 0,0+3,0 08+1,3

The inter-observer variability in TRE values for each registration method is visualised in Figure
18. The violin plot shows the distribution of the total collection of TRE measurements for all
targets (e.g. 90 measurements per registration method and observer). The student T-tests showed
no significant difference between the TRE of Observer 1 and 2 for the landmark-based registration
method (p = 0,613). However, the violin plot and statistical analysis show an evident difference
between the TRE values for both surface matching methods (p < 0,001).
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TRE distribution — Experiment |
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Figure 10. Violin plot of the TRE values for each observer and registration method during the first experiment. The median TRE values
are represented by the white dot.

Table 2 shows the results of the accuracy measurements for the post-incision experiment. Again,
the ToF camera registration was the fastest method with a mean time of 20 + 8 seconds, compared
to 51 = 6 seconds for the contour registration method (p < 0,001). There was no significant
difference between the registration times for each observer.

The ToF camera registration showed the highest accuracy with a mean TRE of 4,3 £ 1,8
mm, compared to 6,2 + 5,0 mm for the contour registration method (p < 0,001). When looking at
the errors in x-, y-, and z-direction, again no distinct shifts towards a specific direction can be
concluded. The biggest shift is seen towards the positive x-axis for both registration methods,
meaning that the targets were slightly shifted to the dorsal side of the phantom.

Table 2. Results of the accuracy measurements for the registration post-incision.

Method Subgroup Time * std TRE = std Error x * std Error y * std Error z  std
(s) (mm) (mm) (mm) (mm)

Observer | 5145 4,9+2,2 1,6+2,7 0,1+1,8 1,7+2,7

Contour Observer 2 51+7 7,4+1,4 58+1,4 1,1+2,0 2,9+1,3
reglstratlon

Mean 51+6 6,2+5,0 3,7+2,1 0,5+1,9 2,3+2,1

Observer | 18+ 4 3,9+0,7 2,3+£0,6 -0,3+1,5 0,3+0,9

ToF camera Observer 2 22+10 4,7+1,0 41+1,0 02+1,4 1,0+0,7
reglstratlon

Mean 20+8 43+1,8 3,2+0,8 0,3+1,4 0,6+0,8

The inter-observer variability in TRE values for the second experiment is visualised in Figure 19.
Like in the first experiment, the student T-tests showed a significant difference between Observer
1 and 2 for the contour registration method (p < 0,001). No significant difference between was
found within the results of the ToF camera registration (p = 0,074).
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TRE distribution — Experiment 2
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Figure 11. Violin plot of the TRE values for each observer and registration method during the second experiment. The median TRE
values are represented by the white dot.

This phantom study compared three registration methods based on their accuracy, registration
times and inter-observer variability, during a pre-incision and post-incision experiment. For
registration pre-incision, the conventional landmark-based registration method showed the
lowest TRE and inter-observer variability. The ToF camera registration method was the fasted
registration method with an average time of solely 26 seconds. The largest inter-observer
variability was seen with the contour registration method, for both accuracy and registration
times.

For registration post-incision, the ToF camera registration showed the best results with
faster registration times and a significantly lower TRE than the contour registration method.
Again, the contour registration method showed the most inter-observer variability, with a
significant difference in TRE values between the two observers.

Based on the results of this phantom study, the two surface matching methods were not
more accurate than conventional landmark-based registration. However, the clinical challenges
that usually arise with the landmark-based registration method, e.g. the user-dependent errors,
or inaccuracies in the landmark configuration, could not be taken into account within the design
of this phantom study. As the landmark-based registration was performed on a rigid panel with
pivots at the exact locations of the landmarks, the registration could be performed very accurately,
and inter-observer variability was easily eliminated. Meanwhile, both surface matching methods
were still prone to inter-observer variabilities, as their registration workflow required multiple
user-dependent steps. For example, the manual selection of the total surface in contour
registration, or the observer’s line-of-sight while acquiring the depth map with the ToF camera.
Though the results of the landmark-based registration give a good impression of how accurate the
registration can be when performed in an ideal situation, they cannot be directly compared to the
results of both surface matching methods within this phantom study.

When evaluating the results of the surface matching methods alone, this phantom study proves
that surface matching on the surface of the thorax or exposed chest wall is feasible. The accuracy
results of both surface matching methods show that it is possible to localise targets with a TRE
below 1 cm. Within our clinical application, i.e. the localisation of the affect rib, this accuracy
would be sufficient.

There are several aspects which could explain the higher TRE values of the surface
matching methods for both accuracy and registration times compared to the landmark-based
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registration method. Firstly, the higher TRE of the contour registration method is probably caused
by the inexperience of Observer 2. When comparing the contour registration method with the
other two methods, the registration workflow of the contour method is the least straightforward
and requires the most manual steps. For unexperienced users, this method is therefore more
prone to inaccuracies in the acquired point cloud compared to the other registration methods.
When looking at the accuracy results of first experiment for the experienced user, the contour
registration method had an average TRE of 2,9 + 0,8 mm, which is comparable to the TRE of the
landmark-based registration method. Furthermore, the inter-observer variability is less evident
in the second experiment, where Observer 2 already gained more skill with using the HoloLens.
It is thus hypothesized that when the user gains more experience and agility with this contour
registration method, the results will significantly improve and inter-observer variability will
decrease.

The higher TRE values for the ToF camera registration method could possibly be explained
by the fact that there was an offset within the ToF camera. Preliminary phantom testing showed
that the acquired depth map had a systematic error of approximately 1-2 cm in the direction of
sight. Consequently, when performing registration based on this depth map, the hologram is
systematically positioned too far away from the user and the position of the targets is strongly
dependent on the user’s perspective. Within this phantom study, the effect of this offset was
minimized by instructing the user to keep their head as still as possible during registration and
demarcation of the targets. However, this does not guarantee that registration and demarcation
were performed from the exact same perspective, and thus shifts could have easily occurred.

The effect of the depth offset can be seen when comparing the errors in the x-direction of
both observers. For Observer 2, the hologram had a systematic shift in the x-direction of -7,3 £ 1,4
mm during the first experiment, meaning that the targets were shifted towards the ventral side
of the phantom. This confirms the expected offset into the direction of sight. However, this shift is
not seen in the same results for Observer 1, or within the results of both observers during the
second experiment. The observers might have been standing closer to the phantom when marking
the targets, causing the line of sight to be more from above and the shift to be less evident.

Though the results of both experiments give a good impression of the applicability of surface
matching on a surface like the thorax or ribs, there are a few limitations that should be considered
when interpreting these results for clinical implementation. First, the experiments were
performed on a rigid, 3D printed phantom, meaning that the surface meshes from the CT images
matched the acquired point clouds on the phantom exactly. This is not in accordance with the real
situation, where there will always be a slight difference in the position of the patient during the
preoperative CT scan and the position in the OR. A different position causes changes in the
curvature of the thorax, and therefore creates a mismatch between the configuration of the
anatomical landmarks, or the surfaces to be registered. Consequently, it is expected that
registration accuracies will be lower when using these registration methods during actual chest
wall resections.

Another limitation of this phantom study is that the post-incision surface resembled a
very simplified version of the actual surgical field once the skin has been opened. The surface used
in this phantom study contains clear curvatures of the ribs, but it is difficult to predict whether
the actual post-incision surface will contain the same exposure. Furthermore, the post-incision
surface of the phantom was quite large and fully accessible, while in reality, the size of the incision
and the presence of surrounding tissues will limit the accessibility of the exposed surface. The
results of the post-incision experiment therefore only indicate that it is possible to reach a
sufficient registration accuracy based on the curvature of the ribs. However, the actual post-
incision registration performance of the surface matching methods cannot be concluded based on
this phantom study.

The limitations of this phantom study can be resolved by testing the registration methods
in a more realistic setting. For example, the tests could be performed on a non-rigid phantom with
more realistic features, or on human cadavers. For registration pre-incision, it could be
investigated whether surface matching still results in sufficient registration results when there
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are slight thorax deformations between the preoperative CT and the intraoperative situation.
Furthermore, by performing these experiments on cadavers, it can be investigated whether post-
incision registration can still be performed on a less exposed surface that corresponds to the
actual surgical field during chest wall resections. Consequently, although the results of this
phantom study prove the feasibility of surface matching on the thorax and exposed ribs, testing
in realistic setting will make the necessary translation into clinical practice.

This phantom study showed that it was feasible to perform surface matching on the pre-incision
surface of the thorax and post-incision surface of the ribs with sufficient accuracies and
registration times. Conventional landmark-based registration was still proven to be more accurate
for registration pre-incision. However, the accuracy measurements based on a rigid 3D printed
phantom cannot be directly correlated to the clinical situation, where user-dependent errors and
thorax deformations can affect the registration accuracy. Consequently, the registration methods
should still be validated in a more realistic setting before a statement can be made about their
implementation during chest wall resections.

32
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Applicability of surface matching for Augmented Reality guidance
during paediatric chest wall resections

The phantom study in the previous chapter shows that it is feasible to perform surface matching
on the pre-incision surface of the skin and post-incision surface of the ribs with sufficient
accuracy. However, the experiments were performed on a rigid, 3D printed phantom, meaning
that the preoperative surfaces matched the acquired point cloud on the phantom exactly. This is
not in accordance with the clinical setting, where there will always be a slight difference between
the position of the patient during the preoperative CT scan and the position in the OR. This
difference in position could change the curvature of the thorax, and therefore influence the
accuracy of registration. Consequently, to translate the results of the phantom study to clinical
practice, the surface matching methods should first be tested in a more realistic setting.

Furthermore, the surface that was used for registration post-incision was a very simplified
version of the actual surgical field once the skin has been exposed. The phantom study showed
that it was possible to achieve accurate registrations on this surface with both surface matching
methods. However, based on these results it cannot be concluded that the surface matching
methods will give the same accuracies in the surgical situation, as the actual post-incision surface
might not be fully accessible for registration and the presence of surrounding tissues and
instruments might negatively influence registration performances.

Consequently, to make the necessary translation of phantom tests into clinical practice,
the next step is to validate both surface matching methods in a setting that mimics the surgical
situation as realistically as possible. This chapter therefore describes the cadaver study that was
performed to explore the applicability of the surface matching methods during actual chest wall
resections. Within this clinical application, the registration method would be considered
applicable if surgeons are able to locate the correct ribs based on the projections of the HoloLens.
During this cadaver study, the main research question therefore was: “Are the registration
accuracies of the two surface matching methods sufficient to locate the correct rib during
surgery?” To answer this question, two experiments were performed in which the feasibility of
both methods for registration pre- and post-incision was investigated.

In this study, two paediatric oncologic surgeons performed cadaver experiments to test the
applicability of the newly developed surface matching methods for the surgical localisation of
chest wall tumours. During these experiments, the surgeons each operated on a separate fresh-
frozen cadaver of a human thorax. The study consisted out of two individual experiments. During
the first experiment, the two surface matching methods were compared to the conventional
landmark-based registration method by means of their registration accuracy pre-incision. During
the second experiment, the surgeons performed a simulated chest wall resection on the cadavers
with the use of AR guidance through the HoloLens 2. Within this experiment, both surface
matching methods were used to perform registration pre-incision and post-incision.
Subsequently, a postoperative CT scan was made to analyse the accuracy of the resection. After
each experiment, surgeons were asked to evaluate the performance and added value of the
registration methods by means of a questionnaire. (Appendix D).
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Preoperative workflow

The preoperative workflow and software settings for all three registration methods were the
same as described in Chapter 4 of this thesis. To prepare the virtual model and HoloLens
applications, a preoperative CT scan was made. Radiopaque lead stickers were attached to
manually created landmarks in order to allow landmark-based registration. The landmarks were
selected on the rigid parts of the thorax, e.g. on the sternum and area below the breasts, to
circumvent possible configuration differences caused by tissue deformations between the
preoperative CT scan and intraoperative situation.

Virtual models of the skin, post-incision surface, sternum, ribs and an imaginary tumour
were created in 3D Slicer (Version 5.0.3, The Slicer Community, http://www.slicer.org08) by
manual segmentation (Figure 20a). Subsequently, the surface areas used for surface matching
were manually selected in Meshmixer (Autodesk, Inc., San Francisco, CA, USA). Like the placement
of the landmarks, the pre-incision surface of the skin was selected on the rigid parts of the thorax
below the breasts (Figure 20b). The post-incision surface was estimated by selecting a wide
margin around the affected and adjacent ribs to cover the whole surgical area as good as possible
(Figure 20c).

a b c
Figure 12. Examples of the virtual 3D model, landmarks and surfaces used for registration. a) Virtual model of the sternum, rib seven,
eight and nine, and imaginary tumour (red). b) Five landmarks (red spheres) and selected surfaces on the skin (delineated in blue) for
registration pre-incision. c) Selected surface of exposed ribs (grey area, delineated in blue) used for registration post-incision.

Experiment |
In the first experiment, the registration accuracy of the two surface matching methods was
compared with the conventional landmark-based registration method based on the registration
performance prior to incision. The surgeons performed each registration method once based on
the landmarks and the pre-incision surface of the skin. Each registration was performed on the
same side of the cadaver, e.g. in the example shown in Figure 20, both surface matching methods
were performed on the selected surface on the right side of the thorax. After registration was
achieved, a hologram of the sternum with six target points on ribs three, four and five, was
projected onto the cadaver (Figure 21a). After each registration, the surgeon was instructed to
objectively demarcate the six target points on the skin with a coloured marker (Figure 21b).
Subsequently, radiopaque lead stickers were attached to all demarcated points to compare the
results of each registration method by use of a postoperative CT scan. Finally, the surgeons
completed a questionnaire to evaluate on the ease and applicability of each registration method.
All demarcated points were segmented from the postoperative CT scan in 3D Slicer and
reconstructed into the sets of six points corresponding to each registration method. To transform
the points from the postoperative CT scan into the virtual model of the sternum, a registration
procedure was performed. First, the sternum and affected ribs were segmented from the
postoperative CT scan to create a postoperative model that was the same as the preoperative
model as visualised in Figure 20a. The postoperative model was then registered to the
preoperative model with the use of the open-source software CloudCompare (Version 2.12.3,
Open GL, R&D EDF) which contains an ICP registration function. Within CloudCompare, the
preoperative model was selected as the reference surface mesh and subsequently the ICP
algorithm returned the optimal transformation matrix which aligned the two virtual models. This

34


http://www.slicer.org/

Chapter 6 Cadaver study

transformation matrix was then applied to the segmented demarcated points to transform them
into the preoperative model of the sternum. Consequently, the demarcated points could be
directly compared to the target points in the projected hologram.

. Landmark registration
. Contour registration

. ToF camera registration

Figure 13. Examples of hologram and demarcated points for Experiment |. a) Virtual model of the sternum and target points (blue)
that was projected onto the cadaver after each registration. b) Demarcated target points after landmark-based (black), contour (green),
and ToF camera registration (red).

Experiment 2

In the second experiment, the feasibility of using the surface matching methods for surgical
guidance during chest wall resections was evaluated. The two surgeons performed a simulated
chest wall resection with use of the HoloLens 2 both pre-incision and post-incision. A resection of
the imaginary tumour in the eighth rib was simulated on both sides of the thorax, each side using
a different surface matching method. Figure 22 shows an example of the experiment using the
contour registration method on the right side of the thorax.

The experiment was designed to simulate the real surgical situation. Therefore, the
surgeons were allowed to assess the virtual 3D model of the cadaver, consisting of the affected
ribs and imaginary tumour, before starting the resection (Figure 20a). The surgeons were then
asked to locate the affected rib based on palpation alone and mark this location with a coloured
marker.

Subsequently, the HoloLens was used to project the virtual model onto the cadaver (Figure
22a). Depending on the cadaver and resection side, this was done by either contour registration
or ToF camera registration on the selected surface of the skin (Figure 20b). Again, the surgeon
was asked to mark the location of the tumour with a marker (Figure 22b). Like in the real surgical
situation, the surgeons had to plan the resection according to their own interpretation of the
anatomy and accuracy of the holographic projection. Before making the first incisions and starting
the actual resection, the surgeons filled in a questionnaire to evaluate on the localisations based
on palpation and the HoloLens alone, and to indicate whether the use of the HoloLens changed
their surgical decision making and confidence in localisation of the tumour.

Subsequently, the surgeons continued the resection by exposing the ribs and chest wall.
Once exposed, the same registration method was performed on the post-incision surface of the
ribs and the virtual model was projected onto the surgical field (Figure 22c). The surgeons were
then asked to mark the edges of the tumour with a surgical saw based on their own interpretation
of the anatomy, preoperative assessment of the virtual model, palpation and the holographic
projection (Figure 22d). Ultimately, the surgeons completed the same questionnaire to evaluate
the registration performance on the post-incision surface. The same experiment was then
repeated on the other side of the cadaver with use of the second surface matching method. After
both experiments were completed, the surgeons completed another questionnaire about the
general potential and added value of using the HoloLens for intraoperative tumour localisation
during chest wall resections.
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Finally, a postoperative CT scan was made to compare the marked tumour edges with the virtual
model to assess the accuracy of resection on both sides. The affected ribs and marked tumour
were therefore segmented from the postoperative CT scan and the same transformation matrix
that was derived in the first experiment was used to register the postoperative model with the
preoperative model. Consequently, the performed resection could be directly compared to the
imaginary tumour to assess whether the surgeons were able to locate the correct rib and perform
an accurate resection with use of the surface matching methods.

Figure 14. Example of the simulated chest wall resection performed on the right side of the cadaver using the contour registration
method. a) The contour registration method is used to perform registration pre-incision, resulting in a projection of the affected ribs
and tumour onto the cadaver. b) Delineation of the tumour based on palpation (black) and holographic overlay (red). c) Result of the
registration on the surface of the exposed ribs and chest wall. d) Tumour edges demarcated with a surgical saw.

Results

Experiment |

The results of the first experiment are visualised in Figure 23. For Surgeon 1 (Figure 23a) the
landmark-based registration was the most accurate, though the projected target points were
slightly shifted towards the lateral side. For Surgeon 2 (Figure 23b) the landmark-based
registration method also showed the most accurate results, as the demarcated points are almost
perfectly aligned with the virtual target points. It is remarkable that the difference between the
accuracy of the two surgeons is quite significant, as the positions of the anatomical landmarks
were similar for both cadavers. The results of this experiment therefore confirm the user-
dependency of the landmark-based registration method.

When looking at the results of both surface matching methods, Surgeon 1 saw an evident
misalignment of the sternum after registration. However, the contour registration method still
projected the target points onto the correct ribs. For the ToF camera registration, the target points
were shifted in the cranial direction, which resulted in the demarcation of incorrect ribs.

Surgeon 2 indicated that the projections of both surface matching methods seemed
accurate. The visualisation in Figure 23b show that the projections of both methods were shifted
towards the medial direction, though the target points were still projected onto the correct ribs.
The size of the shift is approximately the same for both methods, which indicates that there might
have been a deformation of the skin between the preoperative CT-scan and intraoperative
situation.

36



Chapter 6 Cadaver study

Virtual points
Landmark registration

Contour registration

ToF camera registration

a
Figure 5. Results of the first experiment for each surgeon. The demarcated points after landmark-based registration are visualised in
black, the contour registration in green and ToF camera registration in red. The virtual target points are visualised in blue. a) Results
of Surgeon I. b) Results of Surgeon 2.

The results of the questionnaire which evaluated the applicability of each registration method are
shown in Table 3. In general, both surgeons were satisfied with the ease and speed of all three
registration methods. When comparing the results of both surface matching methods, the
surgeons do not agree on the projection accuracy and applicability of the methods for chest wall
resections. Surgeon 1 indicates that the surface matching methods do not meet the required
standards for clinical use. Surgeon 2 is more positive towards their applicability and would use
both methods during surgery.

Table 3. Evaluation of each registration method for the use of registration pre-incision.

Statement Landmark-based Contour ToF camera
registration registration registration
Surgeon | Surgeon 2 Surgeon | Surgeon 2 Surgeon | Surgeon 2

Registration was quick. 5 4 3 4 4 4
Registration was easy to perform. 5 4 4 5 4 4
Based on my own interpretation of the
anatomy, the holographic overlay 4 4 2 4 I 4
seemed accurate.
| would use this registration method
during surgery (pre-incision) 5 4 I 4 I 4

| = strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree.

Experiment 2

Figure 24 shows the results of the simulated chest wall resections for each surgeon and each
surface matching method. The postoperative model, including the affected ribs and marked
tumour, was registered to the preoperative model to give a direct visualisation of the accuracy of
resection. Both surgeons were able to locate the tumour in the correct rib by use of each surface
matching method. Minor differences can be seen in the length of the tumour segments or the
positions of the tumour along the length of the rib. Note that the models do not perfectly align due
to differences in segmentation, registration inaccuracies and deformations of the cadavers
between the two scans. This makes it difficult to quantify the exact accuracy of the resection.
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Surgeon 1 Surgeon 2

Contour ToF camera Contour ToF camera
registration registration registration registration

Figure 16. Results of the simulated chest wall resection for each surgeon and each surface matching method. The figure shows the
postoperative model (non-transparent) registered to the preoperative model (transparent).

Table 4 and 5 show the results of the questionnaires that were completed after the registration
pre-incision and post-incision respectively. When looking at the use of the contour registration
method for tumour localisation prior to incision, Surgeon 1 indicated that the use of the HoloLens
changed his surgical plan and he planned the resection according to the holographic overlay.
Surgeon 2 did not change his surgical plan, as he indicated that he was already confident about
the localisation of the rib based on palpation alone. However, the projection of the virtual model
did seem accurate and improved his confidence before starting the actual resection.

When looking at the use of the ToF camera registration for tumour localisation pre-
incision, Surgeon 1 indicated that the projection seemed accurate and confirmed the tumour
localisation based on palpation. For Surgeon 2, the projection was less accurate, and he therefore
planned the resection based on palpation alone.

Table 4. Evaluation of the surface matching methods for the use of the HoloLens pre-incision.

Statement Contour registration ToF camera
registration
Surgeon | Surgeon 2 | Surgeon | Surgeon 2
Based on palpation alone, | was confident about
o . 2 4 2 4
the localisation of the rib/tumour.
Based on my own interpretation of the anatomy,
. 3 4 5 3
the holographic overlay seemed accurate.
The use of the HoloLens improved my confidence
o . 3 4 5 2
about the localisation of the rib/tumour.
| would dare to make surgical decisions based on
__ 3 4 5 2
the projection of the HoloLens.
The use of the HoloLens changed my surgical plan. 4 2 3 2

| = strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree.

When using the HoloLens for registration on the exposed surface of the ribs, the results of the
questionnaire in Table 5 show that the ToF camera registration method did not achieve any
accurate projections for neither of the surgeons. The contour registration method however, did
result in accurate projections of virtual model. Though the surgeons did not change their surgical
plan based on this projection, they did indicate that the use of the HoloLens improved their
confidence about the tumour localisation post-incision.
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Table 5. Evaluation of the surface matching methods for the use of the HoloLens post-incision.

Statement Contour registration ToF camera
registration
Surgeon | Surgeon 2 Surgeon | Surgeon 2
Based on palpation/inspection alone, | was 4 4 5 4
confident about the localisation of the rib/tumour.
Based on my own interpretation of the anatomy,
. 4 4 2 2
the holographic overlay seemed accurate.
The use of the HoloLens improved my confidence
o . 4 5 2 2
about the localisation of the rib/tumour.
| would dare to make surgical decisions based on
_— 4 3 2 I
the projection of the HoloLens.
The use of the HoloLens changed my surgical plan. 2 ) | |
| would use this registration method during surgery 4 3 | |
(post-incision).

= strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree.

General opinion

At the end of the experiments, the surgeons completed one last questionnaire to evaluate on the
general use of the HoloLens during chest wall resections (Table 6). Both surgeons agree on the
potential of using AR during these resections, though Surgeon 2 is less convinced of this potential
than Surgeon 1. Both surgeons have their doubts about the current added value of the HoloLens
for the tumour localisation post-incision. They do think that the use of the HoloLens is worth the
additional time and steps that are required within the preoperative and intraoperative workflow.

Table 6. Evaluation of the general use of the HoloLens during chest wall resections.

Statement Score

Surgeon | Surgeon 2
| see potential in the use of the HoloLens during chest wall resections. 5 4
The HoloLens has added value in the localisation of the rib/tumour pre-incision. 5 3
The HoloLens has added value in the localisation of the rib/tumour post-incision. 2 3

The use of the HoloLens is worth the additional time and steps prior to surgery
(selection of anatomical landmarks, CT scan in operative position etc.).

The use of the HoloLens is worth the additional time and steps during surgery 5 4
(time needed for registration, visualisation etc.).

| = strongly disagree, 2 = disagree, 3 = neutral, 4 = agree, 5 = strongly agree.

This cadaver study evaluated the clinical applicability of the newly developed surface matching
methods by two experiments. The first experiment evaluated the ability to locate the correct ribs
by performing registration prior to incision. The results show that the conventional landmark-
based registration method still resulted in the most accurate holographic overlay for both
surgeons. The surgeons were also able to locate the correct ribs by use of the contour registration
method, though the hologram was slightly shifted in either the medial or lateral direction.
Registration with the ToF camera only seemed sufficient for one of the surgeons.

An aspect that could have affected the results of the surface matching methods is that the
cadavers were frozen during the preoperative CT scan. Thawing of the cadavers resulted in slight
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tissue deformations between the preoperative CT scan and intraoperative situation. The
deformations were mostly seen near the costal cartilage and abdomen, which was close to the
selection of the skin used for registration. The results of the surface matching methods could
therefore have been negatively affected by these tissue deformations. It is expected that the
landmark-based registration was less prone to these deformations, as the landmarks were
positioned on rigid surfaces where the deformations were less present, e.g. the sternum and ribs.

Furthermore, as surface matching was performed on a section of the skin that was far
away from the sternum, small registration inaccuracies could have had a relatively big effect on
misalignments of the hologram. As the landmarks used for landmark-based registration were
positioned close to the sternum, this registration method was less prone to this effect.
Consequently, this could explain why the two surface matching methods resulted in bigger shifts
of the target points than the landmark-based registration method.

Another important aspect that should be considered when looking at the results of the
first experiment is that the visualisation in Figure 23 only shows the misalignments of the
demarcated points in the horizontal and vertical direction. In reality, there are also differences in
the depth direction, as the target points were positioned directly on the sternum while the
demarcated points are positioned on the skin. Misalignments in the horizontal and vertical
direction are therefore dependent on the user’s line of sight. Retrospectively, the exact line of sight
is very difficult to quantify, hence it was chosen to visualise the results from an orthogonal point
of view to eliminate the errors in the depth direction.

When analysing the results of the first questionnaire (Table 3) we see that both surgeons
were satisfied with the ease and speed of each registration method. However, the surgeons
disagreed on the accuracy and applicability of the surface matching methods during surgery. This
can be explained by the fact that during the experiment of Surgeon 1, there were technical
difficulties with the HoloLens-server connection. This had a significant impact on the
performance of both surface matching methods, as registrations had to be repeated a
considerable amount of times to reach sufficient results and the overall course of the experiment
was disrupted. Consequently, this could have biased the answers and registration results of
Surgeon 1.

The second experiment investigated the use of both surface matching methods during an actual
chest wall resection. The surgeons were able to locate the tumour in the correct rib with use of
both surface matching methods. Subsequently, the tumour edges only showed minor shifts in
position and size, indicating that the resections were performed quite accurately.

When looking at the questionnaire for registration pre-incision (Table 4), no clear
consensus was reached on which surface matching method seemed most accurate. According to
Surgeon 1, registration with the ToF camera resulted in an accurate projection of the virtual
model. However, the ToF camera registration did not achieve an accurate projection for Surgeon
2. When comparing the results of the contour registration methods, Surgeon 2 indicated that the
projection seemed accurate and improved his confidence in localisation. Surgeon 1 doubted the
accuracy of the projection, but decided to perform the resection based on the holographic overlay.
Eventually, this led to an accurate resection, indicating that the initial projection was probably
correct. When combining the results of both experiments for registration pre-incision, we can
conclude that the results of the ToF camera registration method were the least consistent and not
always sufficient to locate the correct ribs. These inconsistencies might be explained by the fact
that the acquired point cloud by the ToF camera includes a large area of the skin. For the thorax,
this is area does not contain any explicit curves or edges. Consequently, the ICP algorithm might
have multiple local minimal solutions, which leads to different transformation results for each
registration procedure. Thus, even though both surface matching methods have proven their
ability to achieve sufficient registration accuracies, the contour registration method seems the
most consistent and reliable method for registration on the thorax prior to incision.

For registration post-incision, this cadaver study showed that the ToF camera registration
was unsuitable for this cause, as registration resulted in an evident misalignment of the virtual
model for both surgeons (Appendix E). This was probably due to the fact that the acquired point



cloud contained noise of surrounding tissues or surgical instruments, which negatively affects the
accuracy of the ICP algorithm. As was hypothesised, the contour registration method gave better
results. It was possible to achieve a sufficient registration accuracy based on the accessible surface
of the exposed ribs, which was only a sub-patch of the preoperative reference surface (Appendix
E). These results indicate that registration post-incision is feasible with the use of the contour
registration method. However, as the projections still showed slight misalignments of the total
model (e.g. the tilted sternum in Figure 22c), the surgeons indicated that they see less potential
in using the HoloLens for tumour localisation post-incision (Table 6). Nevertheless, they did
indicate that the visualisation post-incision could confirm their localisation based on palpation
and made the interpretation of the tumour’s length or the direction of the cutting planes more
intuitive.

Before the results of this cadaver study can be translated to actual paediatric chest wall resections,
there are still several aspects that should be considered. First, the experiments were conducted
on the thoraxes of adults. As these are bigger than those of paediatric patients, the surface of the
skin is less curved. Moreover, due to practical considerations, the cadavers were lying in supine
position instead of the lateral decubitus position corresponding to surgery. Consequently, the
surface matching methods were mostly performed on the ventral surface of the thorax instead of
the lateral curvature of the ribs. As the ventral side of the thorax has a less distinctive curvature
than the lateral side, this could have led to worse registration accuracies as the ICP algorithm
works best on explicit surface features.!10 Furthermore, by keeping the cadavers in supine
position, the differences in the patient’s position that normally occur between the preoperative
CT scan and intraoperative situation, could not be taken into account during this cadaver study.
Consequently, before the results of this cadaver study can be used for the actual implementation
of surface matching during surgery, the software should still be tested in a setting that is more in
accordance with the real situation. For example, by performing cadaver tests on smaller bodies
that can be placed in lateral decubitus position, more pilot tests on patients in the OR, or by testing
the software on volunteers.

Subsequently, once the surface matching methods are extensively validated and prove
sufficient accuracies in the clinical setting, efforts should be made to improve the surgeons’ trust
in the AR technology. During the experiments, the surgeons both commented that they do not yet
dare to rely on the localisation based on the HoloLens alone. Inconsistent performance of the
device, e.g. the technical difficulties that often arise, or the inaccuracies that easily occur, make it
difficult to trust the technology at this point. However, they did indicate that the projection of the
virtual model, both pre-incision and post-incision, improved their overall confidence in the
localisation of the rib and tumour. The surgeons therefore do see the overall potential of using the
HoloLens for the intraoperative localisation of chest wall tumours and agree that it is worth the
additional steps that are needed in the pre- and intraoperative workflow. Future developments
should therefore focus on the improvement of user-friendliness and robustness of the HoloLens
applications. By reducing the matter of inconsistencies and inaccuracies, surgeons will become
more willing to use the HoloLens during surgery and the potential for the use of AR during chest
wall resections can be fully exploited.

This cadaver study proved the feasibility of two surface matching methods for the use of AR
during chest wall resections. Both surface matching methods were able to locate the correct rib
by registration pre-incision, though the contour registration method was more consistent than
the ToF camera registration. For registration post-incision, the ToF camera registration did not
prove to be a suitable method. The contour registration did show sufficient accuracies and was
able to improve the surgeons’ confidence on the intraoperative localisation of the affected rib and
tumour. In general, surgeons see the potential of using AR during paediatric chest wall resections
and agree that the use of the HoloLens is worth the additional steps and time in the pre- and
intraoperative workflow. However, efforts should still be made to improve their trust in the
HoloLens in order to fully benefit from its potential.



7. General discussion

The main goal of this thesis was to improve the conventional Augmented Reality system for the
surgical localisation of paediatric chest wall tumours. Therefore, two different surface matching
methods were compared to the conventional landmark-based registration method by means of
their accuracy and applicability in chest wall resections.

The results of this thesis have proven the feasibility of surface matching for the use of AR
during paediatric chest wall resections. The comparison of the two different surface acquisition
methods on a 3D printed phantom showed that it was possible to reach an accuracy below 1 cm
with both methods. For our clinical application, i.e. the localisation of the correct rib, this would
be sufficient. The ToF camera registration was the quickest registration method and took less than
half a minute on average. Although the contour registration method was significantly slower, its
average registration time of less than one and a half minute would also be clinically acceptable.

When testing both surface matching methods in a surgical setting, the cadaver study
showed that surgeons were able to locate the correct rib and tumour with use of both methods.
In general, contour registration gave more accurate and consistent results than ToF camera
registration. As was hypothesized, contour registration also showed most potential for
registration post-incision. It was not possible to perform correct registrations on the post-incision
surface with use of the ToF camera registration method, probably due to noise of surrounding
tissues and surgical instruments inside the acquired point cloud.

When combining the results of the phantom and cadaver study, it can be concluded that
contour registration has the overall best potential as a surface matching method within the
application of chest wall resections. When using this method for registration pre-incision, it is
possible to locate targets with a sufficient accuracy, especially if the operator is a skilled HoloLens
user. Furthermore, contour registration can be used to perform registration on the post-incision
surface of the ribs and therefore enable additional AR guidance once the skin has been opened.

To our knowledge, this is the first study to investigate the feasibility of surface matching within
the surgical application of chest wall resections. Moreover, only a few studies have been published
that describe the performance of the same surface matching methods within other surgical fields.

Liebmann et al. (2019) used a similar 3D printed pointer to perform contour registration
with the HoloLens for pedicle screw navigation in spinal surgery.3* They were able to reach an
average screw insertion accuracy of 2,77 mm on a 3D printed phantom of the lumbar spine. A
similar study was performed by Gu et al. (2021), who used the same contour registration method
for holographic guidance in total shoulder arthroplasty.11l Contour registration was performed
on a 3D printed phantom of the glenoid and resulted in an average TRE of 3,25 mm. In both
studies, registration was performed by the operating surgeons, but it is not stated whether they
were experienced HoloLens users. If we look at the results of the experienced user within our
phantom study, the TRE values of the contour registration method are similar to those of
Liebmann and Gu et al. However, if we look at our average TRE results, they are slightly lower than
those achieved in the aforementioned studies. The high accuracy results of both Liebmann and Gu
et al. can possibly be explained by the fact that registration was performed on phantoms with
multiple explicit surface features like spinous and transverse processes, or the glenoid cavity and
acromion. The ICP algorithm is therefore more likely to achieve a high registration accuracy than
on a smooth surface like the thorax.

Only one study exists where the same contour registration method was tested on a human
cadaver. Hoch et al. (2020) used the method as described by Liebmann et al. to perform a
periacetabular osteotomy of Ganz with AR guidance.l2 An orthopedic surgeon performed
contour registration on the exposed pelvic bone and was able to achieve osteotomies with an
average accuracy of 6,6 mm based on the holographic overlay of a preoperative planning. As our
cadaver experiments had a different set-up where surgeons performed the resection based on
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their own interpretation, it is difficult to compare the accuracy results of Hoch et al. with our
cadaver study. However, Hoch et al. performed registration mainly on the dorsal side of the ilium,
which is a part of the pelvic bone that does not contain very explicit surface features. It is therefore
expected that our contour registration method should be able to achieve comparable accuracy
results when measuring TRE’s values in a similar cadaver experiment.

If we compare the results of our ToF camera registration with literature, studies describe similar
accuracy measurements and limitations. A study by Von Haxthausen et al (2021) tested the same
ToF camera registration method on a mannequin and found an average shift of 22,3 mm, 35,6 mm
and 13,3 mm in the x-, y- and z-direction respectively.113 Von Haxthausen et al. did not set any
limits to the registration surface, causing the acquired point cloud to contain a lot of outliers, for
example of the operation table. Consequently, this could have led to the inaccurate registration
results.

A study by Gsaxner et al. (2019) investigated ToF camera registration on the face.l14
Accuracy measurements on eight phantoms and one human subject showed an average TRE of
9,2 mm. Their results are slightly lower than the results of our phantom study. This can possibly
be explained by the fact that Gsaxner et al. used a fully automated ICP algorithm that circumvented
the initial alignment step. Errors in this alignment step could have caused the algorithm to get
trapped in local minima, hereby resulting in worse accuracy results.

The previously mentioned study by Gu et al. also investigated the accuracy of ToF camera
registration on 3D printed phantoms of the glenoid.11! They tested the registration method in a
setting where the phantom was either fully exposed or partly obstructed, to mimic the
intraoperative situation of total shoulder arthroplasty. Gu et al. found that the registration results
on a partly obstructed phantom were insufficient for clinical use, which is in accordance with our
findings when using ToF camera registration on the post-incision surface. When testing the ToF
camera registration on a fully exposed phantom, Gu et al. achieved a TRE of 9,28 mm, which was
mainly caused by a systematic error in the depth direction. They found the ToF camera offset of
approximately 1 cm to arise on the 3D printed material as on a porcine specimen. Their results
are therefore in accordance with our findings and support the potential of contour registration
over ToF camera registration for the use of AR in surgical settings.

When interpreting all results of this thesis for the actual clinical applicability of surface matching
during chest wall resections, there are several limitations that should be considered. Firstly, the
phantom study did not allow a fair comparison between the conventional landmark-based
registration and both surface matching methods. As the landmark-based registration was
performed on a rigid panel with pivots, registration could be performed very precisely, and the
user-dependent errors that normally arise in the clinical setting were eliminated. This was not
the case for both surface matching methods, where results were still dependent on variable
factors like the user’s HoloLens skills or line-of-sight. Consequently, the phantom study suggests
that both surface matching methods are less accurate than the conventional registration method,
but these results cannot be generalized to the actual clinical setting. The only way to make a fair
comparison between the three registration methods, is to implement them all during actual chest
wall resections. Subsequently, all methods can be tested in the OR and the localisation results of
the surface matching methods can be compared to the conventional method. Eventually, these
experiences will have to point out which registration method leads to the most accurate
localisation of the affected ribs according to the surgeons’ interpretations.

Secondly, though the cadaver study gives a good impression of the applicability of surface
matching during chest wall resections, there were still several factors that differed from the actual
situation in the OR. The use of frozen cadavers that only consisted of the thorax made it impossible
to place the bodies in lateral decubitus position during the preoperative CT scan, hence it was
chosen to keep the cadavers in supine position throughout the whole experiment. The position
differences that normally occur in the clinical setting could therefore not be taken into account.
However, these differences can have a significant effect on the registration accuracy, and it is thus
important to evaluate the performance of the registration methods when slight thorax



deformations might have occurred between the preoperative CT and intraoperative situation. It
is expected that landmark-based registration is more prone to these inaccuracies than the surface
matching methods, as registration is performed on only a small number of points. If there is a
mismatch between some of these points, this can have a relatively big effect on the overall
registration result. With surface matching, registration is performed on a large point cloud, and it
is thus expected that mismatches will lead to a less significant effect.

The supine position of the cadavers also caused the registration surface to be more on the
ventral side of the thorax than on the lateral side which would normally be used during surgery.
The ventral side of the thorax is less curved and could thus have led to less accurate registration
results for the surface matching methods. Future studies should therefore focus on comparing the
registration methods in an even more realistic setting. For example, by using thawed full body
cadavers that can be placed in lateral decubitus position, or on volunteers or actual patients in the
OR. This way the effect of thorax deformations can be considered, and registration can be
performed on the lateral side of the thorax.

Lastly, the HoloLens application that was used for the surface matching methods was still
under construction. Consequently, we encountered a lot of technical difficulties (e.g. failed server
connection, or incorrect tracking of the pointer) during all experiments. This could have
negatively affected the registration results, but also the general opinion of the surgeons towards
the use of surface matching during chest wall resections. Currently, surgeons indicate that they do
not yet dare to make surgical decisions based on the HoloLens alone, due to frequent
malfunctioning of the device and inconsistent accuracy results. However, the results of this thesis
suggest that contour registration could solve parts of these shortcomings. Once the surgeons
become more experienced HoloLens users, contour registration could serve as an accurate and
consistent registration method that is less prone to user-dependent errors and deformations of
the thorax. Nevertheless, the application’s user-friendliness, robustness, and HoloLens-server
connection should still be improved before the application can be clinically implemented.

Additionally, efforts should be made to restore the surgeons’ trust in using the HoloLens
for surgical localisations. Without this trust, surgeons will still use additional and invasive
imaging techniques such as thoracoscopy to confirm the location of the tumour, hereby
undermining the potential of AR. In the future, educating and training surgeons to use the
HoloLens more intensively could solve parts of this challenge. Surgeons could be trained by
performing the registration on realistic phantoms, or by playing AR games to improve their
general HoloLens skills. Furthermore, the frequency with which they use the HoloLens could be
increased by implementing the technique in other surgical procedures, such as orthopedic,
maxillo-facial, or nephron-sparing surgery. According to the results of our phantom study, skilled
surgeons should be able to achieve high accuracy results with the contour registration method.
Implementing this method in the standard workflow for chest wall resections will eventually
prove the accuracy of contour registration in actual clinical practice. Ultimately, if this is sufficient,
surgeons will hopefully dare to rely on the tumour localisation based on the HoloLens alone,
without needing additional and invasive intraoperative imaging techniques.

The implementation of contour registration in the workflow for chest wall resections will
be similar to the conventional AR system. During the pre-operative CT scan, the patient should
still be positioned according to surgery, but it would no longer be necessary to select anatomical
landmarks on the patient’s skin. A technical physician can then prepare the preoperative 3D and
should collaborate with the operating surgeon to determine which surfaces will be accessible for
registration both pre- and post-incision. Subsequently, the technical physician will prepare the
HoloLens application and provide the technical support during surgery. Like the conventional
landmark-based registration, registration pre-incision can be performed before the sterile field is
in place. Subsequently, the holographic overlay will enable a quick and non-invasive localisation
of the affected ribs without the need of additional imaging techniques. For registration post-
incision, contour registration can serve as an additional confirmation of the tumour localisation
to improve the surgeons’ confidence before starting the actual resection. Consequently, the use of
AR can facilitate surgical decision making and reduce the overall complexity and time-consuming
process of intraoperative tumour localisation during chest wall resections.



Conclusion

This thesis explored the feasibility of surface matching for the use of AR during paediatric chest
wall resections. Two surface acquisition methods were compared to the conventional landmark-
based registration method through a phantom and cadaver study. The phantom study showed
that it was feasible to perform surface matching on both pre-incision and post-incision surfaces
of the thorax, i.e. on the skin and exposed ribs respectively. Both surface matching methods
showed clinically acceptable registration times and sufficient registration accuracies below 1 cm.

To test the surface matching methods in a more realistic setting, a cadaver study was
performed which investigated the applicability of both methods during a simulated chest wall
resection. Surgeons were able to locate the correct rib with both surface matching methods.
However, the ToF camera registration showed the least consistent results and proved to be
unsuitable for registration on the post-incision surface of the exposed ribs. Consequently,
combining all results of this thesis, contour registration shows the most potential as a surface
matching method during chest wall resections.

Before the contour registration method can be implemented during chest wall resections,
future studies should evaluate the registration performance in even more realistic settings, for
example on smaller cadavers that can be put in lateral decubitus position, volunteers, or patients
in the OR. Subsequently, efforts should be made to improve the user-friendliness and robustness
of the HoloLens application, hereby restoring the surgeons’ trust in the technique. This should
improve the willingness of surgeons to use AR during surgery and ultimately lead to better
HoloLens skills and registration accuracies. Ultimately, the use of AR can facilitate surgical
decision making and improve intraoperative tumour localisation during paediatric chest wall
resections.
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Unity TCP client script
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Appendix B

Python TCP server script
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Appendix C

@author: remivanderwoude

import open3d as o3d
import numpy as np
import pandas as pd
import math

excel path = r"\\Mac\Home\Documents\M3 - PMC\Fantoom
tests\Measurements\Accuracy_prot2_ob2\prot2_distances_230712_r5_ob2.x1lsx"

excel writer = r"\\Mac\Home\Documents\M3 - PMC\Fantoom
tests\Measurements\Accuracy_prot2_ob2\prot2_positions_230712_r5_ob2.x1lsx"

phantom = 1 # 1 = pre-incision, 2 = post-incision"

sheetname = @ #0: Landmark registration - 1: Contour registration - 2: ToF registration

distances = pd.read_excel(excel_path, sheetname, index_col=0)

if phantom ==
beaconl = np.array([-88.451, -99.979, -55.677])
beacon2 = np.array([-31.302, -126.128, -36.370])
beacon3 = np.array([-3.198, -115.480, -54.818])
beacon4 = np.array([-34.474, -118.762, -72.748])
beacon5 = np.array([-35.947, -112.562, -98.289])
beacons = np.stack((beaconl,beacon2,beacon3,beacon4,beacon5))

targetl = np.array([-74.864, -115.943, -28.205])
target2 = np.array([-74.864, -110.662, -60.600])
target3 = np.array([-74.864, -105.500, -92.995])
target4 = np.array([-42.469, -127.580, -28.205])
target5 = np.array([-42.469, -121.910, -60.600])
target6 = np.array([-42.469, -115.210, -92.995])
target7 = np.array([-10.074, -125.130, -28.205])
target8 = np.array([-10.074, -117.650, -60.600])
target9 = np.array([-10.074, -108.690, -92.995])
targets = np.stack((targetl, target2, target3, target4, target5, target6, target7,
target8, target9))

if phantom == 2:
beaconl = np.array([-77.997, -89.031, -54.581])
beacon2 = np.array([-32.150, -103.805, -33.477])
beacon3 = np.array([-8.371, -95.829, -51.629])
beacon4 = np.array([-36.036, -99.654, -67.531])
beacon5 = np.array([-37.428, -96.808, -93.652])
beacons = np.stack((beaconl,beacon2,beacon3,beacon4,beacon5))

targetl = np.array([-65.760, -97.870, -36.000])
target2 = np.array([-65.760, -94.500, -63.495])
target3 = np.array([-65.760, -94.350, -90.990])
target4 = np.array([-38.265, -105.560, -36.000])
target5 = np.array([-38.265, -103.110, -63.495])
target6 = np.array([-38.265, -98.400, -90.990])
target7 = np.array([-10.770, -99.950, -36.000])
target8 = np.array([-10.770, -96.860, -63.495])
target9 = np.array([-10.770, -92.630, -90.990])
targets = np.stack((targetl, target2, target3, target4, target5, target6, target7,
target8, target9))

positions = pd.DataFrame(columns=['x",'y"',"'z"','RMS'])
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for ta
pr
di
di
in
in
in
in
di

R T

dl
d2
d3
d4

de

target

rget in range(9):

int("target =", target+l)

st_target = distances.iloc[target,:]
st_target_np = dist_target.to_numpy()
dexl = dist_target_np.argsort()[0]
dex2 = dist_target_np.argsort()[1]
dex3 = dist_target_np.argsort()[2]
dex4 = dist_target_np.argsort()[3]
st_sorted = dist_target.sort_values()

dl = dist_sorted.iloc[0]
d2 = dist_sorted.iloc[1]
d3 = dist_sorted.iloc[2]
d4 = dist_sorted.iloc[3]

P1 = beacons[index1,:
P2 = beacons[index2,:
P3 = beacons[index3,:
P4 = beacons[index4,:

— e

= beacons[0,:
= beacons[1,:
= beacons[2,:
= beacons[3,:

—

dist_target_np[0]
dist_target_np[1]
dist_target_np[2]
dist_target_np[4]

f trilateration(P1, P2, P3, P4, rl, r2, r3, r4):

pl = np.array([0, 0, 0])

p2 = np.array([P2[@] - P1[e], P2[1] - P1[1], P2[2] - P1[2]])
p3 = np.array([P3[@] - P1[e], P3[1] - P1[1], P3[2] - P1[2]])
vl = p2 - pl

v2 = p3 - pl

Xn = (vl1)/np.linalg.norm(v1)
tmp = np.cross(vl,v2)

Zn = (tmp)/np.linalg.norm(tmp)

Yn = np.cross(Xn, Zn)

i = np.dot(Xn, v2)

d = np.dot(Xn, v1)

j = np.dot(Yn, v2)

X = ((r1**2)-(r2**2)+(d**2))/(2*d)

Y o= (((r1**2)-(r3**2)+(1**2)+(3**2))/(2*]))- ((1/3)*(X))
Z1 = np.sqrt(max(@, rl**2-X**2-Y**2))
72 = -71

KI1=P1l+X*Xn+Y *Yn+ Z1 * Zn
K2 =P1+X*Xn+Y *Yn+ Z2 * Zn

print("position 1 is",K1)
print("position 2 is", K2)

# dist = np.sqrt((K1[@]-P4[0])**2 + (K1[1]-P4[1])**2 + (K1[2]-P4[2])**2)
# dist2 = np.sqrt((K2[@]-P4[0])**2 + (K2[1]-P4[1])**2 + (K2[2]-P4[2])**2)
# print(dist)
# print(dist2)

# diff = np.array([abs(dist - r4), abs(dist2 - r4)])

diff = np.array([math.dist(K1, targets[target,:]), math.dist(K2,
s[target,:])])
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#print(diff)
position_id = diff.argsort()[0]
print(position_id)

if position_id == O:
position = K1
if position_id == 1:

position = K2

# print("Distance position 1 to 4th point is:",dist)
# print("Distance position 2 to 4th point is:", dist2)
# print("Measured distance to 4th point is:", r4)
return position

position = trilateration(P1, P2, P3, P4, di, d2, d3, d4)
error_x = position[@] - targets[target,0]

error_y = position[1] - targets[target,1]

error_z = position[2] - targets[target,2]
positions.loc[target+1,['x"']] position[0@]
positions.loc[target+1,['y"']] position[1]
positions.loc[target+1,['z']] = position[2]
positions.loc[target+l,['error x']] = error_x
positions.loc[target+l,['error y']] = error_y
positions.loc[target+l,['error z']] = error_z

RMS = math.dist(position, targets[target,:])
positions.loc[target+1,['RMS']] = RMS

print(position)
print(RMS)

with pd.ExcelWriter(excel_writer, mode = 'a', if_sheet_exists = 'replace') as writer:
positions.to_excel(writer, sheet_name = 'depth_registration', index_label= 'Target')
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Appendix D

Name:
Strongly disagree Disagree Neutral Agree Strongly agree
1 2 3 4 5
Experiment 1:
Landmark-based registration
Statement Score

Registration was quick.
Registration was easy to perform.
Based on my own interpretation of the anatomy, the holographic overlay seemed accurate.

| would use this registration method during surgery (pre-incision).
Comments:

Contour registration
Statement
Registration was quick.
Registration was easy to perform.
Based on my own interpretation of the anatomy, the holographic overlay seemed accurate.

| would use this registration method during surgery (pre-incision).
Comments:

Score

ToF camera registration

Statement

Registration was quick.

Registration was easy to perform.

Based on my own interpretation of the anatomy, the holographic overlay seemed accurate.

| would use this registration method during surgery (pre-incision).
Comments:

Score




Experiment 2:
N.B.: This questionnaire was completed for both surface matching methods

Pre-incision

Statement Score
Based on palpation alone, | was confident about the localisation of the rib/tumour.
Based on my own interpretation of the anatomy, the holographic overlay seemed accurate.
The use of the HoloLens improved my confidence about localisation of the rib/tumour.
| would dare to make surgical decisions based on the projection of the HoloLens.
The use of the HoloLens changed my surgical plan.
Comments:
Post-incision
Statement Score
Based on palpation/inspection alone, | was confident about the localisation of the
rib/tumour.
Based on my own interpretation of the anatomy, the holographic overlay seemed accurate.
The use of the HoloLens improved my confidence about localisation of the rib/tumour.
| would dare to make surgical decisions based on the projection of the HoloLens.
The use of the HoloLens changed my surgical plan.
| would use this registration method during surgery (post-incision).
Comments:
General:
Statement Score

| see potential in the use of the HoloLens during chest wall resections.

The HoloLens has added value in the localisation of the rib/tumour pre-incision.

The HoloLens has added value in the localisation of the rib/tumour post-incision.

The use of the HoloLens is worth the additional time and steps prior to surgery
(selection of landmarks, CT scan in operative position etc.).

The use of the HoloLens is worth the additional time and steps during surgery (time for
registration, visualisation etc.).




Appendix E

Additional figures Chapter 6

Figure 17. Results of registration post-incision by use of the ToF camera registration method.

Figure 18. Results of registration post-incision by use of the contour registration method.
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