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Abstract

In the field of unruptured cerebral aneurysms, clipping is less and less often the method
of choice. The few aneurysms that have to be treated by clipping are usually complex
cases. The resulting lack of practical experience in combination with complex cases is a
huge problem, from which the need for more training possibilities arises. Therefore, a few
approaches dealing with clipping simulations for aneurysms were developed. Within the
scope of this master thesis, a clipping simulation was developed to establish concepts for
visualising additional information. These concepts were then evaluated regarding their
added value and applicability. The additional information include distance visualisations
and tractive force visualisations. The distance visualisations aim to enhance spatial re-
lations, improving the navigation of the clip, whereas the tractive force visualisations
display the force acting on the vessel surface by the applied clip. This is relevant because
a high tractive force can lead to vessel injuries during the surgery.

The developed visualisation concepts include colour maps and visualisations based on
rays, single objects and glyphs. These concepts were evaluated by practising doctors and
medical students via an online survey. Additionally, one neurosurgeon evaluated individ-
ual parts during and at the end of the development. The overall evaluation revealed that
regarding tractive force visualisations the colour map is the most appropriate concept,
providing the most added value. The need for distance feedback was not recognizable
in videos presented in the survey, but the qualitative evaluation with one neurosurgeon
demonstrated the benefit. Here, the distance rays outstripped the other concepts. Be-
sides the added value and additional support of these two visualisations in an aneurysm
clipping simulation, they may also be applicable in other, similar simulations or serve as
a basis for developing further visualisations.
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1 Introduction

In this introductory chapter the topic of simulating the treatment of unruptured cerebral
aneurysms by clipping will be presented. First the general motivation to include addi-
tional information in a clipping simulation tool is explained. In the medical relevance
section (1.2) the possible treatments of cerebral aneurysms are described, including the
relevance of an aneurysm clipping simulation. The next section serves to outline the sci-
entific relevance of visualising both types of information, the distance and tractive force.
The development was promoted by cooperating with a medical expert. The expert was
Dr. med. B. Neyazi, a neurosurgeon at the university hospital Magdeburg. Whenever
there is the talk of a neurosurgeon serving as a contact person and informant, Dr. med.
B. Neyazi is meant.

1.1 Motivation

Within this master thesis a clipping simulation tool for unruptured cerebral aneurysms
was developed. Since treating unruptured cerebral aneurysms by clipping is on the decline
and the few cases treated by clipping are usually complex cases, such a tool is a good way
to counteract the lack of practical experience and exercise of neurosurgeons and medical
trainees.

Apart from the clipping process, the main focus is on providing additional information.
The user should be provided with distance information so they are aware of the distance
between the clip and vessels while interacting with the clip. By adding this information,
the user should be supported in finding an optimal way to the aneurysm, be made aware
of distances and get a better feeling for dimensions and spatial relations. Additionally,
tractive force visualisations showing the tractive force on the aneurysm and the surround-
ing vessel wall were developed. This information is supposed to help the user to detect
the optimal placement of clips to keep stress on the parent vessel as small as possible.
Unfortunate placement that applies too much stress on the vessels can lead to injuries.
With the help of the tool, the different concepts of representing the distance information
and tractive force will be evaluated. The evaluation reveals whether or to what extend
the specific concepts are helpful and supportive.

1.2 Medical Background Information for Intracranial
Aneurysm Clipping

So-called unruptured cerebral or intracranial unruptured aneurysms are bulgings of blood
vessels at the Circle of Willis which is a circle of arteries in the brain. Cerebral aneurysms
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have a prevalence of about 3% [1]. Most aneurysms are asymptomatic and thus diag-
nosed by accident during imaging for another affliction [2]. The main danger of cerebral
aneurysms is rupture, resulting in a critical subarachnoid hemorrhage, which is a subtype
of stroke [3]. Because of the severe consequences of a rupture, the risks of not treating the
aneurysms have to be compared with the risks of treatment [2]. Treating can be done by
two main methods: surgical clipping and endovascular embolization [4]. Both methods
aim to prevent the blood from flowing into the aneurysm.

As clipping is an open surgery, the neurosurgeon first has to perform a craniotomy [5],
which is illustrated in Figure 1.1.

@Malﬂ Clinic (b)
(a)

Figure 1.1: Procedure of surgical clipping. After opening the skull (a), the clip is placed on the aneurysm
neck (b) [6].

After removing a part of the skull, the underlying dura mater is opened [5]. To open the
subsequent Sylvian fissure and thus exposing the aneurysm, retractors may be used to
form a corridor [5, 7, 6]. The process of carefully dissecting and exposing the aneurysm
is shown in a real case in Figure 1.2. Then clips can be placed carefully on the exposed
aneurysm neck, sealing off the aneurysm from its parent vessel [7, 6]. This procedure is
shown in Figure 1.1.

Figure 1.2: Procedure of dissecting the Sylvian fissure and exposing a small MCA aneurysm [8].

Common complications during this treatment are intraoperative rupture of the aneurysm
and parent vessel injury both of which can be caused by the placement of the clip.
Therefore, surgeons should place the clip parallel to the parent vessel’s centerline [9,
10], limiting stress on the vessel wall [10]. Nevertheless, there are many more factors like
anatomic properties and the existence of atherosclerosis influencing the choice of the clip-
ping method [11, 12, 13]. So with the help of a computer-based simulation tool, surgeons
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and trainees can try different methods and use the tractive force feedback to evaluate
them. In clinical pratcice, this is not possible.

During a preliminary talk with the neurosurgeon, the necessity of this feedback was ex-
plained. He explained that during a clipping surgery the clip is carefully moved to the
aneurysm, partially closed, opened and moved again and so on. This serves to find an
optimal way of placing the clip by seeing but also feeling whether there is too much stress
on the vessels. In a clipping simulation, this haptic feedback of stress is not available and
it would be helpful to replace this by an appropriate visualisation.

In contrast to clipping, endovascular embolization is a minimally invasive procedure. Here,
the aneurysm is reached via a catheter and different devices can be inserted, which can be
seen in Figure 1.3. These can be for example spiral shaped platinum coils (Figure 1.3 (a)).
Additionally, an inflated balloon can be helpful to guide the coils into the aneurysm. In
case of aneurysms with a wide neck, a stent holding the coils in place is required (Figure
1.3 (b)). Besides coils, there are other devices like flow-diversion stents (Figure 1.3 (c))
or intrasaccular flow disruptors (Figure 1.3 (d)) [6]. A flow-diversion stent is a stent
consisting of structural wires and a set of radiopaque wires woven together in a flexible
braid, which is then placed in the parent vessel, preventing the blood from flowing into
the aneurysm [14]. Intrasaccular flow disruptors, like Woven EndoBridge devices, are
positioned inside the aneurysm sac, leading to an intra-aneurysmal thrombosis [15]. All
mentioned methods can be seen in Figure 1.3.

intrasaccular
mesh basket

flow diverter
mesh stent

(c) (d)

Figure 1.3: During endovascular embolization, the aneurysm is reached via a catheter. Through this,
coils can be placed inside the aneurysm sac (a). If necessary, the coils can be held in place by
a stent placed in the parent vessel (b). Alternatively, a flow-diverter consisting of a close mesh
can be placed into the parent vessel (¢). The last option is an intrasaccular flow disruptor,
also consisting of a tightly woven mesh (d) [6].
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The treatment of unruptured cerebral aneurysms has changed over the last few years. Lin
et al. [16] investigated the treatment of ruptured and unruptured cerebral aneurysms in
the USA from 1998 to 2007. As Figure 1.4 shows, the majority of unruptured aneurysms
in the USA are now treated with endovascular coiling.

In a study by McDonals et al. [17] the temporal trends in cerebral aneurysm treatment
were examined by investigating 4899 treatments of unruptured cerebral aneurysms in the
years from 2006 to 2011. In total, 1388 aneurysms were treated by clipping and 3551 by
coiling, revealing that the treatment of clipping is on the decline, whereas the treatment
of coiling increases permanently.

B Trend of Treatment Choice for Unruptured
Aneurysms, 1998-2007
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Figure 1.4: Trends of treating unruptured cerebral aneurysms by clipping and coiling [16].

Although the preferred method is endovascular coiling, there are still some cases where no
coiling can be performed due to them being technically difficult [18]. Technically difficult
and relatively uncommon cases are for example aneurysms that are too small or large
for coiling, or other cases that require relatively much surgical time or a high number of
clips [18]. Consequently, the small number of treating aneurysms by clipping and their
complexity brings along the need for effective training to practice clipping [19]. To provide
appropriate training, simulation tools for neurosurgeons and trainees are necessary, which
is the motivation of this work.

1.3 Importance of Distance and Tractive Force
Information for a Virtual Clipping Simulation

There are already a few approaches in the area of clipping simulations that will be pre-
sented and compared in Section 2. The aim of this work was to develop a simulation
tool for applying clips with focus on visualising additional information. As additional
information distance information and tractive force information were chosen. What ex-
actly is meant by these information and why they are relevant is explained in the follow-

ing.
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Distance Feedback Computer-based systems are often implemented as desktop applica-
tions, where the interaction is completely different compared to the clipping procedure in a
real surgery. One difficulty is interacting in a virtual three-dimensional(3D)-environment,
rendered on a two-dimensional(2D)-display. Generally, so-called depth cues contribute
to the humans’ ability to see three-dimensionally. Visual depth cues can be divided into
the two categories binocular and monocular depth cues [20]. Binocular cues for example
are used for stereoscopic displays or virtual reality devices, where the eyes receive two
slightly different images [21]. When using a monoscopic display as output device, which
is the case in this work, these binocular cues cannot be used. Monocular depth cues are
2D information from which humans can partially reconstruct three-dimensionality [22].
These include for example occlusion, relative size and shadows [22], which can be used
in 3D-applications, rendered on a 2D-display. Another depth cue is the texture gradient,
which means that the texture of surfaces and for example the ground is scaled based on
their distance and the underlying shape. In Figure 1.5, the effect of the texture gradient
of the ground can be seen. In the left image the ground is inclined backwards, whereas
the plane of the right image is vertical [23]. As in a surgery the vessels are not lying on a
texturised surface, this cue is not present in the simulation.
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Figure 1.5: Impact of texture gradient. Left image showing a plane inclined backwards, whereas the right
image shows a vertical plane [23].

The lack of several depth cues in such a context leads to more difficult interaction and
navigation. Due to this, one part of this work will be the development of different meth-
ods of distance feedback and to evaluate whether they improve interaction and navigation
within the clipping simulation.

Tractive Force Feedback Whenever a soft body is squeezed it results in a deformation
of the corresponding object. One of the forces acting on the body and its surface is the
tractive force, pulling it in the direction of the point of origin.

As mentioned in Section 1.2, possible complications during clipping are injuries of the
parent vessel. These can occur if the tractive force on the vessel surface is too strong [9,
10]. As the tractive force is applied by the clip, the clip placement plays an important
role. Therefore, it is crucial to include tractive force visualisations in such a clipping sim-
ulation. This way, the physicians have the possibility to assess different clipping methods
considering the force applied on the vessels.
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There are different approaches, detailed in the next chapter, dealing with visualising
forces on the vessel and aneurysm surface. But as they deal for example with wall shear
stress, they are mostly based on blood flow simulations. Consequently, they do not depict
force applied by the clip but by blood. Furthermore, these approaches are not integrated
in the environment of a clipping simulation tool. That is why this work presents and
evaluates several concepts to visualise this tractive force and the usefulness in such a
tool.




2 State of the Art and Derived
Concepts

In this section, the related work and the derived concepts are presented. This is done by
presenting the state of the art in the field of aneurysm clipping simulations. Afterwards,
approaches and derived concepts of distance and tractive force visualisations are revealed.
The next two topics are physic-based and deal with the deformation of soft bodies and
collision detection which is important for a realistic simulation of navigating and applying
clips. In the next section, the selection of appropriate aneurysm and clip models is
discussed. Based on these fundamental individual components, the tool as a whole is
presented with its graphical user interface and possible interactions. Conclusively, the
requirements that the tool and the visualisations have to meet, are demonstrated and
explained.

2.1 Aneurysm Clipping Simulation

To provide surgeons and trainees with additional training, several simulation tools have
been developed in the last years [24, 25, 26, 27, 28]. Whereas Mashiko et al. [26] created a
physical hollow elastic model, Alaray et al. [24], Gmeiner et al. [25], Shono et al. [27] and
Vite et al. [28] developed virtual simulations. In the following, all four virtual approaches
are summarized, whereby all of them, except the one presented by Vite et al. [28], are
patient-specific approaches.

Alaraj et al. [24] introduced a virtual reality simulation tool for clipping. This tool com-
prises an interactive stereoscopic immersive environment with the patient’s imaging data
and several tools, like clips and clip applier. After reconstructing a stereoscopic 3D model
the user can select an appropriate clip. While moving the clip, the user is provided
with haptic feedback by the haptic device Geomagic Touch (3D Systems Corporation,
https://de.3dsystems.com/haptics-devices/touch, Rock Hill, South Carolina). With the
help of this tool Alaraj et al. [24] aimed to evaluate the usefulness of a aneurysm clipping
simulator as an education tool. One challenge several participants mentioned was grasp-
ing, opening and closing the clip because they were unfamiliar with the depth perception.
The haptic feedback was perceived as realistic only by twelve percent of the participants.
However, more than two-thirds of the participants mentioned that the simulation would
help defining the approach to access the aneurysm safely.

Another virtual reality clipping simulator presented by Shono et al’s [27] focuses on
"tissue-dependent, modifiable, interactive, real-time deformation of the cerebral tissue
complex" [27]. They divided the tool into two subsections, one for dissection and one
for clipping. During the dissection phase, the user dissects the virtual arachnoid mem-
brane and trabecula with a virtual microscissor. In the clipping phase, multiple clips are
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available that can be moved and applied to a deformable aneurysm model. Both phases
can be seen in Figure 2.1 For their implementation they used Unity (unity Technologies,
https://unity.com/de, San Francisco U.S.) and made use of the PhysX engine NVIDIA
for the elastic deformation.

(b)

Figure 2.1: Two phases of clipping simulator: Simulated image of clip application (a) and cutting the
virtual arachnoid membrane and trabecula (image before cutting) (b) [27].

For interacting with the simulation tool of Vite et al. [28], two haptic devices are used, one
for manipulating a tool to separate the two lobes of the brain and the other for placing the
clip. Like the previous approach, they also used a deformation based on the finite element
method for tissue deformation. In contrast to the previous approaches they also included
the opening of the Sylvian fissure with the help of an idealised brain model, which can be
seen in Figure 2.2. During opening the Sylvian fissure and applying the clip, the surgical
area is restricted by the cranial opening, defined by a neurosurgeon. As mentioned above,
Vite et al. [28] did not develop a patient-specific tool, but used two reconstructed models
of real patients. Additionally, they modelled several different instruments according to
manufacturer’s specification sheets.

Figure 2.2: The simulated deformation of soft-tissue deformation of the brain through the Sylvian fissureat
closed and opened states [28].

Gmeiner et al. [25] aimed to develop a virtual clipping simulator comprising haptic force
feedback and real-time deformation of the vessel and aneurysm. For the deformation they
used a finite element method discretizing the elasticity equations of continuum mechan-
ics. Therefore, they made the assumption of a simplified isotropic linear material model,
which disregards the layered structure, nonlinearity, and anisotropy of real arteries. After
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clipping, the procedure is evaluated with a scoring system based on blood flow simula-
tion. Figure 2.3 shows the evaluation mode of the simulation in comparison to real-life
microsurgical images. The evaluation of the simulator was conducted by eighteen neuro-
surgeons. Although the clipping procedure itself was rated as adequate and acceptable,
only one third of participants evaluated haptic feedback provided by two Geomagic haptic
input devices as truly satisfactory.

Figure 2.3: A, B: Real-life microsurgical clipping. C: Intraoperative angiography. D, E: Virtual clipping
based on computed tomography angiography of the same patient. F: Virtual blood flow
simulation in the evaluation mode [25].

The presented approaches can be divided into patient-specific and non-patient-specific ap-
proaches. Since the aim of this work is to develop and provide a tool for training and not
for pre-operative planning, it was decided that it is more important to include different
and representative cases instead of patient-specific data. The specific cases are presented
in Section 2.5.

As all approaches aim to develop tools that are as realistic as possible, they intended to
create realistic interactions by providing haptic feedback. They have in common, that the
users were not satisfied with the haptic feedback. One important task of haptic feedback
is knowing when the executor is touching something, otherwise it would be difficult to
know when the clip is touching the aneurysm or a vessel.

In contrast to the other approaches, this work does not aim to provide a tool that is as real-
istic as possible, but to provide other or additional feedback.

2.2 Visualisations

To provide additional information, different visualisation concepts derived from related
work are used. The related work and resulting concepts regarding force and distance
visualisations are presented in the following subsections. Furthermore, the choice of an
adequate colour scale is motivated.
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2.2.1 Distance Feedback

As mentioned above, the haptic feedback provided in the presented approaches is rated
as not appropriate. To support the users with other and additional feedback revealing
the clip location and spatial relations, one type of additional information is distance in-
formation.

Distance feedback is not realistic in terms of being actually available during microsurgical
clipping, but it can help preparing for such a procedure or help trainees to get a better
feeling and understanding. Furthermore, the visualisation should facilitate the navigation
of the clip in the simulation tool. As mentioned in Section 1.3, a 3D application that is
displayed on a 2D screen provides only few depth cues. Consequently, distance visualisa-
tions counteracting this lack of depth cues and thus supporting the perception of spatial
relations should be developed.

Visualisations related to aneurysms are mostly used to either show the blood flow [29] or
other hemodynamic information like wall-shear stress [30]. On the other hand there are
several approaches in the medical simulation field, for which displaying distance, usually
between a tool and target anatomy, is relevant. Kersten-Oertel et al. [31] summarized dif-
ferent ways of visualising distances. One possibility is to display the distance numerically
like Soler et al. [32] and Giraldez et al. [33], or showing it numerically in a bar graph like
Kawamata et al. [34] did. Another common way is to use a colour-coding scheme, lighting
up the specific anatomy, which can be seen in Kati¢ et al’s [35] approach. Colour-coded
distance fields displayed on an anatomical structure are often used as an approach [36,
37]. Alternatively, Hansen et al. [38] proposes a distance-encoding silhouette instead of
distance-encoding surface. Another possibility is to use additional geometric structures
like Trevisan et al’s [39] colour-changing dynamic sphere. Dick et al. [37] proposed two
different distance visualisations for interactive pre-operative implant planning that were
compared to just a colour-coded distance visualisation on the implant surface. They in-
troduced a glyph-based visualisation, where colour-coded cylindrical glyphs orthogonal
to the implant surface depict distances. This approach was compared to a slice-based
visualisation with colour-coded distances displayed on the implant surface and additional
slices bridging the volume between implant and bone. Both approaches can be seen in
Figure 2.4 below.

-
P

==

Figure 2.4: Distance visualisations using colour coding on the implant surface (left), oriented cylindrical
distance glyphs (middle), and colour coding on the implant surface and on a set of axial slices
(right) [37].
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Due to their more complex situation in oncological pelvic surgical planning and thus
risk of clutter, Smit et al. [40] decided to visualise distances by colour mapping and
isolines.

In case of endoscopy and image-guided surgery, it is useful to highlight the distance be-
tween the instrument and the target or risk structure. Winne et al. [41] used a guiding
line during endoscopy, indicating the distance of the target and pointer instrument by
changing its colour every millimeter. Heinrich et al. [42] also introduced a colour-coded
pointer ray from the tip of the instrument aligned with the tool axis. To detect surround-
ing structures, the second method, a side-looking radar, rotating around the instrument’s
tip was developed. Another method they proposed is a virtual lighthouse. The users can
place the lighthouses at acquired positions, from where rays towards the instrument tip
are emitted.

This overview has shown that there are several approaches and methods to visualise dis-
tances in medical applications. Nevertheless, distance visualisations have to be carefully
chosen depending on the given application and task and thus they have to fulfill different
requirements. The presented approaches still served as a basis and inspiration for the
developed and evaluated distance concepts, that are introduced in the following.

The most basic feedback is to just display the value of the smallest distance between
the clip and the vessels. This concept is easy to understand and provides the user with
the exact numeric value. A large disadvantage is that the users do not know where this
distance was measured. Accordingly, they do not know how to move the clip to avoid an
unintended collision. In this simulation tool, the main function of the distance feedback
is providing spatial information, which is not given by such a feedback. As a consequence,
this concept was not used.

Drawing a colour-coded distance map on the anatomical structure is a common way that
provides more information, which was for example also used by Suessmuth et al. [36] and
Dick et al. [37]. Hereby, an adequate choice of the colour scale is essential, which will
be discussed in Section 2.2.3. One obvious disadvantage of colour maps is that they only
use colour. So for people who are colour-blind it is not applicable and the choice of the
colour scale should consider common colour deficiencies. Distance maps display critical
regions on the anatomical structure, but not on the medical device that is moved in the
simulation. This information would be helpful to know the exact direction, thus the start
and the endpoint of the corresponding distance, in order to navigate the device properly.
Nevertheless, this concept was implemented and evaluated as it is a fundamental, intuitive
and commonly used visualisation method.

To highlight the points that are chosen to calculate the distance, meaning the one on the
anatomical structure and the one on the device, the following concepts were established.
First, only the smallest distance between the vessels and the clip is visualised, which was
also done by Winne et al. [41] and Heinrich et al. [42]. In this case, the smallest distance
is depicted by using a cylinder instead of just a ray. The advantage of this is the cylinder
radius can vary based on the distance, like Dick et al. [37] did with their cylindrical
distance glyphs. Thus, large distances are still visible, whereas a single ray would be
hard to recognize if the camera is relatively far away. As navigating the clip close to the
vessels is the more important situation than when the clip is still far away, the cylinder
should have a smaller radius for small distances. Otherwise it would occlude relevant
structures. To highlight the approximate value of the smallest distance, the cylinder is
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coloured according to the same colour scale as used for the distance map. This concept
has the benefit that a near region highlighted by the distance map can be on the backside
of the vessel and thus not recognizable by the user, whereas the cylinder can be seen, as
the whole distance and not just one point on the vessel surface is highlighted.

One disadvantage of the cylinder is that it only shows the smallest distance. But during
navigation, there can be several near regions that should be highlighted. Aside from that
it can easily happen that the cylinder is occluded by the clip or a vessel. Consequently,
a concept visualising all distances lower than a threshold was developed. Even if the
smallest distance is occluded, the surrounding may be visible. As this concept displays
many distances, using a cylinder for each distance would lead to occlusions and visual
clutter. To prevent this, the distances are drawn as semi-transparent thin rays instead
of cylinders. Heinrich et al. [42] also made their virtual lighthouse visualisation semi-
transparent to avoid an obscured view.

All three visual feedback concepts can be seen in Figure 2.5.

YO WO WO

Figure 2.5: Concepts of visual distance feedback. (a) Distance map on vessel surface. (b) One cylin-
der representing the smallest distance. (c¢) Rays representing all distances smaller than a
threshold.

Additionally to the above mentioned visual concepts, auditory feedback was considered.
Various methods have been presented to show the user near regions. Depending on the
concept, some distances are recognized more easily than others. Hence, a warning in form
of sound was considered. This method was discarded, because it does not provide any
spatial information, which should be the main function of this feedback. Furthermore, the
clip is always navigated to the aneurysm and vessels and thus a sound will be perceived
sooner or later during every clipping procedure.

2.2.2 Tractive Force Visualisations

As mentioned above, existing approaches for visualisation of aneurysms often show wall
shear stress or blood flow. Saalfeld et al’s [30] visualise the wall-shear stress on aneurysms
to evaluate them. Meuschke et al. [43] proposed a combined visualisation of vessel defor-
mation and hemodynamics. One concept is to unfold the aneurysm dome and visualise
the deformation as colour map, and additional bars can visualise any scalar parameter,
for example wall thickness. Another combination was to depict the wall deformation
as a colour map on the aneurysm surface and additional isolines showing the wall-shear
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stress. In another work Meuschke et al. [44] compared four glyph-based tensor stress
visualisation techniques for cerebral aneurysms. Here, glyphs were chosen that should
show the main directions of the stress tensors as well as the corresponding stress values
along the main directions. The four compared gylphs, superquadrics, kite-shaped glyphs,
streamlines and scatterplots, can be seen in Figure 2.6.

Figure 2.6: Glyph-based tensor stress visualisation. From left to right the following glyphs were used:
superquadrics, kite-shaped glyphs, streamlines and scatterplots [44].

The mentioned approaches all visualise stresses and forces during the cardiac cycle,
but there is no approach combining such visualisations in an aneurysm clipping simu-
lation.

Another approach of stress tensor visualisation in the medical field was proposed by Dick
et al. [45]. They introduced an interactive visualisation of stress tensor fields supporting
the planning of hip joint replacement. Their approach is one of the first approaches
allowing interactive visual exploration of time-varying 3D stress tensor fields. Figure 2.7
shows their resulting visualisation, aiming to provide spatial context as well as a detailed
stress analysis.

(a) (b)

Figure 2.7: Visualisation of stress tensor fields. In a) the spatial context is not visible by just showing
the stress lines. In b) the spatial context is given based on an increased opacity of the bone’s
surface, the tensor lines are washed out. Figure c¢) shows the result when fewer and thicker
lines are shown. The global stress distribution is improved, but a detailed analysis is not
possible. In ¢) a focus and context visualisation provides spatial context and global stress
distribution, as well as a detailed stress analysis in the highlighted focus region [45].

The mentioned approaches of visualising force served as a basis for developing visualisa-
tions adequate for a clipping simulation tool. While doing so, it should be considered that
the available information which should be visualised is not always the same.
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The first tractive force visualisation concept arose from the widespread visualisation
method to colour-code the surface. Hereby, each surface point can be coloured based
on the displacement magnitude. This concept is intuitive but has the disadvantage that
only the magnitude but not the direction of the displacement is shown. Therefore, a
concept based on rays was introduced, which was also proposed by Dick et al. [45] for
implant planning. The rays should run from the original position to the current position
of each surface point. This visualisation has the disadvantage that long rays can occlude
important information. Based on this, the third concept using glyphs was established.
Glyphs are small visual objects depicting attributes of a data record [46]. For this, dif-
ferent visual channels such as shape, size, etc. represent different data variables [46].
Some visual channels are more dominant than others, which should be considered in the
design of the glyph [46]. For example, colour and size belong to the more dominant visual
channels and thus have a pop-out effect, with colour having a stronger effect [47, 48, 49].
Consequently, important data variables should be mapped to colour. In the underlying
case of tractive force, data variables are magnitude and direction. First, regions with
high magnitude should be recognised and then the direction can be examined. Thus,
magnitude is mapped to colour.

In general, it is possible to use very simple glyphs that are arranged densely, or to use few
complex glyphs revealing a lot of information [46]. As there are only two data variables
and an overall impression of the tractive force distribution should be conveyed, simple
glyphs are used. This results in an overall impression drawing the user’s attention to
regions with strong displacements. This can be done by placing a glyph at the vertice’s
location of the surface mesh.

Based on this, the first concept of a glyph was developed based on the shape of an
arrow. The displacement direction is shown by its orientation and the strength by its
colour. In figure 2.8 the glyph is sketched. As all glyphs have the same size, they
do not occlude each other like the rays and still depict both magnitude and direction.

Orientation 2 Displacement Direction
Color & Magnitude

Figure 2.8: Sketch of an arrow glyph. Displacement direction is shown by the orientation (blue arrow)
and the magnitude is mapped to colour. From left to right: increasing magnitude.

A second glyph was established, which highlights the strong displacements and hides the
small ones, while maintaining the benefit that the simple glyphs do not occlude each
other. This glyph has the shape of a drop and colour-codes the strength and orientation
like the glyph before. Additionally, the glyph is scaled along its main axis according
to the strength, resulting in longer drops representing strong displacements. To prevent
strong displacements from occluding smaller ones, scaling the glyphs should only take
place within a certain range. Furthermore, the glyphs are drawn semi-transparently
corresponding to the strength. Both additional features ensure that strong displacements
are more highlighted than small ones. The shape of a drop arose from the common flow
visualisation technique oriented line integral convolution (OLIC) [50]. Here, drops of ink
are smeared according to the underlying flow resulting in droplets with traces showing the
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direction, orientation and magnitude of the flow [50]. Additionally, drops are a naturally
occurring shape, which is why they are intuitive and easy to understand concerning their
orientation. The glyph is sketched in Figure 2.9.

4

Figure 2.9: Sketch of a drop glyph. Displacement direction is shown by the orientation (blue arrow) and
the magnitude is mapped to colour, transparency and length. From left to right: increasing
magnitude.

Orientation £ Displacement Direction
Color = Magnitude

Transparency £ Magnitude

Length £ Magnitude

All three above presented concepts of tractive force visualisation are sketched in Fig-
ure 2.10.

(a) (b)

Figure 2.10: Concepts of tractive force visualisations. (a) Tractive force map on vessel surface. (b) Colour-
coded rays from the original position to the current position. (¢) Arrow glyphs indicating
the direction and the strength. (d) Drop glyphs indicating the direction and the strength
via multiple features.
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2.2.3 Colour Scale

Colour is commonly used in data visualisation, as it is an easy way to convey important
information. One major question when using colour is the choice of an appropriate colour
scale, which mainly depends on characteristics of the data, the task and the target au-
dience [51]. When talking about colour scales or colour maps, they can be divided into
three categories: qualitative, sequential and diverging [52]. Diverging maps are used when
a significant value near the median is represented [53]. Two different colours highlight the
zero crossing in the data [51]. Using sequential maps, usually a scalar value is mapped to
saturation, showing the order of the data [53, 51]. Qualitative colour maps, on the other
hand, are used to represent nominal data, which can be categorized, but not ordered [53,
51].

Regarding the scalar values of distance and magnitude, a qualitative colour map is not
appropriate. In both data there is no threshold or zero crossing, which argues against a
diverging map. However, Moreland [53] mentions a few advantages of using a diverging
colour map even if no significant median value should be highlighted. One advantage is
that a more colourful and thus a more aesthetically pleasing visualisation can result [53].
This was also something the neurosurgeon said during feedback meetings. Besides realism
and the clinical relevance, the tool should also be aesthetically appealing and be pleasur-
able to operate.

Furthermore, the data is visually divided into three logical regions by a diverging colour
scale: low, mid-range, and high values. These regions additionally provide visual cues
that help to understand the underlying data [53]. Depending on the chosen colours, some
logical regions can be emphasised more than others, or can be associated differently. For
example a green-red diverging scale can be used to draw critical values in red and less
critical values in green, which is a common association. Another advantage of this map is
that the order and combination of colours is common and intuitive due to its correspon-
dence to the traffic lights going from green to orange to red. Because of these reasons, a
green-to-red colour scale was chosen to visualise the distance and the magnitude. More
precisely, large distances and low magnitudes are represented in green and low distances
and high magnitudes in red, so in both cases the critical values are displayed in red.
One disadvantage of this map is that it is not usable for people with dyschromatopsia.
Therefore, a second, alternative colour map like red-blue should be available in the tool,
which is adequate for people with dyschromatopsia [53].

The rainbow colour map, which is commonly used in the visualisation community is not
an appropriate option for the here underlying data. One main reasons is the lack of per-
ceptual order [54]. This idea was confirmed by the neurosurgeon, who asked what the
different colours stand for when using a rainbow map.

2.3 Deformation

Nearly all medical simulations include a soft tissue deformation. Applying and closing
the clip in the developed tool should lead to a deformation of the vessel model including
the aneurysm. Therefore, two main conditions should be satisfied: real-time performance
and physical correctness.

Fundamentally, there are a lot of different methods to simulate the behavior of soft tis-
sue, but these can be divided into two categories, the finite element method (FEM) and
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mass-spring model (MSM) [55].

FEM has the advantage that it is generally considered to be more accurate [55, 56], but
its drawbacks include high computational costs which make real-time interaction difficult.
Although there are several approaches to improve FEM to achieve better performance, the
application of these approaches is still limited to relatively small and simple models [55].
Alternatively, the other physics-based method, the MSM, can be used. This method is
not as accurate as FEM but it has a quite simple mathematical frame, high versatility
for topological changes and a much better performance [55]. Different approaches aim to
optimize the accuracy by improving the shape and topology. Another difficulty of MSM
is that parameters such as the spring constant are not obvious, as they do not correlate
with the actual material of the model [57]. Consequently, it is difficult to achieve suitable
values for these parameters [55].

MSM was chosen as deformation method, as the performance, which is relevant in a
real-time application, is much better. Another reason is the focus of this thesis be-
ing the distance and tractive force visualisations instead of developing a deformation
as accurately as possible. Therefore, the faster and easier method was chosen as an
initial method that can be further developed outside the frame of this thesis, if de-
sired.

In general, MSM is made up of a set of masses connected by ideal weightless elastic
springs [56]. Thereby, MSM can either represent just the surface or the volume of the
deformable object. A volumetric model representing the surface and the internal struc-
ture, can be implemented through a tetrahedral mesh, like Mollmans et al. [58] proposed.
However, such a volumetric method was not chosen, as it involves much higher computa-
tional costs [55].

Fundamentally, it is difficult to achieve good performance for real-time interaction and
simultaneously accurate deformation. As the developed tool aims to provide basic under-
standing for physicians and trainees in the process of clipping, and as the main focus of this
thesis is the distance feedback, it is more important to focus on the performance instead
of accurate deformation. Thus, a surface MSM was chosen.

In the following, the concepts of surface MSM for the underlying application scenario is
described. For constructing the model, the surface mesh of the deformable object was
used. Each vertex of the surface mesh acts as a mass point and the edges represent the
springs, which is illustrated in Figure 2.11. Generally, whenever forces act on masses,
the masses are accelerated and consequently are displaced with a certain velocity. This
process is described mathematically in the following part.

X ER’

m1 m2

ER’ X

X, ER’ X, ER’

Figure 2.11: Masses m at their positions x, corresponding to the vertices of the surface mesh. According
to the edges of the mesh, they are connected via springs.
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Based on the initial positions of the masses, each spring has a resting length. Hence, the
model consists of several parameters:

« The position of the masses z € R?
e The masses m € R

e The forces f € R3

o The spring resting length [

As a spring always connects two points, a force applied to one of these points results in
two forces, one per point. Applying force to a spring results in a stretching or compression
of the spring. Based on Hooke’s law the elongation Al depends linearly proportional on
the force f. Written as a formula this means:

f=kxAl (2.1)

where k is the spring constant describing the stiffness of the spring. With this, the spring
force acting on each mass point can be calculated. In addition to the springs between a
point and all its neighbouring points, a spring between each point and its original position
was included. Arnab et al. [59] used this spring for volume preservation, whereas in this
case the spring is used to return to its initial shape. This force only acts if there is no
collision and the aneurysm or part of the vessel returns to its initial state.

Another so-called internal force is the damping force. This damper acts against the
velocity with which the masses are displaced [60]. The damper will be incorporated in
the integration step, which will be explained after the external forces.

External forces are forces applied from the outside, like gravity, wind, or collision force. In
case of the clipping tool, collision force is the only external force. For simplicity, a constant
value can be used for the strength, and the direction equals the collision direction.
Based on the internal and external forces, the total force acting on a mass can be calculated
by summing up the different forces:

f = finternal + fezte'rnal (22)

According to Newton’s second law of motion, the motion of each point at time ¢ can be
calculated in the following way:

F(t) = m(t) * a(t) (2.3)

where f is the sum of the internal and external forces, m(t) is the mass at time ¢ and a(t)
the acceleration at time t. The mass can be calculated by computing the area of each
triangle and assigning one-third of it to each connected mass point. Since the mass and
force are known and the acceleration a(t) is the value that is searched for, the formula is
rewritten as:

f@)/m(t) = a(t) (2.4)

The acceleration a(t) is the second order derivation of the position and can be writ-
dx(t)
t

ten as Thus, the forces can be simulated over time based on the positions and

sty /mit) = 20 (25)
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There are several integration methods to solve the above differential equation, which
can be divided into explicit and implicit methods. In general, explicit methods are fast
but they have stability problems and are prone to failure, whereas implicit methods are
unconditionally stable and much more time-consuming because they have to solve large
systems of equations [61]. For implicit methods, larger time steps can be used, however
this can reduce the accuracy [62]. Because of these disadvantages, an explicit method was
chosen.

The most basic explicit integration is the Euler integration, which has a very simple
computation but it is inherently unstable. Only with a very small time step and forces
remaining within reasonable limits, the simulation would be stable and realistic. As the
following two formulas show, only the current position (z(t+ At)) and velocity (v(t+ At))
are used:

x(t + At) = x(t) + At x v(t) (2.6)
v(t+ At) = o(t) + At * ‘CS) (2.7)

Another method is the so-called Verlet integration. Here, not just the current position
but also the previous position are used. In the classic Verlet integration no velocity
is calculated. The velocity is thereby approximated by the current and previous posi-
tions:

o(t+ Ab) = 2u(t) — x(t — At) + ﬁf) « At (2.8)

There are several extensions to this basic formula. One example is the so-called Velocity
Verlet. If the velocity is needed for additional physical calculations this Verlet method can
be used to not only determine the position but also the velocity. Mor [63] used a Verlet
integration for surgical simulation and therefor he has compared Euler, Runge Kutta 4
and two different Verlet integration methods regarding to their computational efficiency.
This comparison shows that the Verlet methods perform much better than the other two.
As the Verlet integration seems to be a good and often used explicit method, it was also
used in this thesis.

As mentioned before, the damping force slows down the velocity, which is not calculated in
this case. Consequently, the damping force has to be included directly in the integration
step, which is for example done by Halic et al. [64], resulting in this final formula with &,
as the damping constant:

2t + At) = 2(t) + (2(t) — 2(t — At)) % (1 — ko) + f(£)/m* At At (2.9)

2.4 Collision

The most important part of internal physics to provide realistic simulation are collisions,
preventing two objects from moving into each other. As there is only one moving object,
the clip, collisions can only take place between the clip and the vessels with the aneurysm
and the skull, respectively.

In general there are several ways to perform collision detection. One possibility is to use
bounding boxes, or other shapes. This is an efficient way if a simple form, such as a
box or sphere, is used as a collider. But if a more precise collision is required and the
object does not have a simple geometric shape a mesh collider is necessary. Depending on
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the mesh and thus on the object’s shape, the mesh can be concave, which leads to more
expensive collision detections. In such a case, collision can be performed by ray casting.
Ray casting is widely know in the field of computer graphics, rendering 3D scenes and
volume visualisation. The main principle is casting rays and sampling along the ray [65].
For example Shin et al. [66] used this method for detecting collisions in virtual endoscopy
and Vlasov et al. [67] used ray casting for collision detection in context of haptic feedback.
Ray casting can also be used, starting from one object. Then, the vertices of the mesh serve
as starting points and the corresponding normals as directions. It should be considered,
that the positions and normals of the vertices are in the object’s coordinate system.
Because of this, performing ray casting starting from the vertices would require converting
the positions and normal vectors into world coordinates each frame. To avoid these
transformations, the object’s coordinate system can be set to the world coordinate system.
In addition to this, it is important to choose an object that has a relatively dense mesh,
otherwise the amount of rays, meaning the sampling rate, would be too low. In this case,
additional starting points have to be calculated.

2.5 Aneurysm and Clip Models

Based on the application area, the simulation consists of three types of models: a skull,
Circle of Willis with aneurysms and clips. As the skull is only used for orientation and the
craniotomy, a unit skull was used. To provide an appropriate variety of models a careful se-
lection was carried out in close cooperation with the expert.

Aneurysm Models For such a simulation it is relevant to use realistic and appropriate
aneurysms. This means that it is important to include aneurysms which would be treated
by clipping. Base on the comprehensive work experience of the neurosurgeon, also serving
as a contact person during the development, middle cerebral artery (MCA) aneurysms
are often treated by clipping. More precisely, MCA aneurysms located at the M1, M2
bifurcation, that are highlighted in Figure 2.12 were chosen. This figure shows different
locations of MCA aneurysms and their frequency. These aneurysms are the most common
MCA aneurysms [68] and are usually treated by clipping [13]. This finding was further
enclosed by the medical cooperation partner.

7
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4-group classification of 1309 MCA aneurysms:
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Figure 2.12: The distribution of 1309 middle cerebral artery (MCA) aneurysms along the MCA following
a 4-group classification [68]. The chosen type for the simulation tool is highlighted.
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Consequently, MCA bifurcation aneurysms were chosen as representative models. Based
on Kato’s [13] classification five different types of these aneurysms were selected. Ac-
cording to Kato [13], their classification is based on morphological features, influenc-
ing the techniques of clipping. This classification is much more useful in pre-operative
planning, than classifications based on size, location or pathology that serve to describe
aneurysms [13]. During the cooperation with the experienced neurosurgeon, the possi-
ble implementation and adequacy of the cases in a clipping simulation for training were
discussed individually. Consequently, five different, representative and well discussed
aneurysm type were chosen, ensuring a diverse and appropriate selection in the clipping
simulation tool.

Below, the five types that were created are presented:

The first type is an circumscribed bulging without any extension to M1 in proximal
direction [13]. An intraoperative image and drawing of such an aneurysm can be seen in
Figure 2.13.

(b)

Figure 2.13: MCA aneurysm type 1. (a) Intraoperative image. (b) Drawing of type 1. The green arrow
is representing the axis of the M2 branches, the black arrow is representing the axis of the
aneurysm’s neck [13].

The second type (see Figure 2.14) is extending to portions of M1 proximally. Thus, they
are often saddling over the bifurcation and have a long axis of orientation perpendicular
to the axis of M2 branches. Consequently, they have a much more complicated neck, ori-
enting in multiple planes,; than the aneurysms of type 1 [13].

(b)

Figure 2.14: MCA aneurysm type 2. (a) Intraoperative image. (b) Drawing of type 2. The green arrow
is representing the axis of the M2 branches, the black arrow is representing the axis of the
aneurysm’s neck [13].
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Type 3 aneurysms, shown in Figure 2.15, additionally have a perforator or branch emerg-
ing at the neck.

(b)

Figure 2.15: MCA aneurysm type 3. (a) Intraoperative image. (b) Drawing of type 3 [13].

Aneurysms belonging to the next type, meaning type 4, are often giant aneurysms, where
the M2 branches seem to arising from the aneurysm rather than M1. As the wall of M1
and/or M2 are involved, the reconstruction of the bifurcation is required [13]. Such a case
is shown in Figure 2.16.

(b)

Figure 2.16: MCA aneurysm type 4. (a) Intraoperative image. (b) Drawing of type 4 [13].
Type 5 are so-called blister aneurysms (see Figure 2.17). These are rare arterial lesions

which are not located at branching sites. In contrast to other aneurysms they are very
small and have a very fragile aneurysmal wall [69].

(b)

Figure 2.17: MCA aneurysm type 5. (a) Intraoperative image. (b) Drawing of type 5 [13].




2 State of the Art and Derived Concepts 23

Clip Models The clip models integrated in the tool are based on L-aneurysm clips of
Peter Lazic!. The above mentioned neurosurgeon selected all clips of this product category
that are similar to the clips available at the University Hospital Magdeburg. Accordingly,
clips were selected that are frequently used in real clipping surgeries. In Table 2.1 all
selected clips and their characteristics are listed.

Table 2.1: Overview of all selected clips and their characteristics.

Product key Type Max. opening Jaw length
45.740 standard (straight) 08.0mm 07mm
45.750 standard (straight) 08.9mm 09mm
45.760 standard (straight) 10.2mm 12mm
45.780 standard (straight) 12.2mm 15mm
45.790 standard (straight) 13.3mm 18mm
45.782 standard (curved) 12.2mm 15mm
45.747.15 standard (curved) 12.2mm 15mm
45.747.18 standard (curved) 13.3mm 18mm
45.761 standard (angled) 10.5mm 12mm
45.748 standard (angled) 09.5mm 07mm
45.759 standard (angled) 13.6mm 12mm
45.870 paddle 12.3mm 15.7mm
45.599 fenestrated, 3.5mm (straight) 08.4mm 05mm
45.620 fenestrated, 3.5mm (straight) 12.0mm 12mm
45.624 fenestrated, 3.5mm (angled)  04.9mm 10mm
45.640 fenestrated, 5.0mm (straight) 10.2mm 06mm
45.650 fenestrated, 5.0mm (straight) 11.6mm 09mm
45.644 fenestrated, 5.0mm (angled)  06.1mm 05mm

1Peter Lazic GmbH Microsurgical Innovations, Tuttlingen: https://www.lazic.de/, date: 10.08.2020
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2.6 Graphical User Interface and Interactions

The tool comprises five different scenes. Aside from a start scene, there is a scene for
selecting the aneurysm, performing craniotomy, a scene for clipping and finally a compar-
ison scene. All five scenes and their user interface components can be seen in Figure 2.18
below.

Start Scene Aneurysm Selection Scene Cranotomy Scene
Quit Next Aneurysm Cut Hole
Compare Previous Undo Cutting
Results Aneurysm
Continue
Continue Continue
Back
Back
< < <
A
Comparison ScenJ Clipping Scene .
Back to Select Clip
Back to
Start N Selecti
Add Clip election
Quit Control
ESC i Information
Options ™  Save | Load
> > Quit

Figure 2.18: Overview of the scenes and user interface.

After the start scene, the user has to select an aneurysm based on a given selection. The
chosen aneurysm is then used for the craniotomy. There the user has to select a place and
size to cut the skull. The resulting hole is used as the starting situation for the clipping
process. In the clipping scene the user can change the clip and has the possibility to set
some options. By pressing the escape-button, a menu appears. Here the user can choose
between quitting the tool, reading control information, saving the result and going back
to the aneurysm selection. In the scenes where the 3D-model of the aneurysm is shown,
the user can move the camera, more precisely translating, rotating and zooming, enabling
a proper view. In the clipping scene the most important part is interacting with the clip.
Thus, the user is able to translate, rotate and open and close the clip. Starting from the
start scene or the clipping scene the user can load two saved files to compare them in the
comparison scene.
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2.7 Requirements

At the beginning of this work, several requirements have been set. They derived from
several meetings with the neurosurgeon, where different cases and surgeries were dis-
cussed, and from analysing the state of the art. The requirements can be categorized into
two groups, requirements for the different visualisations and requirements for the tool in
general.

Table 2.2 lists and describes specific requirements, the distance and force visualisation
concepts have to meet.

Table 2.2: Overview of requirements for the visualisation concepts.

Requirement Description

Prevent Occlusions The visualisation should not occlude important information.
The vessels should always be visible, so the user can still ob-
serve the course of vessel and their shape.

Unobtrusive The visualisation should not hamper the user. Therefore, the
feedback should always be unobtrusive, so the main focus is
still on the vessel and clip. Appropriate interactions with the
device, meaning the navigation and closure of the clip, and
completing the task should always be possible.

Added Value The visualisation should create added value. In terms of dis-
tance information this means facilitating the navigation of the
clip. This includes that the feedback is always available and
correct. Regarding the tractive force feedback regions with
high force should be highlighted and clearly visible.

Intuitive The visualisation should be intuitive and easy to understand,
so no learning is required. This refers to each visualisation
concept as a whole, but also to the underlying colour scale.

Furthermore, the general requirements for the tool are listed and described in Table 2.3.
The first four requirements refer to different scenes that are necessary to enable a complete
clipping simulation tool. Subsequently, there are the three non-functional requirements
performance, realism and usability.

Table 2.3: Overview of requirements for the simulation tool.

Requirement ‘ Description

Aneurysm  Selection | The user should be provided with a selection of different and
Scene relevant aneurysms.
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Requirement Description

Craniotomy Scene Besides the aneurysm selection, the tool should also contain
a craniotomy scene. Here, the user should be able to specify
the location and size of the hole.

Clipping Scene The most important scene is the clipping scene, in which the
user can navigate a clip and apply multiple clips to the se-
lected aneurysm.

Comparison Scene With the help of a comparison scene, the user should be able
to compare two different clipping results.

Performance The performance of the tool should enable a fluent proce-
dure. This means situations requiring high computational
effort should not hamper the interactions and the workflow.

Realism Physical processes, such as the deformation or clip movement,
should be simulated realistically enough in order to be still
reasonable for the user. Additionally, all models should be
realistic in terms of anatomy and technical data.

Usability For the user it should be easy to interact with the tool. Thus,
the workflow of the tool should be kept simple and the tasks
and possibilities in the different scenes should be easy to un-
derstand. Most important for the usability of a simulation
tool is the interaction. Interacting and navigating the clip as
well as the camera should be as intuitive and easy to learn as
possible. According to the ISO 9241-11:2018 in Ergonomics of
human-system interaction — Part 11: Usability: Definitions
and concepts [70], usability is made of efficiency, effectivity
and satisfaction:
o Efficiency: The user should be able to accomplish the
tasks with an appropriate effort, meaning within a rea-
sonable time.

o Effectivity: The user should be able accomplish the
tasks with few errors. Errors can be for example navi-
gating in wrong directions, many unintended collisions
or closing the clip while it is not at the expected posi-
tion.

« Satisfaction: The extend of coincidence of physical, cog-
nitive and emotional reactions of the users with user re-
quirements and user expectations to such a simulation.

Based on these requirements, a clipping tool for aneurysm with different visualisation
concepts were created.




3 Implementation

In this chapter the implementation of the previous concepts will be described. The whole
implementation was conducted in the game development platform Unity' 2019.3.4f1 and
the development environment Visual Studio 2019%2. The programming language was C+£.
At the beginning of this work it was considered to implement the simulation as a virtual
reality application, which was done in most of the approaches presented in Section 2.
This was rejected for two reasons. One reason is that a training simulation should be
available in a clinical environment and accessible for as many people as possible, which
is given with a simple and cheap desktop application, and is not given with an expen-
sive virtual reality application. The second reason is that the focus of this work is on
developing and evaluating visualisation concepts, which can also be done with the help
of a desktop application and they can still be adopted to similar virtual reality applica-
tions.

3.1 Graphical User Interface and Interactions

This section serves to give a detailed overview of the workflow. Accordingly, the different
scenes comprised in the tool and the possible user interactions are described. The differ-
ent scenes and the workflow can be seen in Figure 3.1.

After the start scene (Figure 3.1 (a)), the user can select one aneurysm of the selection
presented in the next section (Figure 3.1 (¢)). The vessels with a corresponding aneurysm
are placed into a semi-transparent skull. The transparency of the skull can be changed
in all scenes, in which it is displayed.

The selected aneurysm is now shown in the craniotomy scene (Figure 3.1 (¢)). Here the
user has to click on the desired place on the skull to perform a craniotomy. Via ray casting
starting from the mouse position the exact click position on the skull is determined. This
click position is the center of the craniotomy. In the clipping scene, the clip has to be
moved into the skull via the hole (Figure 3.1 (d)). To achieve this, the mesh collider of
the skull has to be adapted so no collision occurs at the hole. Otherwise the clip could
not enter the skull. To enable collision with the skull, but not the hole, corresponding
vertices of the mesh collider have to be deleted. As changing a mesh and updating a mesh
collider is time-consuming, the area around the click position is first simply highlighted
in blue. This is done by first finding all vertices within a specific radius around the click
position, changing the vertex colour of these vertices and then passing this information
on to a vertex shader.

The user can change the position by another click and can adapt the radius of the area

1Unity Technologies, San Francisco: https://unity.com/de, date: 06.06.2020
2Microsoft Visual Studio: https://visualstudio.microsoft.com/de/, date: 06.06.2020
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Figure 3.1: Overview of the different scenes: (a) Start scene, (e) comparison scene, (b) aneurysm selection
scene, (c) craniotomy scene and (d) clipping scene. The blue arrows indicate the transitions
between the different scenes.

via a slider. By affirming the position, a hole is cut into the mesh of the skull. Cutting a
hole whenever the user clicks on the skull instead of just highlighting the potential hole
would require modifying the mesh more often. As the initial mesh was saved, the cutting
can be undone and a new location or radius can be chosen.

In both scenes, the aneurysm selection and craniotomy, it is essential that the user can
inspect the aneurysm. Here the user can freely rotate and translate the camera, and zoom
in and out. Additionally, there is a slider to change the transparency of the skull, so the
user can set it according to their interest and need.

As the vessels are entwined, it is not easy to find a general location for lighting resulting
in appropriate shadows for a good 3D view and that also ensure that each aneurysm is
well visible. This is especially important because the user can freely rotate the camera.
As a consequence of this, a light was attached to the camera, ensuring that the front is
always illuminated.

To enable a more realistic setting, the free camera movement is disabled in the clipping
scene, as in a real surgery the field of view is also limited. Instead, the camera is auto-
matically placed according to the craniotomy, facing the hole with a specific offset. Here
the user can zoom in and out and translate and rotate the camera within a certain range.
The range in which the user can translate the camera is calculated based on the cran-
iotomy. The distance d between the translated camera position p and the line defined by
the center ¢ of the hole and the skull’s surface normal n at the center point is calculated
by:

d— [p—cxn| (3.1)

]
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If the distance is bigger than the radius of the hole, the translation is stopped by setting
the camera position to the previous position. When the user wants to rotate the camera,
this can be done within a range of 4+/ — 45°. Without these limitations it would be
possible to move the camera into the brain from a position other than the hole. Thus, the
aneurysm could be seen from other points of view, that are not feasible in a real surgery
and consequently are not realistic.

By entering the clipping scene (Figure 3.1 (d)), the users are viewing the hole and are
having a clip in front of them. Provided that there is enough space, this clip can always
be changed by a drop down menu which is visible in Figure 3.1 (d). Checking if there
is enough space is done by changing the clip without making the new clip visible. Via
ray casting starting at the vessel surface and casting it to the inside, it is then verified
whether the new clip would protrude into the vessels. If so, the user is informed by a text
and the new clip is displayed as a red hologram for a few seconds. This way, the user
can see the size and shape of the new clip and can see where it protrudes the vessels. By
default, the drop-down menu is hidden and appears if the ‘Select Clip’-button is pressed.
The drop-down menu can be hidden by pressing the button again.

The most essential part in this scene is moving the clip. First, this was done via rotation
and translation handles that were placed directly at the clip, as they are a common way
to interact with 3D-models in 3D-graphic software. During an intermediate evaluation
with the neurosurgeon, it became apparent that this way of interacting is not intuitive
but rather confusing for people who are not familiar with interactions via handles, like
probably most medical doctors are. Consequently, the way of interacting was changed
to an interaction via keyboard. The common keys ‘W’; ‘A’ ‘S’ and ‘D’ are used for
clip translation in the screen plane. Additionally, the keys ‘E’ and ‘Q’ are used for depth
movement towards and away from the user. To support the movement, a semi-transparent
green auxiliary line is displayed at the clips location when pressing one of these buttons.
The line that can be seen in Figure 3.1 (d) represents the axis along which the clip is
moved. Closing and opening the clip is done via the up and down arrows. Rotating the
clip around the axis going out of the screen is done via a handle placed at the clip. All
other rotations are done via tilting the clip with the left mouse button around the desired
axis. This axis is obtained by the cross product of the mouse movement direction and the
viewing direction of the camera. The resulting vector lies in the screen plane orthogonal
to the mouse direction.

As there are many cases in which several clips are used to treat an aneurysm, the option
to add a clip was implemented. After adding a new clip, the previous clip can not be
changed anymore, which is a reasonable constraint, since according to the neurosurgeon’s
statement it is not common to apply and remove clips during surgery multiple times.
By pressing the escape-button, the user opens a small menu. Here, the user can go back
to the aneurysm selection, read the control information, save or load a clipping result and
quit the application.

From the start scene or the clipping scene the comparison scene (Figure 3.1 (e)) can be
entered by selecting two saved clipping results. Both results are presented by a split
screen, enabling a direct, clear and detailed comparison. This is also supported by a free
camera movement. In this scene, the clip cannot be changed anymore, the user can only
enable the different tractive force visualisations to compare the clipping methods based
on the force information.

In the clipping scene and the comparison scene, there is a menu list with different options
on the left side of the screen. In the clipping scene, the different options are separated
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into three categories: general settings, force visualisations and distance visualisations (see
Figure 3.2). The general settings include setting the skull transparency, changing the
colour map to a dyschromatopsia-friendly scale and disabling the translation auxiliary
line. Additionally, the different distance and tractive force visualisations can be enabled
and disabled. For the distance visualisation via rays, additional settings regarding the
ray transparency are available.

Figure 3.2: Settings available in the clipping scene.

The layout of this setting panel was created by applying common Gestalt principles. Par-
ticularly, the principle of proximity [71] and the principle of common regions [72] are
exploited. According to these principles, options belonging together are placed near to
each other and are situated in the same separate region. Thus, the three categories are
visually separated resulting in a clear layout.

In the comparison scene only options concerning the force visualisations are available.

3.2 Aneurysm and Clip Models

Aneurysm Models As the clipping simulation tool should serve as a training possibil-
ity, no real data was used. Instead, five different and relevant cases of MCA bifurcation
aneurysms were modelled in cooperation with the neurosurgeon, making use of his expe-
rience and knowledge, recall Section 2.5. The models were constructed during meetings
with the neurosurgeon. He supervised the whole modelling process and issued instructions




3 Implementation 31

to obtain as realistic and sophisticated aneurysm models as possible.

Modelling the aneurysms was done by using a healthy Circle of Willis. This Circle of
Willis is a segmented 3D-model based on real MRA (magnetic resonance angiography)-
data. At the corresponding location, the vessels were bulged with the 3D-modelling soft-
ware Sculptris® to form the aneurysm. Figure 3.3 shows the different resulting aneurysm
models.

Figure 3.3: Final models of the five ((a)-(e)) different MCA bifurcations classes.

Clip Models Based on a product catalogue, the clips mentioned in Section (2.5) were
built in Blender? Version v2.79. Not all of the relevant data were given by the product
catalogue, so not all measurements were entirely correct, but the jaw length and dimension
of opening correspond to the technical drawings. Figure 3.4 shows the technical drawing
and the final model of one example clip. Furthermore, the clinical expert was very satisfied
with the resulting models.

10
| |
49mm
1,47N| 150 g

Figure 3.4: (a) Technical drawing and (b) realization of an example clip.

3Pixologic, Inc, Los Angeles: https://pixologic.com /sculptris/emails/operating-system.php, date:
17.09.2020
4Blender, Amsterdam: https://www.blender.org/, date: 17.09.2020
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3.3 Physics

In the following, the implementation of physics, including collision and deformation, is
described.

3.3.1 Collision

During the whole simulation process, two different ways of collision detection were used.
To have an efficient detection, the underlying colliders should be as simple as possible.
This is possible for the clip models, as their subparts are made of simple geometries and
thus simple compound colliders can be used. In contrast to this, the collider of the vessel
section has to be much more complex, as the vessels are convex objects and it is important
that the collider represents the shape exactly. Therefore, a mesh collider is used for the
vessel section. Based on these two colliders, collision detection during clip rotation and
translation is determined by the unity physics engine.

However, this can not be used while the clip is closing and the vessels are deforming,
because it would require an update of the mesh collider after each deformation, which is
extremely time-consuming. That is why a new collision detection based on ray casting
is performed during this process. For this, the unity ray cast method was used to shoot
rays from vertices of the vessel mesh in their corresponding normal directions. By hitting
a collider of the clip within a certain distance threshold, a collision is detected. This
method does not require an update of the mesh collider, because only the ray and the
target, in this case the clip, colliders are needed. For building the rays the updated,
displaced vertices and normals of the vessel mesh are used.

Performing raycasting for tens of thousands of rays each frame is also very time-consuming.
This can be reduced by restricting the amount of rays. It is not necessary to perform ray
casting for each vertex, as only vertices close to the clip can potentially collide. Hence,
vertices are only used if their distance to the clip is smaller than a threshold. Another
way to increase the performance is conducting the ray castings parallelly by using unity’s
RaycastCommand® method to perform ray casts asynchronously and in parallel to each
other during a job.

3.3.2 Deformation

As explained in Section 2.3, the deformation based on a mass spring model mainly consists
of the following parameters:

o« The position of the masses z € R3
e The masses m € R
e The forces f € R3

o The spring resting length [

Unity Technologies, San Francisco: https://docs.unity3d.com/ScriptReference/RaycastCommand.html,
date: 16.09.2020
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For the following deformation calculations, a few values can be precomputed for the se-
lected aneurysm, so they can be calculated and saved once instead of calculating them in
each iteration.

First, the masses m; of the mass points are calculated. As mentioned before, the mass
points are located at the vertices’ positions of the surface mesh of the vessel section. Conse-
quently, the mass of one mass point can be calculated by summing up one-third of the area
of each connected mesh triangle. Since the corner points of each triangle are determined
by the vertices” positions, the length of each side of the triangle is given by the euclidean
distance. Thus, Heron’s formula is used to calculate the area. One-third of the resulting
area is added to the mass of each connected mass point:

mi:%:;*\/3*(3—(1)*(5—19)*(3—0) (3.2)

where A is a triangle connected to mass point ¢, s is
the triangle.
Furthermore, the spring rest-length [y is precomputed by calculating the euclidean dis-
tance between each neighbouring pair of vertices.

%b*c and a, b and c are the sides of

As mentioned in Section 2.3, the time step is an important parameter in the implemen-
tation of the deformation. On the one hand, the time step should be as small as possible
to reduce the error resulting from the integration. On the other hand, a small time step
leads to high computational costs and thus performance problems. After testing different
values, a fix time step of 0.02 seconds of the time in the tool was chosen, minimizing the
error while preserving a fluent procedure. Another factor influencing the performance
is the amount of masses and springs and thus the number of calculations per iteration.
Because of this, not all vertices of the object are considered in the deformation. Once the
clip is colliding with the vessel, near vertices are marked as deformable. These vertices are
selected by their euclidean distance to the collision point. Accordingly, the calculations in
the deformation are only conducted for deformable vertices.

A collision entails an external force being exerted on the colliding vertices. To reduce
computational costs, only collisions during the closure of the clip entail a deformation
of the vessels. To define the external force acting on a vertex, the closing directions of
the clip wings and the negative normal of the vertex colliding with the clip are required.
Additionally, the assumption that no dynamic friction between the clip and the vessels
exists was made. This leads to inward deformations along the vertices’ negative normals,
but the vessel surface is not pulled by the external force. Otherwise, the vessel surface
would be pulled strongly to the side, which is not realistic, as the vessels are wet and not
sticky. Based on this, the force applied to a vertex is calculated in the following way, which
is also illustrated for three cases in Figure 3.5: The normalised closing direction is set to
the vertex position, and the angle between this vector and the negative normal direction
is determined. The closing vector or force is divided into two forces. One force acts in the
direction of the negative normal and the other force acts perpendicular to this force. This
division can be seen in the lower figure of 3.5 b). The larger the angle, the less force is
applied to the vertex in negative normal direction. An angle of 90° (case a)) would have no
component in negative normal direction and an angle of 0° results in a vector with length
1, as the closing vector is normalised. Mathematically this process can be described by
trigonometrical formula in case of right-angled triangles:

—

fewternat = cos(a) * hypotenuse * (—i) * s (3.3)




34 3 Implementation

with « representing the angle between the closing vector and negative normal —7. As the
closing vector is normalised, hypotenuse is always 1. s is a constant, scaling the strength
of the force, otherwise the strength would be in the range between 0 and 1. The value is set
to 50 based on testing how realistic the deformation looks.

During the clipping process, only collisions resulting in a deformation are wanted, thus
all collisions with an angle larger or equal to 90° are rated as no collisions. Otherwise the
clip would collide and is not closed further on, as the vessel is not deforming. Thus, the
maximum angle was chosen to be 70°, which results in smaller deformation, but it is still
enough to be noticeable.

v
(a) (b) (c)

Figure 3.5: Deformation direction based on the normalised closing direction (orange arrow) of the clip
and the negative normal direction (dashed blue arrow) of the colliding vertex of the vessel
mesh. a) Angle between these two directions is too large, so there is no force in negative
normal direction applied to the vertex. b) Closing vector is divided into two vectors, resulting
in the blue force that is applied to the vertex. ¢) Closing direction is parallel to the negative
normal, so the complete force is applied to the vertex.

For each vertex or mass point, the total force acting on it is stored. So after colliding,
the external force is added to the total force. The next steps describe one iteration of the
deformation process.

First, spring forces are determined on basis of the previously mentioned Hooke’s law (see
Section 2.3). This implies the following formula for spring forces:

r; — T
Ji*

b=k, %
|75 — x4

g

(lzj — i = 1) (3.4)

where fj is the spring force of the spring at time step ¢ between mass ¢ and 7, with their
positions x; and x;. ks is the spring constant of this spring and l?j is the rest-length. The
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resulting force is applied equally and oppositely to both points. Thus, the force exerting
on mass 4 is f{; and on mass j it is —f;;. This force is added to the total forces of the
respective masses. As mentioned in the concept of this deformation model, additional
springs between each mass and its initial position are introduced. These springs only act
when the clip is opened and the vessels return to their initial shape. Consequently, the
force applied by the spring with a rest-length [° = 0 between a point ¢ and its original

position z;, is calculated as follows:

itio = ks,backwards * (xio - xz) (35)
Vertices moving back to their initial position are set to exactly this position when the
distance between the current position and the initial position is smaller than a threshold.
Also if there are only few vertices that have not yet reached their initial position, they
are set back to their position respectively. Setting back the vertices is done because the
more a vertex reaches its initial position, the smaller the spring force. To stop additional
calculations the vertices are just set back and the corresponding applied force is set to
Z€ero.

After calculating the spring forces, the integration takes place. Hereby the next position
of each point is determined by the following formula according to the Verlet integra-

tion:
t
Tirnt = Tt -+ (ZEt — th_At) * (1 — kd) + fyf(n/) * At * At (36)

where x;_a; is the previous position and ky is the damping constant.
Displacing the vertices to their new position sy At adaptea 1S 00ly conducted if there is no col-
lision. Accordingly, there are two cases how a vertex is displaced:

Ty + (Tirar — x4) * (deotision * 0.9), if colliding

Tt+At,adapted = { (37)

Tty Aty otherwise

In the case of a collision, the next position is set to a point directly in front of the collision
point by moving it by 0.9 times the collision distance d.yyision. If there is no collision, the
next position equals the resulting position of the Verlet integration x;, a;.

The last step in the deformation iteration is a compensation step. Due to too large time
step, errors in form of single vertices that have been moved strongly in a wrong direction
can occur. To avoid these errors, a stretching compensation like Duan et al. [62] proposed
was included. In their approach, springs have a maximum stretching, ensuring that the
springs can not become longer than a certain length. The current stretching of a spring
is computed by:

stretching; = (1+rg) « I, — |z; — )] (3.8)

where 7, is the stretch ratio, determining the maximum length a spring can reach. If the
result is less than zero, meaning that the spring is stretched too much, both masses
are displaced towards each other by half of the stretching. Consequently, one has:

1 . Ty — Ty
x; = x; + = * stretching;; *
€T; — Ij )

1 .
xj = xj; — - * stretching;; *
2 |7 — 4
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In this section a few parameters were mentioned. Table 3.1 summarises the parameters
and their chosen values, which specify the physical properties of the deformable object.
The values were determined based on tests with the aim to achieve a deformation as
realistic as possible and with as few errors as possible.

Table 3.1: Overview of all parameters and their values.

Parameter Value
Spring Constant 0.7
Spring Constant (backwards) 0.3
Damping Constant 0.8
Stretch Ratio 1

In Figure 3.6 the resulting mesh deformation of the above presented formulas can be
seen.

Figure 3.6: Resulting mesh deformation when closing the clip.

3.4 Distance and Tractive Force Feedback

The following section describes the chosen visualisations and their implementation in more
detail. There is no division into distance and force visualisations but into the different
types of concepts and thus the different implementations.

The distance information for the corresponding visualisations are determined via Unity’s
closestPoint® function. This function returns the point on a collider that is closest to
a given position. The position is a vertex on the vessel surface and the collider is the

6Unity Technologies, San Francisco: https://docs.unity3d.com/ScriptReference/Collider.ClosestPoint.html,
date: 24.09.2020
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compound collider of the current clip. So for each vertex of the vessel, the closest point
on the clip is determined.

The tractive force information is described by the vector between the initial position of
each vessel vertex and the current, possibly displaced position. Consequently, the direction
and magnitude are available.

3.4.1 Colour Map Visualisations

The basis of the colour maps is a vertex shader. This vertex shader receives information for
each vertex via the colour channel. The shader’s properties comprise five different colours
and thresholds. These properties are set according to the in Section 2.2.3 presented red-
green colour scale or the red-blue colour scale, respectively. The red-green scale is set
as default and can be changed to the red-blue scale by a toggle in the option list. In
Figure 3.7 a) and b) the exact colours, the corresponding thresholds for the distance and
force map can be seen. The actual colour of a vertex is then determined by the distance
or force value delivered via the colour channel. Here the values are just written to the
red channel of the RGB colour values. In the shader, the colour is obtained by linearly
interpolating between the colours based on the thresholds and the current distance or
force value.

N . S, I
R s 0. N

2.5 0.3 |

35 N

Figure 3.7: (a) and (b) are the underlying colour scales for the distance map and the force map. (¢) and
(d) depict the distance and force maps in the simulation tool.




38 3 Implementation

3.4.2 Single Object Visualisation

The distance visualisation using a cylinder is the only developed and used single object
visualisation concept. This was realised by using a cylindrical model, created in Blender”
Version v2.79. This model is constantly set to the currently shortest distance. Not just
the orientation and length is adjusted according to the distance, but also the radius. The
radius is one quarter of the length. Consequently, not just the length but also the radius
convey the shortest distance. For colour-coding the cylinder, here again a vertex shader
and the colour scale for distance were used. Figure 3.8 shows the navigation using the
distance cylinder.

Figure 3.8: Navigation using the cylinder visualisation.

Pseudocode 3.1 shows the update of the cylinder depicting the shortest distance.

1 Data:
2 length: the currently smallest distance
3 Line: a tuple, including the start and end position of the line (

smallest distance)

4

5 cylinder.length = length

6 cylinder.width = length/4

7

8 //set the position to the start point. And the cylinder has to
look at the end position

9 cylinder.position = Line.iteml.position

10 cylinder.LookAt(Line.item?2)

11

12 cylinder.colour = GetColourFromDistance ()

Source Code 3.1: Updating the cylinder data

"Blender, Amsterdam: https://www.blender.org/, date: 16.09.2020
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3.4.3 Multiple Object Visualisation

For coordinating multiple objects in Unity, a GameObject is created having a certain
amount of children at the beginning. These children are, depending on the visualisation,
either rays or glyphs. The number of active objects depends on the number of objects cur-
rently required. If there are not enough objects to depict all currently available distances,
more object are instantiated. If there are more objects than distances after the completed
iteration, unused objects are deactivated. This process is summarised in Pseudocode 3.2,
where a drop glyph is updated.

1 Data:
vertexIdx: the index of the currently displaced vertex
3 countDisplacedVertices: the amount of so far displaced vertices
in the current iteration
4 objectListDrops: list of all drop glyph objects

)

6 direction = displacedVertices|[vertexIdx] — initialVertices |
vertexIdx ]

7

8 if(direction != Vector3.zero)

9 //new children are instantiated , if needed

10 if (countDisplacedVertices > objectListDrops.nCountChildren)

11 objectListDrops.InstantiateChildren ()

12 end if

13

14 currentDrop = objectListDrops|[countDisplacedVertices]

15

16 //active the object

17 objectListDrops.SetChildActive (currentDrop, true)

18

19 //set the drops values to the current displacement data

20 currentDrop.direction = direction

21 currentDrop . position = displacedVertices[vertexIdx ]

22 currentDrop. colour = GetColorFromDisplacement ()

23 currentDrop. colour.a = GetTransparencyFromDisplacement ()

24 currentDrop.scale.z = GetScaleFromDisplacement ()

25 end if

Source Code 3.2: Updating a displacmente drop glyph

The rays are implemented by employing Unity’s Line Renderer®. Each line has a start

position, an end position and a colour. The distance rays have a vertex on the vessel
surface serving as start point and the nearest point on the clip serving as end position,
whereas the force rays have the corresponding initial and current vertex position as end
points.

The force rays are rendered fully opaque, while for the distance rays two options for
opacity are implemented. The user can either set the transparency value via a slider,
having the same value for each ray, or if the transparency is not set, it is graded according

8Unity Technologies, San Francisco: https://docs.unity3d.com/Manual/class-LineRenderer.html, date:
06.06.2020
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to the distance. Both the distance rays with two different opacity values and the force
rays can be seen in Figure 3.9.

Figure 3.9: Rays used for distance visualisation with different opacity values in (a) and (b) and for tractive
force visualisation (b).

As described in Section 2.2.2; the arrow glyphs only convey magnitude and direction by
their colour and orientation. The drop glyphs, however, depict the magnitude also by
their transparency and length. For both, fix gradations are used. This results in the
visualisations shown in Figure 3.10. In addition to the glyph visualisations on their own,
the glyphs can be combined with the force colour map. These combinations were also
used as further concepts during the evaluation.

(b)

(d)

Figure 3.10: Glyph visualisations: (a) arrow glyphs, (b) drop glyphs, (¢) combination of arrow glyphs and
colour map, (d) combination of drop glyphs and colour map.




4 Evaluation

The following section serves to evaluate the clipping tool and the comprised distance and
tractive force visualisation concepts. In addition to the already mentioned feedback meet-
ings with the neurosurgeon during the implementation and at the end of the development,
an online survey was performed. After describing the survey, the results of the survey
and of the feedback meetings are presented.

4.1 Quantitative Evaluation

For quantitative evaluation of the visualisation concepts an online survey was chosen. The
main advantage of an online survey is that it is a fast and easy way to receive feedback.
Holding a meeting with several experts is much more time consuming. Furthermore, it
is very difficult to arrange meetings with physicians, as they have a thigh schedule and
spontaneous operations may occur. As the focus is on the visualisations, they are the
main part that have to be evaluated. Therefore, it is an appropriate way to evaluate
the concepts based on images instead of evaluating them during a meeting that includes
directly interacting with the tool.

This survey was forwarded to experts and prospective target audience of such a clipping
simulation, meaning neurosurgeons and medical students of the Otto-von-Guericke Uni-
versity and University Hospital Magdeburg. It shall be noted that the students that took
part in the survey have previous knowledge in the area of neurosurgery. All of them were
familiar with aneurysms and clipping beyond the textbook because of their final assign-
ments or field work in this area. Therefore their answers have a certain relevance.

As the survey was only forwarded to local experts, it was conducted in German.

4.1.1 Survey Generation

The online survey was created with the online tool LamaPoll!, which conforms to the
General Data Protection Regulation. Additionally to the following description of the
survey, the main part of the survey is added to the appendix.

Before asking questions regarding the visualisations, a short introduction including a
description was followed by confirming the data protection ordinance. Afterwards, the
following demographic data were collected to get an insight of the people answering the
survey:

e Sex: The possible answers were female, male or diverse.

o Age: The age was categorised into different ranges, ranging from 0 to above 80.

Lamano GmbH & Co. KG, Berlin: https://www.lamapoll.de/, 12.08.2020
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o Whether the participant was currently a practising doctor, a medical student or
something else. If the participant was a practising doctor, they were asked in which
area they are working and for how long.

The question about the participant’s experience is important to demonstrate the signifi-
cance of the results. Gathering the sex and age is not necessary for evaluating the visual-
isations, nevertheless they were asked for a reason. It could happen that for example all
female or young participants favour another concept than male or older participants. To
reveal such scenarios, sex and age are asked, however no correlation between one of these
data and specific answers could be found.

The first section of the survey referred to visualisation concepts of tractive force. First,
each concept is treated separately and evaluated one by one. Therefore, they first are
introduced with a short description and the help of two images. Both images show an
aneurysm with applied clip, one without any force visualisation, the other with the current
visualisation concept. All images showing an applied clip present in the survey are similar
concerning the viewing angle, the clip placement and how far the clip is closed. Based
on the two images, the participants have to rate seven statements with the commonly
used Likert scale [73]. Rating with one implies that the participant strongly agrees,
five that they do not agree. The following statements were given for each visualisation
concept:

o The visualisation is intuitive.

o The visualisation provides additional information.

o The visualisation creates added value.

o The vessels and relevant information are not occluded.

» You [the participant] can easily locate regions with strong tractive force.

« You [the participant| can recognize in which direction the surface is dragged.

» You [the participant] can imagine using this visualisation in a corresponding tool.

These statements aim to cover the requirements defined in Section 2.7. Thus, there are
statements revealing whether the visualisation is intuitive and whether relevant informa-
tion is occluded. Providing additional information and added value are separated into
two statements, as additional information such as distance information could be provided
in a way without creating added value in terms of supporting navigation. The additional
information is specified by two statements regarding the regions with strong force and
direction. Asking whether the participant would use such a visualisation aims to get an
insight whether they not just like a visualisation but also would use it.

After evaluating the single concepts, the participants have to state whether they prefer a
combination of glyphs and colour maps or just the glyphs. This is done for both glyph
types separately by showing an image on which just the glyphs are used and an image of
the glyphs combined with the map.

To complete the force section, the participants have to create a rank of the presented
force visualisations. This serves as a direct comparison of all concepts. Afterwards the
participants have the possibility to leave a comment regarding the tractive force concepts.
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The second section deals with the distance visualisations. As they serve to improve nav-
igation and understanding of spatial relations, short video clips were incorporated in the
survey. After describing the current distance concept, two videos were previously recorded
and shown, both showing a forward movement of the clip in direction to the aneurysm
starting from the hole in the skull. Here again one video is without any visualisation and
the other one uses the current visualisation. To not falsify any results, in all videos the
same movements and angles are used. Otherwise, different angles could have led to a
better or worse presentation of the different concepts, resulting in the outcomes not being
comparable. The participants have to select if they prefer the navigation with or without
the current visualisation. Afterwards, they again have to rate seven statements, covering
the defined requirements for the visualisations:

o The visualisation is intuitive.

o The visualisation provides additional information.

 In your [the participant’s|] opinion the visualisation supports the navigation.

o The visualisation provides a better understanding of spatial relations and distances.
o Relevant vessels and information are not occluded.

» You [the participant| can easily detect near regions.

« You [the participant]| can imagine using this visualisation in a corresponding tool.

Instead of asking whether the visualisation creates added value, the added value of dis-
tance visualisations was specified by asking whether they think the visualisation supports
the navigation. The statement about spatial relations and distances should reveal the
added value, too.

This section also ends with a ranking of the presented distance visualisations and the
possibility to write a comment.

4.1.2 Results of the Survey

The survey was conducted by eleven people in total. Four of them are practicing neuro-
surgeons, the others are medical students with an appropriate background as mentioned
before. Two of the neurosurgeons have one to five years of experience, the other two have
six to ten years of experience.

Aside from three students, who were younger, all other participants assign their age in
the category 25 to 39 years.

To reveal and compare the results, the average scoring for each visualisation and statement
was determined. The average is prone to outliers, however it was chosen as comparison,
as the values range from 0 to 5 and thus no extreme outliers are possible. In addition,
the average is more precise than the median and enables a more detailed comparison.
Supplementary, the standard deviation was calculated to reveal the spread, meaning the
average deviation from the mean. Consequently, the standard deviation is a measure,
showing how strongly the opinions of the participants coincide.
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In Figure 4.1 the average scoring for each distance concept is displayed. It can be seen
that the distance map has the highest score in all categories except for the one regarding
occlusion. The difference between the assessment of the rays and cylinder is not as high as
between them and the map. The statement about the occlusion and that near regions can
be detected easily aside, the rays perform a bit better than the cylinder. High standard
deviations concerning the results of the rays and cylinder demonstrate the very different
opinions about these concepts.

Average scoring for distance concepts

mRays ®Cylinder mMap " Standard deviation

You can image using this visualisation in a
corresponding tool

You can easily detect near regions

Vessels and other relevant information are not
occluded

It improves the understanding of spatial relations
and distances

In your opinion it supports the navigation
It provides additional information

The visualisation is intuitive

[}
=N

Figure 4.1: Average scoring for the different distance concepts regarding the different statements and the
corresponding standard deviation.

Regarding the distance map, around 64% of the participants prefer the navigation with
the distance map over navigating without any visualisation. For the cylinder and rays the
value is lower, 36% and 45% respectively. Nevertheless, the participants rated the cylin-
der better than the rays in the overall ranking. The results of the rankings are visualised in
Figure 4.2. The distinct favourite in this comparison is the distance map.

Ranking of distance concepts

Placement

Map Cylinder Rays
(Average: 1.27) (Average: 2.18) (Average: 2.55)
Votes for the different concepts

Figure 4.2: Ranking of the different distance concepts. Each bar represents a chosen rank by a participant
for the specific concept.
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At the end of the section about the distance visualisations the participants were encour-
aged to write an additional comment concerning improvement proposal or to reason their
rating. One participant stated the following:

You can no longer see the cylinder from a certain angle. The clip would have
to be transparent in order to be able to see better. The rays occlude far too
much.

After completing the presentation of the results concerning distance visualisations, the
results of the survey regarding tractive force visualisations are presented. Figure 4.3 re-
veals the average results of the scoring for the tractive force concepts and their standard
deviations. Here, as well as for the distance feedbacks, the colour map gains the highest
score for each statement. The results of the rays and drops are often nearly the same,
except for the statement regarding occlusion and the statement regarding direction. In
spite of that, the participants would rather use the rays than the drops in a corresponding
tool.

Comparing the two types of glyphs, the arrows are only rated better than the drops in
terms of visualising the direction and come last place in all other categories. Nevertheless,
the participants slightly prefer the arrows.

In most categories the map and rays have smaller standard deviations than the two glyph-
based concepts, indicating a smaller spread of the scores.

Average scoring for tractive force concepts
®Drops ¥ Arrows MRays mMap ! Standard deviation
You can image using this visualisation in a
corresponding tool

You can detect in which direction the surface is
pulled

You can locate regions with strong tractive forces
It does not occlude relevant information
It provides added value

It provides additional information

The visualisation is intuitive

Figure 4.3: Average scoring for the different tractive force concepts regarding the different statements and
the corresponding standard deviation.

Before comparing all force visualisations by ranking them, the combinations of colour
map and arrow glyphs as well as drop glyphs were introduced. In both cases, the com-
bination was preferred over the visualisations with just the glyphs. In case of the arrow
glyphs, 73% of the participants favour the combination and in case of the drop glyphs all
participants chose the combination.
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The popularity of the map, which is evident in the above statements, is reflected in
the results of the ranking, which is shown in Figure 4.4. Also, both glyph and map
combinations are rated well. The different placements of the rays are nearly equally
distributed on all placements, whereas the two glyph-based visualisations are mainly
distributed on the middle and lower placements. This results in the drops having the
lowest average placement with 4.72.

Ranking of the tractive force concepts

Placement

Map Rays Arrows Drops Map&Arrow Map&Drops
(Average: 2.27)  (Average: 4)  (Average: 4.27) (Average: 4.72) (Average: 2.82) (Average: 2.91)

Votes for the different concepts

Figure 4.4: Ranking of the different tractive force concepts. FEach bar represents a chosen rank by a
participant for the specific concept.

As before, the participants could leave a comment related to the tractive force visualisation
concepts. The following was remarked by a participant:

In my opinion, most variants occlude the vessels too much. Therefore, I think
the colour map is the best.

4.2 Qualitative Evaluation

As final evaluation, the think-aloud method was used. Here, people are asked to think
aloud while solving a problem or testing a product [74, 75]. This open evaluation was
chosen as a contrast to the strict survey. Open feedback, unrestricted by a survey’s specific
phrasing, regarding the visualisations can be more helpful to get an insight why potential
users rated something as good or bad. Additionally, the overall usability of the tool can be
assessed, as the participants of the survey only get impressions of the tool and they have
never seen the tool as a whole or interacted with it. Nevertheless, the focus of this work
is on the visualisations and not on developing just a user-friendly tool. That is why the
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focus of the evaluation is on the visualisations, especially on the distance visualisations.
The participants of the survey are only provided with videos but they do not navigate
the clip by themselves. So the real situation of navigating in the tool was not given. In
contrast to this, the neurosurgeon of the qualitative evaluation navigated the clip on his
own on. Because of this he could evaluate the distance visualisations much better.

For this evaluation, a meeting with a neurosurgeon with four years of experience in the
field of neurosurgery and clipping was held. First, he was given a short overview of the
tool. Then it was his task to interact with the clip and camera to get familiar with the
control. While doing this, he was asked try out the different distance visualisations and
encouraged to comment on the force visualisations when he closed the clip.

During the evaluation process, one person other than the surgeon and the author of the
thesis was present. The author was presenting the tool, asking questions and sometimes
requesting the surgeon to comment on something. The other person was writing the
protocol. The comments of the neurosurgeon are integrated in the discussion of the next
section.

4.3 Discussion

Within the discussion, first the chosen evaluation methods are assessed for their ap-
propriateness and their drawbacks are revealed. Then the results of the distance and
tractive force visualisation concepts are discussed, and finally the tool is evaluated as a
whole.

4.3.1 Choice of Evaluation Methods

A survey is a good and fast way to obtain different opinions, but there are limitations.
Limitations of the chosen evaluation methods and some suggestions for improvement are
presented in the following. For example, it is not possible to evaluate the whole tool and
its usability within a survey. That is why the survey just focuses on the evaluation of
the different visualisation concepts. This is mainly done by comparing the visualisations
based on different aspects and ranking them. But sometimes it is helpful to get more
in-depth information about the participants’ choice. One could for example ask whether
glyph A is better than glyph B because of its design or whether the different exploited vi-
sual variables are the reason. Comparing the glyphs, it would have been better to first use
the drops just like the arrows, without mapping the magnitude to size and transparency.
Thus, the designs would have been compared directly. In a next step the additional visual
variables size and transparency should have been added to both glyphs. By separating
the design from the selection of visual variables, the reasons for preferring one of them
would have been much more obvious.

Generally, knowing the exact reasoning that motivated the concepts’ rating would have
enabled a more differentiated evaluation. This way, reasons could be separated into those
who are fundamental and those who are more detailed. It should be distinct for example
whether a concept is generally an inappropriate visualisation or whether it is just the
choice of color, size or transparency, which can be changed easily. Accordingly, the con-
cepts do not have to be discarded, but could be adapted and improved.

As already mentioned in the results, one participant mentioned that most visualisations
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occlude the vessels. This is an important point and was also one of the evaluation cri-
teria. But the transparency of distance rays for example can be changed by the users
themselves, which was not mentioned in the survey and thus not considered.

Another important issue are the distance visualisations, which were rated based on similar
and thus comparable videos. Here it would have been interesting whether the participants
think they can navigate without a distance visualisation and thus do not need any addi-
tional support. If so, it would be interesting whether they still have the same opinion after
navigating on their own. Sometimes there is a big difference between what the users think
they can do and what they can actually do. Thus, letting the user navigate on their own
would have been a better and more meaningful evaluation of distance visualisations. This
could have been done by creating a short web-based application with just an aneurysm
and clip to navigate. Hereby, the navigation has to be the same as in the tool, which means
the clip has to be navigated via keyboard. Another option would be to hold meetings
with more neurosurgeons than the one that was done.

4.3.2 Distance Visualisations

In this part, the distance visualisation concepts are discussed based on the requirements
presented in Section 2.7.

As mentioned in the discussion of the evaluation methods, the validity of the results
regarding distance visualisations obtained in the survey have to be reconsidered. The de-
scribed apprehension concerning the difference between just seeing the navigation videos
and navigating yourself was confirmed during the qualitative evaluation. It quickly be-
came obvious that it is not easy to estimate the distances and spatial relations as the
neurosurgeon closed the clip several times when the clip was still in front of the vessels.
He quickly realised that the distance visualisations are necessary and a big support for
navigating the clip, despite previously stating that he considered the distance visualisa-
tions redundant when just seeing them without interacting with the tool. In other words,
he thought the distance visualisations are unnecessary, but recognised their usefulness
while navigating. Based on this discovery, the significance of the survey’s results should
only be considered cautiously. Therefore, the visualisation concepts’ usefulness was de-
termined predominantly based on the qualitative evaluation.

The visualisation concept that is occluding the vessels the most is the ray visualisation.
Nevertheless, this was rated as suitable by the neurosurgeon, as the transparency can
be regulated by the user. Among all the visualisation concepts the rays were the only
one that provided the neurosurgeon with sufficient support to navigate the clip. The map
shows the distances as values, but it does not draw the corresponding lines and thus points
on the clip. The cylinder shows the line, but only for the smallest distance. The main
drawback of this concept, the fact that the cylinder is not always visible, was already
noticed by a participant of the survey. Some rays may also not be visible, but the user
still can see the rays of the surroundings.

An overview of how strongly the individual concepts meet the requirements can be seen
in Table 4.1. The one neutral grading of the rays is compensated by the added value
that is not provided with the other visualisations and by the possibility to adapt the
transparency individually.
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Table 4.1: Overview of how strongly the concepts meet the requirements.

Requirements Map Cylinder Rays

Prevent occlusions: The visualisation should not + 0 0
occlude important information. The vessels always

should be visible, so the user can still observe the

course of vessel and their shape.

Unobtrusive: The visualisation should not hamper + + +
the user. Therefore, the feedback always should be

unobtrusive, so the main focus is still on the vessel

and clip. Appropriate interactions with the device,

meaning the navigation and closure of the clip, and

completing the task should always be possible.

Added value: The visualisation should create - - +
added value. In terms of distance information this

means facilitating the navigation of the clip. This

includes that the feedback is always available and

correct.

Intuitive: The visualisation should be intuitive + + +
and easy to understand, so no learning is re-
quired. This refers to each visualisation concept
as a whole, but also to the underlying colour scale.

4.3.3 Tractive Force Visualisations

In all categories of the survey, the map achieves the highest scores and it was the absolute
favorite of the neurosurgeon. This concept is not as complicated as the glyph-based con-
cepts, nothing is occluded and it provides the user with enough information. Although the
map is the only concept that does not visualise the direction of the force, the neurosurgeon
emphasised that this is still enough information. The direction is not really important
because it can be derived from the vessel deformation. The neurosurgeon as well as one
participant underlined that all other visualisations occlude the vessels. Additionally, the
surgeon mentioned that in his opinion the map is the most visually pleasing concept.
The resulting assessment of the individual tractive force concepts in Table 4.2 is com-
posed of the results of the survey combined with the feedback of the neurosurgeon. The
evaluation of the first requirement, preventing occlusions, results from the statement in
the survey concerning occlusion. The second requirement, being unobtrusive, is evaluated
mainly based on the neurosurgeon’s association. Due to this association, he stated that
the drops seem out of place on an anatomical structure. Concerning the added value, the
following statements of the survey were included:

o The visualisation provides additional information.

e The visualisation creates added value.
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« You [the participant] can easily locate regions with strong tractive force.
e You [the participant] can recognize in which direction the surface is dragged.
e You [the participant] can imagine using this visualisation in a corresponding tool.

The last requirement was directly asked in the survey.

Table 4.2: Overview how strongly the individual concepts meet the requirements.

Requirements Map Rays Arrows Drops

Prevent occlusions: The visualisation +-+ + - - -
should not occlude important informa-

tion. The vessels always should be visible,

so the user can still observe the course of

vessel and their shape.

Unobtrusive: The visualisation should +-+ + - —
not hamper the user. Therefore, the feed-

back always should be unobtrusive, so the

main focus is still on the vessel and clip.

Appropriate interactions with the device,

meaning the navigation and closure of the

clip, and completing the task should al-

ways be possible.

Added value: The visualisation should +-+ + 0 0
create added value. Regarding the trac-

tive force feedback regions with high force
should be highlighted and clearly visible.

Intuitive: The visualisation should be in- 4+ 0 - -
tuitive and easy to understand, so no

learning is required. This refers to each

visualisation concept as a whole, but also

to the underlying colour scale.

In summary, it can be said, that the colour map is the best concept, providing the user with
an appropriate additional force information. As the neurosurgeon stated, this visualisation
is a good compensation for the lack of haptic feedback.

4.3.4 Clipping Simulation Tool

In addition to the requirements regarding the visualisations, a few requirements for the
tool in general. These requirements are now evaluated individually.

The first four requirements refer to the different scenes that should be comprised in the
tool. All four scenes, the aneurysm selection, craniotomy, clipping and comparison scene
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are available. Here, the user can accomplish the respective tasks, including selecting
an appropriate aneurysm, cutting an adjustable hole, navigating and applying multiple
and different clips, and comparing two saved clipping results. The next, non-functional
requirements of the tool were evaluated during the qualitative evaluation with the neuro-
surgeon.

The first non-functional requirement is having an appropriate performance. The most
critical situation within the workflow regarding the performance is during the closure of
the clip and thus calculating the mesh deformation. Depending on the computer on which
the tool is running, there are performance problems during this step. They manifest as
stuttering camera motion. For the evaluation with the neurosurgeon a laptop with the
following technical data was used:

Computer 1:

e Processor: intel core i7-7820HK CUP 2.9GHz, 2901 MHz, 4 cores, 8 logical proces-
sors

« Working memory: 16GB
o Graphics card: NVIDIA GeForce GTx 1080 with Max-Q Design

Using this computer, there were no problems regarding the performance, whereas on a
computer with the following properties, the camera movement during clipping is jud-
dery:

Computer 2:
e Processor: intel core i7-4510U CUP 2.0GHz, 2601 MHz, 2 cores, 4 logical processors
» Working memory: 12GB
o Graphics card: NVIDIA GeForce GTX 850M

The performance on both computers was compared by calculating the frames per seconds
(fps) during navigating, clipping, meaning deforming, and after clipping. After clipping
means the clip is opened again after deforming the vessels. Consequently, the mesh is
still changing, but there is no external force applied to the vertices. As the clip is near
the vessels, the volume of interest around the clip contains vertices, for which ray casting
is performed. The measured values can be seen in Table 4.3 below. Computer 1 refers
to the more powerful computer, used for the evaluation whereas computer 2 refers to the
computer used for the development.

Table 4.3: Overview of the measured frames per seconds during three different situations. Computer 1 is
the more powerful computer, used for evaluating, than computer 2.

Situation Computer 1 Computer 2
Navigating 36 fps 30 fps
Clipping and deforming 12fps 5fps

After clipping 22 fps 16 fps




52 4 Evaluation

This recognisable drop of frame rate during the closure of the clip can be tolerated, as the
user does not navigate the clip in this phase and as in this process, camera movements
are not as important as during navigation. The result can be saved and inspected in the
comparison scene where no deformation, ray casting or any other expensive calculations
are reducing the frame rate. During the qualitative evaluation with the neurosurgeon, he
did not notice any judder or delayed reactions.

The next non-functional requirement refers to realism. The Circle of Willis is a segmented
object based on real computed tomography data. As this patient is a healthy person and
the aneurysms were additionally modelled, the aneurysms are no real cases. But they are
realistic, as they were modelled based on the knowledge and instructions of the neurosur-
geon. Thereby, only cases for which clipping would be the probably treatment of choice
were modelled.

Besides the aneurysm models, the clips were also modelled within the scope of this thesis.
As they were constructed with the help of a real product catalogue and the selection of
the neurosurgeon, they can be rated as realistic enough for such a simulation. The most
important sizes, like the jaw opening and length are satisfied. Nevertheless, not all sizes
were given by the product catalogue and they were not modelled by a professional or
experienced person, resulting in small deviations. To be closer to reality, they should be
constructed by a professional designer of the corresponding clip company.

During craniotomy the neurosurgeon remarked that cutting the hole looks good, but could
be more realistic by not cutting a circular hole but a hole that is a bit more heart-shaped,
as this is done in a real craniotomy. Furthermore, the skull and vessels in both scenes,
the craniotomy and clipping scene are rotated in the wrong way. They are oriented like a
person looking at the user. But in a surgery, the patient lies on the table and the head is a
bit rotated, so the surgeon is facing the side of the skull. This can easily be implemented,
orienting the skull and internal vessels in the right way as a default setting.

During clipping, the surgeon stated that the deformation of the vessels and aneurysms
are realistic enough for this simulation. He especially liked the ‘pulsation’ resulting from
the displacement calculations and different forces acting on the vertices. According to
him, the ‘pulsation” improves the realistic impression of blood vessels.

Although he liked the control via keyboard and mouse, he suggested to think about im-
plementing such a tool in a virtual reality environment and with a pen-like device for
interacting. This could increase the realism in future simulations.

To increase the realism of the whole workflow, he recommended to add a pre-clipping scene
or evaluation. Usually after applying the clip in a real surgery, the surgeon has to check
whether the aneurysm is neutralised and whether the surrounding vessels are still open.
Neutralising the aneurysm means that no blood is flowing into the aneurysm anymore.
Possible ways to implement this are presented in the next Section (5.3).

The last non-functional requirement is the usability. The neurosurgeon emphasised that
the tool as a whole looks inviting and the user has a good overview of the issue. The main
focus of the usability was on the interaction with the tool during the clipping procedure.
Regarding the interaction with the clip, the neurosurgeon stated that he likes the interac-
tion via keyboard. Thereby, the green auxiliary line that was implemented, showing the
current axis along which the clip is moved was rated as very helpful. One drawback of
this control is that the clip can only be moved along the fixed three axes. So if the user
wants to move the clip diagonally to the axes, they have to press two keys alternately.
That is why the neurosurgeon would prefer the possibility of changing the axis, meaning
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the green auxiliary line. Therefore, having the auxiliary lines as a handle would probably
be a better way of interaction in order to determine the direction along which the clip
is moved. Then only the keys ‘E’ and ‘Q’ are needed to move forward and backward on
the chosen line. Determining the direction via camera, like it is done in first person video
games, is not an option, as in a real clipping surgery the surgeon has a fixed field of view
and as the clip is moved freely and independently of the viewing direction.

Besides translating the clip the neurosurgeon also liked the rotation via the one handle
and especially just moving the mouse and pressing left button. The other mouse interac-
tions to steer the camera were also rated as appropriate.

Closing and opening the clip via the down and up keys is a suitable way. Here he com-
mented that it is also necessary to not just close the clip partially but also to open it
again partially. In the tool the opening was implemented as a complete opening when
pressing the key, but in a real surgery it is common to partially reopen and adjust the
clip. This can easily be implemented just like the closing procedure.

When changing the current clip, the neurosurgeon liked the selection of clips, but instead
of a drop down menu with the technical properties of the clips he would prefer images of
the clips. So instead of a drop down menu the clip selection should be implemented similar
to an inventory where the user can see images of the clips.

Table 4.4 summarises the requirements and the extend to which they are met.

Table 4.4: Overview of requirements for the simulation tool and the extend to which they are met.

Requirement Is the require- Explanation
ment met?
Aneurysm  Selection fulfilled A selection scene to choose one of the prede-
Scene fined aneurysms is available.
Craniotomy Scene fulfilled The user can select an appropriate place and

size of a round craniotomy hole.

Clipping Scene fulfilled In the clipping scene, the user can navigate
a selected clip, close and open the clip and
can apply multiple and also different clips.

Comparison Scene fulfilled In the comparison scene, two saved clipping
results can be opened on a split screen and
can be compare with the help of tractive force

visualisations.
Performance predominantly The performance of the tool running on a
fulfilled standard PC is not good enough to enable

smooth camera movements while closing the
clip and deforming the vessels.

Realism fulfilled According to the expert, the deformation
is sufficiently realistic for such a simulation
tool. Furthermore, the modelled clips and
aneurysms are based on real data or the ex-
pert’s knowledge.
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Requirement Is the require- Explanation
ment met?

Usability predominantly The interaction with the clip via keyboard
fulfilled was rated as appropriate, but could be im-

proved by a modifiable axis. The neurosur-
geon stated that tasks and workflow is clear,
but here as well, it could be improved by an
additional evaluation scene for the clipping
result. Consequently, the satisfaction is not
completely fulfilled. With the help of the vi-
sualisations, an efficient and effective inter-
action with the simulation tool is ensured.
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In this last section, the initial question about distance and tractive force visualisations
in aneurysm clipping simulations will be answered with the help of the results obtained
by the survey and qualitative evaluation. Furthermore, limitations as well as future work
are emphasised.

5.1 Summary

Within this master thesis, a clipping simulation tool for unruptured cerebral aneurysms
was developed. For this purpose, different clip models were constructed and aneurysm
models were carefully selected and modelled. The user can apply various clips on clinical
relevant aneurysms. The procedure comprises a craniotomy, moving clips to the aneurysm
and applying them. To provide a realistic simulation, the vessels deform based on a mass
spring model when the clip is closed. Additionally, the tool provides the possibility to
save and compare different clipping results.

This surrounding served as a basis for developing and evaluating different visualisation
concepts. The visualisation concepts can be divided in concepts visualising distance in-
formation and concepts visualising tractive force information. Regarding both types of
information, the aim is to provide added value and not occlude important information or
disturb the user.

The developed distance concepts are a colour map, a size and radius adjusting cylinder
showing the smallest distance, and semi-transparent rays showing all distances smaller
than a threshold. For depicting the tractive force, a colour map highlighting the mag-
nitude, colour-coded rays showing the displacement, and two glyph-based visualisations
depicting the magnitude and direction were introduced.

These visualisation concepts were evaluated by experts and prospective target audience
via an online survey and by a qualitative assessment with one neurosurgeon. One impor-
tant finding concerning the distance visualisations is that they are necessary and helpful,
although they did not convince the participants of the survey. However, the evaluation
with the neurosurgeon revealed that watching videos in a survey and navigating the clip
by oneself are totally different circumstances. According to the surgeon, the ray visuali-
sation concept is the most useful distance concept.

The results of the force visualisation concepts of the survey and the surgeon’s opinion co-
incided. Here, the colour map stood out as the best support. Except two neutral people,
all participants agreed or totally agreed that they would use this visualisation concept in
such a simulation tool.
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5.2 Résumé

In both, the visualisation concepts for distance as well as for tractive force, some concepts
became apparent to be very useful and prove to be additional support in a clipping simu-
lation. The concepts that did not convince can be helpful to develop new or to refine the
suitable concepts, as they reveal the experts priorities and requirements.

However, the appropriate concepts providing added value such as the distance rays and
tractive force colour map can already be integrated in clipping simulations for unruptured
cerebral aneurysms. Moreover, they can also serve as a basis for visualisations in other
similar applications. Another application would be a simulation for surgical treatment of
brain tumors. In this case the distance visualisation could also serve as support.
Consequently, the two visualisations enhance a clipping simulation and thus improve a
possible training environment for neurosurgeons and trainees.

5.3 Future Work

During development and implementation, several ideas and improvements emerged that
could be realised in future work.

Physics Although the neurosurgeon said that the deformation is realistic enough for
such a clipping simulation, the deformation can be improved and refined. The whole
deformation process could be improved by using a more exact model, for example a
volume preserving model. Not just the deformation itself but also the performance could
be improved to ensure further distribution and accessibility. Additionally, some properties
like ripping of the vessels for simulating an intraoperative rupture could be included.
However, this would require more physical properties of blood vessels like wall thickness,
pressure and other factors like calcifications. Calcifications could be simulated in the
existing model by using different spring constants instead of a uniform value. Thus,
specific regions can be more rigid than others.

Workflow and further components To improve the whole workflow, a scene for expos-
ing the aneurysm could be included after the craniotomy. For realising this, tissue defor-
mation and appropriate surgical instruments have to be included. This would comprise
brain tissue with the Sylvian fissure which can be opened via medical instruments. After
the clipping scene an evaluation scene where the user can check whether the aneurysm is
closed completely and the other vessels are not impaired would complete the tool. This
could for example be done with a blood flow simulation. It should be no problem to
visualise the blood flow the difficulty lies in obtaining the flow data. Via computational
fluid dynamics this can be done by several methods, but they all are time-consuming and
have to be integrated into the tool.

Another way to check whether the vessels are not impaired by the clipping is to use the
centerline and radius instead of a blood flow simulation. With this information after
deforming the vessels, the opening of the vessels after clipping can be compared with
the opening before deformation. This way it can be checked whether the vessels remain
open to blood flow. The centerline and radius can be calculated once for the unit Circle
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of Willis and imported with the model or calculated in unity. This could be done once
by casting rays from the vessel surface to the inside in negative normal direction and
approximating the centerline by the intersection of different rays. Thereby, the radius
is also obtained. This centerline can then be used to estimate the opening of vessels by
calculating the area of the cross section. As demonstrated in Figure 5.1, the centerline
can serve to cast orthogonal rays to the vessel wall. By casting these rays, the area can
be approximated.

Figure 5.1: Estimation of the cross section area of a vessel.

The smaller the angle o between the rays, the more exact the resulting area of the cross
section.

The whole process of checking the extent, to which vessels and the aneurysm are open,
depends on the deformation algorithm and closing of the clip. But the neurosurgeon
stated that an approximation of of the extent to which a vessel is closed in percentage
is sufficient. Such an evaluation would be helpful to assess whether the aneurysm is well
excluded while the natural blood flow is preserved.

User Interaction The next ideas for improvement relates to the user interaction and de-
vices. The big advantage in terms of availability of a desktop application with keyboard
and mouse interactions compensates the disadvantage of not being as realistic as other in-
teraction methods. But as mentioned by the neurosurgeon, the interaction with keyboard
could be improved by implementing the axis line as a handle. This way, the user can freely
set the axis along which they want to move the clip. Another interaction would be to use
a haptic device. By this, the movement of a real medical device is reconstructed more
realistically. Additionally, haptic feedback is given when colliding with different tissues.
Both would create a much more realistic interaction. Furthermore, a virtual reality envi-
ronment can be used, also leading to a better immersion. Here, the interaction by moving
the hand instead of pressing keys is also more realistic.

Visualisations As described previously, the transparency of the distance rays can be set
via a slider. If the user does not want to set a unified value, the transparency is graded
linearly based on the distance values. To emphasise small distances, a logarithmic scale
could be used, resulting in a stronger descent of transparency with increasing distance.
Furthermore, the appropriate visualisation concepts can be refined by for example adding
and evaluating different color scales.
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Evaluation As mentioned in the evaluation, the validity of the opinions regarding the
distance visualisations that were obtained by the survey are doubtful. Consequently, the
evaluation of the distance visualisations is only based on the opinion of one neurosurgeon.
To get a more representative result, these visualisation concepts should be assessed by
more experts.
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Appendix

neurysm Clipping Tool

Einleitung und Datenschutzhinweise

Hallo und herzlich willkommen zu meiner Umfrage!
Diese Umfrage dient der Evaluierung meiner Masterarbeit, um herauszufinden, wie
nutzlich verschiedene Visualisierungkonzepte im Kontext einer Aneurysmen Clipping

Simulation sind. Solch eine Simulation soll Chirurgen und Medizinstudenten zu
Ubungszwecken dienen.

Vielen Dank fir lhre Unterstitzung!

3 patenschutzhinweise

O Ich habe die in der FuBnote hinterlegten Datenschutzhinweise gelesen und akzeptiert

Irmpressum: Mareen Allgaier, Otto-vor-Guericke Universitdt Magdeburg | Datenschutzerklirung
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Zugkraft - Map

Im folgenden Abschnitt werden verschiedene Visualisierungen vorgestellt. Diese zeigen die Verschiebung
der GefédRwand, die beim Clippen durch den auftretenden Zug verursacht wird. Es folgt eine einzelne
Auswertung der Visualisierungskonzpte und ein anschlieBender Vergleich. Bitte bewerten Sie dabei nicht
die Platzierung des Clips.

Das erste Visualisierungskonzept ist eine Karte auf der GefaRoberflache, die die Starke der Verschiebung
farblich darstellt. Rot sind dabei hohe Werte, griin kleine.

Legend: Tractive Force
Low -+ righ

Ohne Kraftvisualisierung Mit Kraftvisualisierung

* Bitte bewerten Sie die folgenden Punkte bezuglich der Kraftvisualisierung.
Bewerten Sie von 1 = trifft nicht zu bis 5 = trifft zu

(4]

Die Visualisieurung ist intuitiv

Sie bietet zusatzliche Informationen

Sie bringt einen Mehrwert

Das GefaR und relevante Informationen werden nicht verdeckt

Sie kénnen Bereiche mit starkem Zug gut lokalisieren

Sie kdnnen erkennen in welche Richtung die Oberflache gezogen
wird

Sie kénnen sich vorstellen, diese Visualisierung in einem
entsprechenden Tool zu verwenden

O O O0O000O0%]
O O OO0OO00OO0ON
O O OO0OOOH

O
O
O
O
O
O
O

O O OO0 OOW
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Zugkraft - Rays

Das zweite Visualisierungskonzept sind Strahlen. Ein Strahl zeigt fur einen Oberflachenpunkt die
Verbindung zwischen Ausgangsposition und verschobener Position an (siehe 2D-Skizze). Farblich wird
auch hier die Starke der Verschiebung angezeigt.

2D-Skizze der Rays
Punkte: ursprungspositionen
Rote Linien: Strahlen von der ursprungsposition zu der neue Position

Legend: Tractive Force|
Low - High

Ohne Kraftvisualisierung Mit Kraftvisualisierung

Umfrage erstellt mit

“LamaPoll
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

* Bitte bewerten Sie die folgenden Punkte beziiglich der Kraftvisualisierung.
Bewerten Sie von 1 = trifft nicht zu bis 5 = trifft zu

2] 3] [a]

Die Visualisieurung ist intuitiv

Sie bietet zusatzliche Informationen

Sie bringt einen Mehrwert

Das GefaR und relevante Informationen werden nicht verdeckt

OOO00O0
O 00000
O 00000

O O OO O

Sie kénnen Bereiche mit starkem Zug gut lokalisieren

Sie kdnnen erkennen in welche Richtung die Oberflache gezogen
wird

O
O

Sie kdnnen sich vorstellen, diese Visualisierung in einem
entsprechenden Tool zu verwenden

O O OO0O0O0O O]

O
O
O
O
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Zugkraft - Arrows

Das dritte Visualisierungskonzept sind Pfeilglyphen. Diese zeigen die Richtung der Verschiebung durch
ihre Ausrichtung und die Starke Uber die Farbe an (siehe Skizze der Glyphe).

Skizze der Glyphe
(Roter Pfeil: Hauptausrichtung 2 Verschiebungsrichtung,
Farbe = Starke der Verschiebung)

Legend: Tractive Force|
Low >+l Figh|

Ohne Kraftvisualisierung Mit Kraftvisualisierung
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

* Bitte bewerten Sie die folgenden Punkte beziglich der Kraftvisualisierung.
Bewerten Sie von 1 = sehr schlecht bis 5 = sehr gut

2] 3] [a]

Die Visualisieurung ist intuitiv

Sie bietet zusatzliche Informationen

Sie bringt einen Mehrwert

Das GefaR und relevante Informationen werden nicht verdeckt

OOO00O0
O 00000
O 00000

O O OO O

Sie kénnen Bereiche mit starkem Zug gut lokalisieren

Sie kdnnen erkennen in welche Richtung die Oberflache gezogen
wird

O
O

Sie kdnnen sich vorstellen, diese Visualisierung in einem
entsprechenden Tool zu verwenden

O O OO0O0O0O O]

O
O
O
O
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Zugkraft - Drops

Das vierte Visualisierungskonzept sind Glyphen in Tropfenform. Diese zeigen die Richtung der
Verschiebung durch ihre Ausrichtung. Wie bei einem Tropfen ist Vorne durch die Rundung
charakterisiert. Die Starke wird zusatzlich zur Farbe noch Uber die Transparenz und Lange der Glyphe
angegeben. (siehe Skizze der Glype)

Skizze der Glyphe
(Roter Pfeil: Hauptausrichtung 2 Verschiebungsrichtung,
Blau: Lange der Glyphe 2 Stéarke der Verschiebung,
Farbe und Transparenz = Starke der Verschiebung)

Legend: Tractive Force|
Low -+ -+ High!

Ohne Kraftvisualisierung Mit Kraftvisualisierung
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

* Bitte bewerten Sie die folgenden Punkte beziglich der Kraftvisualisierung.
Bewerten Sie von 1 = trifft nicht zu bis 5 = trifft zu

2] 3] [a]

Die Visualisieurung ist intuitiv

Sie bietet zusatzliche Informationen

Sie bringt einen Mehrwert

Das GefaR und relevante Informationen werden nicht verdeckt

OOO00O0
O 00000
O 00000

O O OO O

Sie kénnen Bereiche mit starkem Zug gut lokalisieren

Sie kdnnen erkennen in welche Richtung die Oberflache gezogen
wird

O
O

Sie kdnnen sich vorstellen, diese Visualisierung in einem
entsprechenden Tool zu verwenden

O O OO0O0O0O O]

O
O
O
O
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Zugkraft - Kombination

Weiterhin werden die zwei Glyphenkonzepte mit der Farbkarte kombiniert. Geben Sie an, ob Sie die
Glyphen ohne zusatzliche farbige Unterlegung oder mit bevorzugen.

* Auswahl der Pfeilglyphe

Wabhlen Sie lhre bevorzugte Variante

* Auswahl der Pfeilglyphe

Wahlen Sie Ihre bevorzugte Variante

Impressum: Mareen Allgaier, Otto-von-Guericke Universitdt Magdeburg | Datenschutzerklarung
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Zugkraft - Vergleich

* Erstellen Sie ein Ranking der vorgestellten Konzepte.
Welches Konzept spricht Sie am meisten an?
Welches Konzept wirden Sie am ehesten verwenden?

Ziehen Sie die wichtigen Elemente nach oben und ordnen Sie die unwichtigen Elemente nach
unten.

ropfenglyphen

Pfeilgylphen mit Farbkarte

O O U o L

ropfenglyphen mit Farbkarte

Haben Sie weitere Fragen, Wiinsche, Kritik oder Anregungen bezliglich der
Visualisierungen der Zugkraft?

Impressum: Mareen Allgaier, Otto-von-Guericke Universitdt Magdeburg | Datenschutzerklarung
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Distanz - Map

Im folgenden Abschnitt werden weitere Visualisierungen vorgestellt. Diese zeigen die Distanz zwischen
dem Clip und der GefaBwand an. Sie sollen helfen, den Clip besser navigieren zu kénnen, da in einer 3D-
Anwendung auf einem 2D-Bildschirm die Tiefenabschétzung sehr eingeschrankt ist.

Im erste Visualisierungskonzept wird eine Karte auf der GefaRoberflache abgebildet, die die Distanz zum
Clip verdeutlicht. Hierfur dient eine Regenbogenfarbskala, das bedeutet, die Distanz ist von rot, gelb,
grun, blau zu violett aufsteigend.

0:00/ 0:03 0:00/0:03

Ohne Distanzvisualisierung tzae”-m_?i“irﬁmgh

Mit Distanzvisualisierung

* Wahlen Sie Ihre bevorzugte Variante der zwei Videos.

O Ohne Distanzvisualisierung O Mit Distanzvisualisierung
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

* Bitte bewerten Sie die vorgestellte Distanzvisualisierung.

Bewerten Sie von 1 = trifft nicht zu bis 5 = trifft zu

O O]

Sie bietet zusatzliche Informationen

Ihrer Meinung nach unterstdtzt diese Visualisierung die
Navigation

0
Die Visualisierung ist intuitiv Q
O
O

O OO

OO0 O OO
OO0 O OO
O

Die Visualisierung gibt Ihnen ein besseres Verstandnis der
raumlichen Relationen und Distanzen ()

Das Gefal und relevante Informationen werden nicht verdeckt Q

O OO
O OO

Sie kénnen nahe Bereiche gut erkennen O

Sie kdnnen sich vorstellen, diese Visualisierung in einem
entsprechenden Tool zu verwenden O Q

O
O
O
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Distanz - Cylinder

Das zweite Visualisierungskonzept ist ein Zylinder, der die geringste Distanz zwischen Clip und Gefal3
darstellt. Die Farbkodierung entspricht der vorherigen Farbkarte.

0:00/ 0:03 0:00/ 0:04

Ohne Distanzvisualisierung tgg(er:_lzls?ancemgh

Mit Distanzvisualisierung

* Wabhlen Sie Ihre bevorzugte Variante der zwei Videos.

Q Ohne Distanzvisualisierung O Mit Distanzvisualisierung

* Bitte bewerten Sie die vorgestellte Distanzvisualisierung

Bewerten Sie von 1 = trifft nicht zu bis 5 = trifft zu

Die Visualisierung ist intuitiv

Sie bietet zusatzliche Informationen

O 07
OO
O 0&
O 0@

Ilhrer Meinung nach unterstutzt diese Visualisierung die
Navigation

Die Visualisierung gibt Ihnen ein besseres Verstandnis der
raumlichen Relationen und Distanzen

Das GefaB und relevante Informationen werden nicht verdeckt

OO0 O
OO0 O OO

O 000 O
OO0 O

Sie kdnnen nahe Bereiche gut erkennen

Sie kdnnen sich vorstellen, diese Visualisierung in einem
entsprechenden Tool zu verwenden

O 000 O

O
O
O
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Distanz - Rays

Das dritte Visualisierungskonzept sind Strahlen, die nicht nur die kiirzeste Distanz anzeigen, sondern alle
Distanzen kleiner als ein gewisser Schwellenwert. Die Farben entsprechen der farblichen Abstufung der
Farbkarte.

0:00/ 0:03 0:00 / 0:04

Ohne Distanzvisualisierung tzaen-d:_laistanceHigh

Mit Distanzvisualisierung

* Wabhlen Sie lhre bevorzugte Variante der zwei Videos.

Q Ohne Distanzvisualisierung Q Mit Distanzvisualisierung

* Bitte bewerten Sie die vorgestellte Distanzvisualisierung

Bewerten Sie von 1 = trifft nicht zu bis 5 = trifft zu

Die Visualisierung ist intuitiv
Sie bietet zusatzliche Informationen

Ihrer Meinung nach unterstitzt diese Visualisierung die
Navigation

Die Visualisierung gibt Ihnen ein besseres Verstandnis der
raumlichen Relationen und Distanzen

Das GefaR und relevante Informationen werden nicht verdeckt
Sie kénnen nahe Bereiche gut erkennen

Sie kénnen sich vorstellen, diese Visualisierung in einem
entsprechenden Tool zu verwenden

O 000 O OO0l
O OO0 O OO0Ownr
O OO0 O OO
O OO0 O OO«
O OO0 O OO0
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Aneurysma_Clipping_Simulation - Druckversion (LamaPoll - Online U... https://app.lamapoll.de/Aneurysma_Clipping_Simulation/?preview=1&a...

neurysm Clipping Tool

Visualisierungskonzepte: Distanz- Vergleich

* Erstellen Sie ein Ranking der vorgestellten Konzepte der Distanzvisualisierung.
Welches Konzept spricht Sie am meisten an?
Welches Konzept wirden Sie am ehesten verwenden?

Ziehen Sie ansprechende Visualisierungen nach oben und ordnen Sie die weniger ansprechenden
nach unten.

Strahlen
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