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ABSTRACT

As more papers are published and the body of knowl-
edge increases, it becomes difficult to maintain a sense
of overview and recognize relations between discussed
topics. In order to assist neuroscientists with their task
of finding unexplored relations between brain diseases,
the DatAR project provides a topic model which allows
neuroscientists to see at a glance which brain diseases
are semantically similar and thus likely correlated. How-
ever, this topic model lacks the ability to explain why and
how these brain diseases are semantically similar. We set
out to design the Brain Disease Co-occurrence Explorer
(BDCE), a 3D visualization which visualizes the num-
ber of co-occurrences between two brain diseases and any
other brain topic in literature, with co-occurrence defined
as two topics mentioned in the same sentence or body of
text. We design two iterations of the BDCE, the first of
which is evaluated by interviewing two experts in the field
of 3D data visualization and immersive analytics. Based
on the results from these interviews, we improve upon the
design and perform user evaluations of the final iteration
with participants from a neuroscience background or dif-
ferent related biology field. The user evaluations show
that the BDCE is capable of explaining the topic model
and encouraging further investigation into potentially in-
teresting relations between brain diseases. Finally, we
propose some avenues for future research regarding ad-
ditional BDCE features, different visualization designs for
visualizing co-occurrences in 3D space and improvements
to our number visualization style.

1 Introduction

As more papers are published and the body of knowl-
edge increases, it becomes difficult to maintain a sense of
overview and recognize relations between discussed top-
ics. The DatAR project (DATa exploration in Augmented
Reality) aims to assist researchers with their literature re-
search by providing various visuospatial data representa-
tions of topics discussed in literature, in an Augmented
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Figure 1: Topic model for showing the semantic similarity be-
tween brain diseases in the DatAR environment [[]. Each sphere
in the model represents a brain disease, with the disease name
written on a white label in front of the sphere.

Reality (AR) environment [3, []]. Neuroscience is one
such research field where understanding complex rela-
tions is increasingly assisted by linked, text-mined data
exploration [4]. Neuroscientists often conduct literature
studies to find unexplored connections between brain top-
ics in order to direct their research focus. The DatAR
project aims to assist neuroscientists with this task by pro-
viding a topic model visualization that maps brain diseases
in 3D space based on their semantic similarity (see Fig-
ure [l). This semantic similarity is calculated based on the
total number of direct and indirect co-occurrences in liter-
ature, with co-occurrence defined as two topics mentioned
in the same sentence or body of text. The topic model al-
lows neuroscientists to see at a glance which brain diseases
are semantically similar and thus likely correlated, assist-
ing them with their task of finding unexplored connections
between brain diseases. However, the topic model lacks
the ability to explain why and how these brain diseases
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Figure 2: The Buiter2D visualization design for exploring the semantic similarity between brain diseases [2].

are semantically similar. The details of the direct and in-
direct co-occurrences are not visualized in the topic model,
which obscures the connections in literature that make the
diseases similar. These connections are essential for un-
derstanding how brain diseases are correlated.

Buiter [2] contributed a design for a 2D data visual-
ization that allows neuroscientists to better understand the
relations between similar brain diseases (see Figure J).
While this 2D design is capable of explaining the semantic
similarity of brain diseases, it lacks a 3D design and corre-
sponding evaluation in the immersive 3D DatAR environ-
ment which neuroscientists use to inspect the topic model.
We set out to design the Brain Disease Co-occurrence Ex-
plorer (BDCE), a 3D data visualization which visualizes
the number of co-occurrences between two brain diseases
and other brain topics mentioned in literature. The design
for the visualization is largely on Buiter’s 2D design since
it takes the same approach on how to explain the semantic
similarity between brain diseases. The BDCE allows us
to evaluate our ability to explain the similarities of brain
diseases as shown in the topic model and encourage fur-
ther investigation into these similarities. In summary, we
aim to answer the following research question: How do
we explain and visualize brain disease similarities as
shown in the topic model in an immersive 3D DatAR
environment?

For sake of clarity, throughout this document we will
refer to Buiter’s 2D data visualization as Buiter2D, the
first BDCE iteration as BDCE-1 and the second (and fi-
nal) BDCE iteration as BDCE-2.

2 Related work

Since our BDCE design is largely based on the Buiter2D
design, we explore the design requirements set out for the
Buiter2D design. We additionally explore the topic of im-
mersive analytics and the challenges of moving a 2D de-
sign over to 3D space. Finally, we present some 3D data
visualizations used as inspiration for our design.

2.1 Retrospect of the Buiter2D design re-
quirements

Buiter set out to formulate design requirements for an
interface that would allow neuroscientists to better un-
derstand the semantic similarity of brain diseases as seen
in the topic model. By visualizing the number of co-
occurrences between brain diseases and brain topics in
literature, Buiter hypothesized that a neuroscientist can
compare the co-occurrence rates to find unexplored con-
nections between the brain diseases. The design require-

'Buiter [2] refers to brain topics as brain concepts. This was the previous term used throughout the DatAR project. They mean the same.



ments and visualization sections for Buiter2D (see Fig-
ure P) were refined and evaluated by design and visual-
ization experts, as well as neuroscientists. We summarize
the design requirements as formulated by Buiter in the
following three categories.

The desired information for comparing similar dis-
eases should be available
The core requirement of the visualization is to show the
number of co-occurrences of any given brain topic with
two selected diseases. The visualization should in some
way highlight brain topics which co-occur with only one
disease. Users should be aware that co-occurrences shown
in the visualisations represent correlation, not causation.
Additionally, the visualized co-occurrences do not indi-
cate the nature of any correlation (positive or negative).
Lastly, users should be able to investigate the articles that
feature the presented co-occurrences in an intuitive man-
ner.

The visuals should be clear and devoid of clutter
There are various key aspects to keeping the visualization
readable and clutter free. Text should at all times be read-
able without clutter, and number of co-occurrences needs
to be shown through visual cues apart from numbers.
There should also be a clear visual distinction between
brain classest, the brain topics and the selected diseases.
Lastly, hidden parts of the visualization need to visually
relay the fact that they are hidden.

Interactions should conform to the expectations of
the user
The interactions and tools available to the user are an
integral part of the visualization. Since the target audi-
ence using this data visualization are experts in their re-
search fields, they must be provided with the tools that al-
low them to retrieve the information that they want based
on their expertise. The design requirements specify that
users must be able to rank the relevance of related top-
ics (sorting), temporarily hide and show individual brain
classes (filtering) and be able to visualize initially hidden
co-occurrences between a topic and any topics it relates
to. This last requirement indicated the ability to explore
co-occurrences spanning multiple brain topics.

2.2 Immersive analytics

Traditionally, information exploration was primarily done
through manual searches with a desktop setup on a flat
2D screen. The field of visual analytics was introduced

a decade ago and developed techniques to represent data,
primarily big data, in a more visual way. This had the
benefit of building upon the human mind’s ability to un-
derstand complex information better visually [5]. Re-
cently, a new sub-field has developed called immersive
analytics. This field takes advantage of the significant
advances in the development of new technologies for
Human-Computer Interaction (HCI) by investigating how
new interaction and display technologies can be used to
create a more immersive kind of data analysis and ex-
ploration [6]. One example of new technologies that al-
low immersive analytics are VR and AR Head Mounted
Displays (HMDs) which allow the user to completely im-
merse themselves in a 3D data visualization. AR also
supports the anchoring of these visualizations to the real
world. DatAR takes advantage of this with some of its
design ideas, such as real-time interactions between the
virtual elements of DatAR and the user’s desktop setup.

Since the 3D BDCE design is based on the Buiter2D
design, the simplest approach to make the transition be-
tween the two dimensional representations is by designing
the BDCE as a 2.5Df visualization in the immersive 3D
DatAR environment. Marriott et al. note that one of the
main benefits of immersive visualizations is the utilization
of depth (the third dimension) [§]. Designing the BDCE
as a 2.5D design adds this utilization of depth, allowing
for a more immersive kind of experience while analysing
data.

2.3 3D data visualizations of multivariate
data

Visualizing information in an immersive 3D environment
can be achieved in a multitude of ways. Cordeil et al. in-
troduce ImAxes, an interactive multi-dimensional visual-
ization tool that relies on the arrangement of data axes in
space [9]. Users can freely move around available data
axes and connect them in multiple ways to construct new
types of graphs to view the data. Supported graphs in-
clude histograms (see Figure ), 2D/3D scatterplots, par-
allel coordinates and more. The way ImAxes represents
histograms is similar to how the horizontal bars are de-
signed in Buiter2D, and can be similarly utilized in the
2.5D BDCE design.

2Brain class refers to categories for brain topics, e.g. brain regions, neurons and cognitive functions.
3The term 2.5D is quite uncommon and ambiguous in its definition. We use the definition of Ware [[f] which defines it as 2D with depth cues
which provide a sense of 3D. The additional dimension is not used for higher dimensional data visualization and purely serves to provide a sense of

depth and increase sense of orientation.
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data encoded as 3D points with with various parameters such
as shape, color and size [[L0]

Donalek et al. present iViz, a 3D data visualization
tool for visualizing hyperdimensional data [[10]. In iViz,
data is visualized not only through XYZ spatial coordi-
nates but also with additional parameters such as shape,
color and size(see Figure fl). Additionally, iViz offers col-
laborative data exploration by allowing multiple users to
view and manipulate the same environment. Their use of
color and shape to encode hyperdimensional data serves
as an inspiration for the BDCE design.

3 Methods

We followed an iterative design process, split into two cy-
cles. During the first cycle, we designed BDCE-1 and
evaluated our design approach by way of interviews with
experts in the field of 3D data visualization and immersive
analytics. The design for BDCE-1 was based on Buiter2D,
with various alterations for better accommodation to a 3D
immersive environment. Due to the lack of access to ap-
propriate AR hardware, the implementation of BDCE-1
was built upon the existing DatAR implementation for
VR.

In order to evaluate the design approach for BDCE-1,
we made use of the expert interview methodology. Expert
interviews have a long history in social research, as an ef-
ficient and concentrated method of gathering information
compared to other methods such as quantitative surveys
[11]]. This methodology lends itself well to evaluating sys-
tems in both a qualitative and quantitative manner, which
is why we decided to utilize this methodology. Our in-
terview procedure consisted of two parts. During the first

part, the interviewee is unaware of BDCE-1 and Buiter2D.
This allows us to ask questions without their answers be-
ing skewed towards the existing design. During the sec-
ond part, the interviewee is shown BDCE-1 which then
allows us to discuss the design direction.

The second design cycle iterates on BDCE-1 by in-
corporating the feedback and advice from the expert inter-
views. We port the system from the VR version of DatAR
to an AR version supported by appropriate hardware, re-
sulting in final BDCE design iteration: BDCE-2. In order
to answer the research question and evaluate the BDCE-2,
we perform user evaluations of BCDE-2 in AR with neu-
roscientists and researchers with a research background
in biology. The user evaluation consisted of two parts:
a questionnaire and a set of guided tasks using the AR de-
vice. Users would answer questions on the usability and
data-interpretation aspects of BDCE-2 while performing
the tasks. With the results from the expert interviews and
user evaluations we answered the research question.

4 BDCE-1 visualization design

We describe the design rationale behind the first iteration
of'the BDCE, and discuss its implementation and data set.

4.1 BDCE-1 design rationale

BDCE-1 was designed to visualize co-occurrences be-
tween brain diseases and other brain topics in an immer-
sive 3D environment. While BDCE-1 was based on the
Buiter2D design, we made various alterations to better ac-
commodate the design to an immersive 3D environment.
One major concern was the scalability of the design,
and by extension its vertical structure. Buiter2D shows at
most five brain topics per class and does not scale well
with more topics, as this would increase the verticality
of the visualization. In immersive AR, vertical field of
view is limited so it is important that the vertical bounds
of BDCE-1 are kept to a minimum. We opted to go for a
hierarchical design structure in the form of a brain class
view” (top of the hierarchy) and a "’brain topic view” (bot-
tom of the hierarchy) (see Figure B). The initial view
showed each brain class as a singular sphere with the to-
tal number of co-occurrences that the topics within that
class had with the diseases on either side. The user could
then interact with the class spheres by “grabbing” them
with their hand. This would change the view from a class
overview to a topic overview of the class that had been
selected. This view is similar to the overview demon-
strated in Buiter2D, with a filter applied so only topics
from the selected class would be displayed. By separat-
ing the overview seen in Buiter2D into two views, we in-
troduced potential for scalability since the topic view had
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Figure 5: Implementation of BDCE-1 in the VR DatAR environment. The two selected diseases are on either side of a central
vertical list. The numbers on either side of the spheres represent the number of co-occurrences that those brain classes or topics
have with either disease. Left: The brain class view. Users can interact with a sphere to go to the brain topic view of that class.
Right: The brain topic view of brain regions. Users can interact with the "Back” cube to return to the brain class view.

fewer topics shown at any given time. Users could return
to the class overview by “grabbing” the Back cube on the
top-left of BDCE-1.

In order to reduce design complexity, we also opted
to not include the discriminatory topics as designed in
Buiter2D (see D2 in Figure ). The discriminatory top-
ics are topics that only co-occur with one of the diseases,
rather than both. Previous evaluations of Buiter2D con-
cluded that the participants remained largely confused as
to the purpose of the discriminatory topics, or thought they
were insignificant and not that interesting [2]. For BDCE-
1 we decided to only show the topics that have the most
co-occurrences with the diseases, which allowed us to fo-
cus the expert interviews on the brain class and topic rep-
resentations.

4.2 BDCE-1 implementation

As we lacked access to AR hardware at this point in the
study, BDCE-1 was implemented as a widget in the es-
tablished VR DatAR framework in UnityE [[1]]. The wid-
get accepts two brain diseases and subsequently gener-
ates a BDCE-1 visualization with the two diseases on ei-
ther side. Because BDCE-1 visualizes co-occurrences be-
tween brain diseases and other brain topics, we needed a
dataset that contained these co-occurrences. The Linked

‘https://unity.com/
Shttp://www.linked-brain-data.org/

Brain Data (LBD)8 repository contains co-occurrences of
known topics discussed in neuroscience literature from
various catalogs, including PubMed. This data can be
queried through a SPARQL endpoint. Slotting two dis-
eases in the widget sends a SPARQL query to the LBD
SPARQL endpoint, in order to retrieve the number of co-
occurrences that the selected two diseases have with any
brain topic stored in the LBD. This data then gets pop-
ulated across BDCE-1, which appears above the widget
cube after the query has completed.

5 Expert interviews

In order to evaluate our design approach for the BDCE-
1, we interviewed two experts in the field of information
visualization and immersive analytics. In this section we
describe the interview setup and discuss the results from
the two interviews, after which we summarize the changes
that we made to the design direction.

5.1 Interview setup

The aim of the expert interviews was to acquire creative
ideas which could contribute to the current design or al-
ter the design direction, as well as feedback on the cur-


https://unity.com/
http://www.linked-brain-data.org/

rent design. The interviewees were first presented with a
slideshow, detailing the aims of the DatAR project and our
role within. They were then shown a sample of the data
from the LBD repository which we were working with,
after which the participants were asked how they would
visualize this sort of data in 3D space. This allowed us
to acquire new design insights and potential BDCE-1 ad-
justments from an unbiased perspective. Afterwards, the
experts were shown the BDCE-1 in a video demonstration
of a probable use-case where the visualization could be
used. They were then asked to have a conversation about
the design direction of BDCE-1.

We specifically directed the conversation to the fol-
lowing limitations that we had identified with the design
prior to the interviews:

» While BDCE-1 addressed some of the concerns re-
garding vertical scaling by splitting the class and
topic views, the topic view still had the potential
to show too many topics vertically from the same
class. We asked the experts for their opinions on
how to approach this issue.

+ Since BDCE-1 lacked a visual representation of the
co-occurrence numbers, we took this opportunity to
ask the experts for their opinion on how they would
visualize these numbers in our design.

The interviews were recorded and subsequently summa-
rized into specific points of feedback.

5.2 Interview 1

The first interviewee commented during the presentation
on DatAR and the LBD why brain diseases are not consid-
ered a brain class together with the 6 other classes. This
is a valid observation, as in normal circumstances they
would be considered a class. The primary reason that brain
diseases are not being included as a class for comparison
with the two selected diseases is that there are simply not
many direct co-occurrences between diseases. While not
negligible, for ease of implementation we excluded brain
diseases as a class in our design. The interviewee also
noted that brain classes have inherent differences in the
number of literature available, as this is field dependent.
For example, there is a larger body of work on Cogni-
tive Functions compared to Neurons. According to them,
a comparison across classes becomes less interesting in
that case and in-class comparisons are the most interest-
ing way to view this data. Though if there were some
way to show the global distribution within each class, the
topics could be comparable across classes. When asked
how they would visualize data from the LBD repository
in 3D, the interviewee suggested that there were two pos-
sibilities. You can show several diseases and their co-
occurrences with different colors, and some way to indi-

cate the strength of the relations. This would show the
relative strength of each co-occurrence. Or you can sin-
gle out one specific disease, and show in a glyph or spider
chart a number of co-occurring topics, with again ways to
indicate the strength of those relations. Since these sug-
gestions are vastly different from our design, they can in-
stead serve as inspiration for future work which can look
at different ways of visualizing co-occurrences in 3D.

After showing BDCE-1, the interviewee suggests to
make the data an ”extension” of the visualized topics, with
the ability to see more detail on a specific topic. Hav-
ing the ability to store a previous search query/selection
would be helpful as well. Utilizing the third dimension
for this purpose could be an idea. When asked how to
handle showing more than five topics in a vertical list,
the interviewee asked if we were sure that neuroscientists
needed to view more than five topics at the same time.
With proper sorting and organization tools allowing neu-
roscientists to view the data in the way they want, it might
not be necessary. Lastly, they commented on the hierar-
chical manner in which the data is displayed. According
to them, the design lacked a clear connection between the
class and topic views. They noted that there are visualiza-
tion methods in 2D which are designed to compare hier-
archical data structures, and these methods clearly signal
the connection between data points.

5.3 Interview 2

After asking the interviewee how they would visualize the
data from the LBD respository in 3D, the interviewee men-
tioned some kind of 3D scatter plot with disease, topic and
class on the three axes. Each point on the scatter plot could
indicate the number of co-occurrences with their size. Af-
ter showing them the BDCE-1, they immediately sug-
gested using visual encoding of the numbers to show the
magnitude. Perhaps with horizontal bars. Furthermore,
they suggested looking into ways to better accomplish hi-
erarchical visualization instead of two separated views,
such as Sankey diagrams. BDCE-1 lacked visual connec-
tion between the classes and the topics, which hierarchical
visualizations solve. They further noted a desire to store
topics of particular interest after navigating the hierarchy,
which then allows the user to navigate freely through the
visualization again without losing the previous topic of in-
terest. After being asked how they would handle showing
more than five topics in a vertical list, the interviewee sug-
gested a movable selector similar to a fish-eye lens that the
user can move past a list of topics which are represented as
a chart. The selector could then show details of the topics
besides the chart, perhaps including some sentences from
literature where these co-occurrences happen directly.
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Figure 6: The BDCE-2 design implemented in AR. Lights in the room were turned off for better visibility of the visualization in
the photo. Left: Total view, showing the total number of co-occurrences on either side of the central brain topic spheres. Middle:
Ratio view, which shows the percentage of co-occurrences between either disease for each topic. Right: Ratio view with the Brain
Region filter applied, showing the top five brain regions in terms of total number of co-occurrences with both diseases.

5.4 Interview summary & Design decisions

We compile the results from the interviews in the follow-
ing points, and discuss our design decision on each point.

Hierarchical design
One of the interviewees stated that they had doubts about
our hierarchical design approach which lacked clear con-
nection between the class view and the topic view. Since
Buiter2D also did not incorporate this hierarchical struc-
ture, we decided to step away from this hierarchical ap-
proach and change the design to the ”overview” style from
Buiter2D (see Figure ).

Displayed topic limit

With the design moving away from the hierarchical style,
our initial concern of the vertical limit topic limit was once
again relevant. However, the interviews made it clear that
we needed to re-evaluate the need for displaying more
than five topics at once. We decided to not change our
design to support more than five topics, and instead ask
neuroscientists during the user evaluations of BDCE-2 if
they desired the ability to view more than five topics at
once. If the results showed that they would, we could sug-
gest the fish-eye lens proposed by the second interviewee
as a possible solution to be evaluated in future work.

Number visualization
The comments given by the interviewees on the lack of
a number visualization for the co-occurrences made it
clear that this was an area of priority to be implemented
in BDCE-2. One interviewee suggested a standard his-
togram visualization, also seen in Buiter2D. We decided
to go with this approach.

Normalized ratio view

The comment on the inability to compare topics across
classes showed us the need for some kind of normal-
ized ratio view to make topics comparable regardless of
research scale. We decided to add a ratio view to the
design which instead of showing the raw number of co-
occurrences, would show the relative percentages of co-
occurrences between the two brain diseases.

Annotated history of search queries
Both interviewees expressed their desire to view an anno-
tated history of search queries performed with BDCE-1.
We decided to not include this in BDCE-2 since it had
no precedence in Buiter2D, but this could be explored in
future work.

6 BDCE-2 visualization design

We proceeded with the next iteration of the BDCE design,
including the design decisions formulated from the expert
interviews. In this section we describe the design rationale
behind BDCE-2 and briefly discuss the process of porting
the DatAR VR environment to support AR, namely the
Hololens 2 HMD.

6.1 BDCE-2 design rationale

With our decision to step away from a hierarchical design,
BDCE-2 shifted to a single overview which lists the top
three brain topics of each class in terms of co-occurrences



(see Figure f). With this change, the filters that were inte-
grated in the BDCE-1 now became separate options. The
filter options were displayed on their own separate inter-
action panel on the left of the widget cube as buttons, and
when pressed would hide the overview and display five
topics of the selected class in a larger font. While more
topics could be displayed while these filters were enabled,
we proceeded with five since our aim was to ask neu-
roscientists participating in the user evaluations if show-
ing more than five is desirable. Finally, we introduced
a ratio view which shows the relative percentages of co-
occurrences between the two diseases. This view allows
for a normalized comparison between the co-occurrences
of the two diseases across brain classes. The ratio view
could be toggled through the interaction panel on the right
of the widget cube.

6.2 Porting DatAR from VR to AR

While the DatAR system had been tested in the past us-
ing a Meta 2 HMD, this hardware proved lacking in hand
tracking capabilities and the position of virtual objects did
not remain static while the user moved their head. Fur-
thermore, support had been dropped since 2018 with the
company behind it no longer existing. We therefore per-
formed a short study to compare current available HMD
options on various criteria such as Field of View, track-
ing capabilities and development support. The Hololens
28 fulfilled the selected criteria and was accessible to us,
thus we chose to develop for that platform. The full com-
parison study can be found in Appendix A.

In order to develop for the Hololens 2, the Microsoft
Mixed Reality ToolKit (MRTK)E for Unity can be used.
This is an officially supported library for Unity, providing
all the tools for developing for Microsoft Mixed Reality
HMDs such as the Hololens 2. Due to its vastly different
build requirements compared to SteamVRY in which the
VR DatAR framework was built, we created a separate
Unity project for the Hololens 2 version instead of adding
onto the existing framework. This would save time, and
the VR version would become obsolete anyway once all
the core framework functionalities had been ported over
to support the Hololens 2 since the team will have regular
access to a Hololens 2 for performing evaluations.

With the core functionalities of the DatAR framework
ported to the MRTK, BDCE-2 was implemented using the
same process as BDCE-1 (see Section [.2).

7 User evaluations

In order to evaluate BDCE-2 and answer our research
question, we performed user evaluations with participants
from a neuroscience background or different related biol-
ogy field. In this section we describe the evaluation setup
and discuss the results.

7.1 Setup of the user evaluations

We invited twelve participants to take part in an evalu-
ation of BDCE-2 in AR, using the Hololens 2. These
participants were selected on their background in neuro-
science or a different related biology field. We first asked
participants to fill in a questionnaire to collect informa-
tion on their personal background and VR/AR experience.
The participants were then shortly briefed on the project
with a 5S-minute video demonstrating the DatAR system
in VR, and an image of the BDCE-2 visualization which
they would shortly be seeing in AR. Afterwards, the par-
ticipants were asked to put the Hololens 2 on their heads.
We streamed the view from the Hololens 2 to a laptop, al-
lowing us to watch along and record their experience. To
allow the participants to become familiar with the AR en-
vironment at their own pace, they began their Hololens 2
experience with a tutorial session on how to use hand ges-
tures to interact with the AR environment.

After the tutorial session, the participants opened the
DatAR application and began the BDCE-2 evaluation.
They were provided with the following scenario:

You are a neuroscientist looking for potentially
interesting relations between brain diseases to research
further. You decide to use the DatAR system to help you

find new relations.

The participants were given tasks to complete while using
the system and were asked to answer questions during
their experience. We decide to provide the instructions
and questions orally, which is identified by Satkowski et
al. as a viable method for AR studies, especially for sys-
tems that require complete use of the interaction set in AR
[12]. They do note that this method can make it harder
for the participants to think about the question and is sus-
ceptible to distracting noises from the surroundings. By
conducting the evaluation in a silent room, noise concerns
can be eliminated but participants might still have diffi-
culty thinking about the question while being distracted
by the AR environment. To minimize this distraction, we
made sure to ask questions in-between tasks to allow the
participants to focus on the questions.

Shttps://docs.microsoft.com/en-us/hololens/hololens2-hardware
"https://docs.microsoft.com/en-us/windows/mixed-reality/

8https://valvesoftware.github.io/steamvr_unity_plugin/
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The tasks can be summarized in the following objec-
tives:

1. Generate a topic model for brain diseases

2. Find the depression and anxiety disease spheres

3. Generate a BDCE-2 visualization to compare de-
pression and anxiety

4. Apply filters & observe the two different views

The participants were guided step by step through the
tasks, and asked questions at specific points throughout
the experience. The questions can be split in two types:
Usability questions and Data-interpretation questions.
The usability questions aimed to get information regard-
ing the HCI aspects of the system; how usable is BDCE-2
in AR? The data-interpretation questions aimed to see if
BDCE-2 succeeded in explaining the topic model, and if
it conveyed its visualized data in an understandable man-
ner. For a full breakdown of the tasks and the questions,
see Appendix B.

7.2 Results of the user evaluations
7.2.1 Participant’s background & VR/AR experience

The participants came from a wide variety of backgrounds,
including five different nationalities and eight different re-
search fields. All but one participant (who had a back-
ground in data science for healthcare) had a background in
neuroscience or different related biology field with close
to no computer science overlap. We saw this reflected in
the VR/AR experiences, as only three participants indi-
cated that they used VR once or twice before and no par-
ticipant had used AR before. Nine of the participants were
female, three were male. Two of the participants held the
title of Principal Investigator (PI), while the others held a
Master’s degree or lower. Three of the participants were
already familiar with DatAR, with two of these partici-
pants having taken part in a DatAR study before.

7.2.2 Usability of the BDCE-2 visualization

In this section we discuss the results from the usability
study on BDCE-2. We have to note that one of the partic-
ipants seemed to be unable to accommodate their eyes to
the virtual objects, causing the objects to remain blurred
and out of focus for them. Chakravarthula et al. inves-
tigate this issue and propose auto-focus AR glasses that
adjust optical focus based on gaze fixation [[13]. Since
the participant happened to be highly familiar with the
project and the BDCE designs, they were able to perform
the tasks and answer the questions without being able to
read the text.

Readability of the topic model & BDCE-2

The participants were first asked to generate and observe
a brain disease topic model. Most thought the model was
clear and readable in AR, with a few comments on how
they can move their head closer to read it clearer. We also
asked the participants about the clarity and readability of
the BDCE-2. Most participants thought it was clear and
readable, however a few noted the text in the topic spheres
was too small even when they moved their head closer.

Meaning of the topic sphere colors

When asked what the colors of the topic spheres repre-
sented, we got a mix of responses. Seven participants
instantly made the connection with the colors on the filter
panel and recognized them as brain classes. One of the
participants was colorblind so they did not see much of
a difference between the colors to begin with, this was
not something we had taken into consideration. The other
four started guessing the brain classes based on the top-
ics that they saw. Most of them guessed correctly, but
out aim was for the filters in the filter panel to be the clear
identifier of what the colors represented. Once we pointed
this out to the participants, they instantly recognized the
connection.

Usability of the filter panel

When it came to the filter panel, the buttons were quite in-
tuitive to use with nine participants immediately succeed-
ing in enabling and disabling the filters. One participant
required an explanation on how to disable the filter after
enabling one. Some participants tried enabling multiple
filters at the same time, as they expected this to be a pos-
sibility.

Usability of the views panel

Most participants also understood the purpose behind the
views panel, with seven participants correctly identifying
the two views. Some however misunderstood the Total
view as showing the number of publications or citations,
rather than the number of co-occurrences. Two partici-
pants misunderstood the Ratio view, depicting it as a view
which showed the relative proportions (e.g. for X number
of co-occurrences with the first disease there are Y with
the second disease) rather than a percentage. One partic-
ipant commented that a percentage sign behind the num-
bers in the ratio view would make this clearer.



7.2.3 Interpreting the data in BDCE-2

In this section we discuss if participants were able to ex-
tract and interpret meaningful data from BDCE-2

Connection between BDCE-2 and the topic model
After the participants generated and explored the BDCE-
2 for depression and anxiety, they were asked if they
found it logical that depression and anxiety were close
together in the topic model based on the numbers visu-
alized in BDCE-2. Most thought it was, with nine par-
ticipants noting that both diseases share a similar number
and ratio of co-occurrences with the same topics. Most
of these participants based their logic primarily on the co-
occurrences with cognitive functions, with one participant
noting that in other topics the relation was less obvious as
there were larger differences between the numbers on ei-
ther side. Three participants were of the opinion that this
larger difference in numbers on either side of most brain
topics made it difficult to draw logical connections be-
tween BDCE-2 and the positions in the topic model. One
participant noted that since they had no idea how the visu-
alization would look with diseases that are far apart in the
topic model, they could not immediately draw connections
between the topic model and BDCE-2.

Six of the participants who saw logic in the connection
between BDCE-2 and the topic model were also asked if
they could guess how the BDCE-2 visualization would
look with diseases that are far apart in the topic model.
Five of them predicted (correctly) that the bars would be a
lot less symmetrical, with larger differences between the
numbers on either side. One participant instead expected
the numbers to be a lot smaller overall.

Usefulness of the Total and Ratio views
When the participants were asked about their thoughts
on the usefulness of the Total and Ratio views for un-
derstanding the similarity between brain diseases, they
almost unanimously answered that it was useful. Eleven
participants argued that both views are necessary; the
Total view to get a sense of scale of the research done
on the relations between diseases and any topic, and the
Ratio view in order to better compare the two diseases in-
discriminately from the number of co-occurrences found.
One participant was unsure about the uses for a ratio view.

Motivation to further investigate interesting rela-
tions
As a final question while still wearing the Hololens 2,
the participants were asked if anything stood out to them
from the data that they saw in BDCE-2 that might war-
rant further research. The intention behind this ques-
tion was seeing whether the participants were becoming
inspired to pursue further investigation into a relation.
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Ten participants did see interesting aspects to the data,
mostly in the brain regions (the Amygdala has more co-
occurrences with anxiety than depression as the only topic
in the list) but also with proteins since there were so few
co-occurrences in that area. Two participants did not see
anything of interest in BDCE-2, with one commenting that
they were not a neuroscientist thus lacked field knowledge
to make any interesting connections.

Opinion on the five displayed topics limit

In accordance with our conclusions from the expert inter-
views, we asked the participants if they thought viewing
a maximum of five topics per class was enough or if they
would have liked to see more. Responses were mixed,
with seven participants indicating that they would like to
have the option to see more if it was properly supported
with the ability to scroll through the list. One of these par-
ticipants only wanted to see a total of around ten topics,
as they argued that more topics loses a sense of overview
and adds a chance that you fall into a rabbit hole of topics
that do not matter. The other five participants thought
five topics was enough, arguing the same points of losing
a sense of overview. One participant expressed that we
are already facing more literature than we know what to
do with, so by seeing more you lose focus on the most
relevant topics. Most participants did express a desire to
be able to sort and filter the list of topics, and be able to
search for specific topics.

Sentence explorer feature

The participants were then asked on their thoughts of a
sentence explorer feature being added to the BDCE-2.
This feature, which already existed in DatAR as a sepa-
rate widget, would be able to show sentences from pub-
lications where a disease and a different brain topic co-
occur. The participants unanimously thought a sentence
explorer would be a great addition to the system, with the
most common argument being that this would be essential
in understanding what type of relation a co-occurrence
indicates. Co-occurrences in literature are always multi-
factorial, so having the ability to read the sentences where
they occur is essential in understanding the relation be-
tween the topic and a disease. Some participants raised
concerns about the selection criteria for showing the sen-
tences however, how do you determine which sentences
to show? One participant added that they would like the
ability to see the number of publications that have topic
co-occurrences with both diseases.

Using BDCE-2 for their own literature research
Finally, the participants were asked if they would use an
AR system such as DatAR and BDCE-2 for their own liter-
ature research. They unanimously stated that they would
when it came to orienting on what research to perform.



Multiple participants stated that it would make the (bor-
ing) process of literature research a lot more fun, and as
visual thinkers would be more productive than reading
through multiple bodies of literature to manually find con-
nections. Other participants stated that traditional search
engines do not easily allow them to find co-occurrences
between topics in literature and this tool would automate
this process to some degree. One participant stated that
the tool is similar to entering a search query with multiple
topics in PubMed, but the AR application worked better
and could be integrated with their real computer for easy
access to the publications.

8 Discussion

8.1 Discussing the user evaluation results

The results from the user evaluations show that BDCE-2
is beneficial for exploring similarities between brain dis-
eases. All participants were positive about the design di-
rection and could see themselves using the tool for their
own literature research, with the primary criticisms re-
volving around lack of features. While this degree of
positivity could be biased due to the participants trying
out a new technology, as noted by Andersen et al. [|14],
the detailed answers, constructive feedback and interest in
BDCE-2 that each participant showed suggest that regard-
less of trying out a new technology the overall opinion of
BDCE-2 was positive.

Usability wise, five of the participants had trouble rec-
ognizing the meaning of the colors. Future changes to the
design should address this by making the connection be-
tween the colors and the brain classes more apparent. Sup-
port for color blindness is also paramount, by for exam-
ple providing color schemes suitable for those with color
blindness. Since multiple participants wrongly identified
what the numbers in BDCE-2 meant, this could be an in-
dication that future design should make it clearer that the
numbers represent co-occurrences in literature. The ques-
tion is however if it is the task of the visualization to ex-
plain this, since we designed BDCE-2 for expert users that
have expertise in the applicable research field and received
information about BDCE-2 before viewing it in AR. We
argue that it might not be necessary for BDCE-2 to indi-
cate the meaning of the numbers, if pre-usage instructions
and documentation are available and clear to the user.

The majority of participants saw a connection between
the disease positions in the topic model and the data shown
by the BDCE-2 visualization. This indicates that the
BDCE-2 is successful at explaining the topic model, how-
ever more could be done to make this link more apparent
since three participants could not recognize a connection.
There was also a clear indication that the Total and Ra-
tio view were essential in understanding the similarities.
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When it came to the limit of five displayed topics, mixed
responses indicated that some users desired the ability to
see more while others would prefer to only see the most
relevant topics. To conform to both sides, an optional
setting could be added to expand on the total number of
viewed topics if the user so desires. Overall, the partic-
ipants felt encouraged to research brain disease similari-
ties and desired more features to better narrow down their
searches.

While all participants were positive about BDCE-2 in
AR, the design could work just as well in a desktop setup
due to its 2.5D nature. The participants did not comment
much on the specific uses of AR for BDCE-2, aside from
how it made literature exploration more fun and enticing.
Bach et al. identify that 3D visualization exploration was
about equally as precise and efficient on a desktop setup
compared to using immersive AR [|[15]. They also note that
immersive AR was better for tasks which required precise
actions in 3D. The current BDCE-2 design does not re-
quire precise actions to access its features, which begs the
question if AR is a meaningful addition to the BDCE-2
design.

8.2 Future work

When it comes to future work, we propose multiple av-
enues for further research.

Additional BDCE-2 features
The participants of the user evaluation showed a clear de-
sire for more features in BDCE-2. Some of these features
include:

The ability to sort topics in an ascending and
descending manner, with various criteria (total
number of co-occurrences with one disease, co-
occurrence ratios, total number of publications etc.)
A sentence explorer, allowing users to read some of
the sentences where co-occurrences between brain
diseases and topics occur.

The ability to see an annotated history of your
search queries in BDCE-2. This could be encoded
in the depth dimension as suggested by the intervie-
wees during the expert interviews.

An optional setting for displaying more than five
topics at once in the filtered views. This can be ac-
complished using the fish-eye design style proposed
by one of the interviewees during the expert inter-
view (see Section b.3).

An additional view, that shows the number of publi-
cations in which co-occurrences between brain dis-
eases and topics occur. This could be expanded by
also showing the number of publications that con-



tain co-occurrences between a brain topic and both
diseases.

We propose a deeper look at the inclusion of these
features, and design studies on further iterations of the
BDCE design.

Novel BDCE designs in 3D & use of AR

As proposed by one of the interviewees during the ex-
pert interviews (see Section 5.2), co-occurrences could be
visualized in a multitude of different ways in 3D space.
They gave two examples. The first example had individ-
ual brain diseases connected to individual topics, with this
connection somehow indicating the strength of the co-
occurrence. The second example was a 3D spider chart
with a brain disease in the center and connections to co-
occurring brain topics spread around the center, with again
some way of indicating the strength of the co-occurrence
through the connection. These are but some examples of
different ways that co-occurrences between brain diseases
and other topics can be visualized, which might warrant
further exploration. Additionally, the benefits of AR for
the BDCE-2 design are questioned in the previous section.
Further research into the benefits of AR when it comes to
2.5D visualization designs might be worthwhile.

Improved BDCE-2 visualization design

The manner in which numbers are currently visualized in
the BDCE-2 design could perhaps be improved. Nacenta
etal. introduce FatFonts, a numeric typeface design which
bridges the gap between numeric and visual representa-
tions [|L6]. With this font, numbers are represented as sin-
gle glyphs where the amount of ink in the glyph is propor-
tional to its quantitative value. This allows viewers of a
visualization to immediately get a sense of the quantitative
value of a number, without having to process the number
itself. Displaying the numbers in BDCE-2 in this manner
can add another way for users to see the co-occurrence
strength at a glance. Currently the histogram serves this
purpose, but it might be beneficial to have multiple indi-
cators of co-occurrence strength. Further ways of encod-
ing co-occurrence strength can also be explored, such as
sphere size, shape etc.

9 Conclusion

Recognizing connections between topics discussed in lit-
erature gets more difficult as the body of knowledge in-
creases with each publication. The topic model in DatAR
aims to assist neuroscientists with their task of finding un-
explored connections between brain diseases by seeing
at a glance which brain diseases might be semantically
similar. However, this topic model lacks the ability to
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explain why and how these brain diseases are semanti-
cally similar which is essential for neuroscientists to un-
derstand the type of connections that brain disease simi-
larity indicates. We designed BDCE-2, a 3D visualization
which allows neuroscientists to investigate these brain dis-
ease similarities in more detail, by showing the number of
co-occurrences between two brain diseases and any brain
topic discussed in literature. We evaluated our first design
iteration, BDCE-1, through expert interviews which gave
us insight in our design approach and encouraged us to
move away from a hierarchical design. Instead we would
focus on a single overview with tools to manipulate the
topics displayed in the overview. The second and final de-
sign iteration, BDCE-2, was evaluated through user evalu-
ations. These clearly indicated that BDCE-2 has potential
to successfully explain the topic model and encourage fur-
ther investigation into potentially interesting relations be-
tween similar diseases, answering our research question.
Finally, we propose avenues for future work, including
additional features for BDCE-2, an exploration into ad-
ditional 3D visualization designs for visualizing the co-
occurrences between brain diseases and brain topics, and
a study on the potential for improving the number visual-
ization style in BDCE-2.

Conceptual search is a powerful tool, and as the aca-
demic world slowly moves away from traditional text-
based search we believe that our design will make a great
contribution by making literature research more efficient,
intuitive and enjoyable.
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Appendix A - Comparison of AR
Head Mounted Displays (HMDs)

In this study, we conduct a short comparison of two HMDs
for AR on the following criteria:

The ability for virtual objects to remain static
Standalone vs PC-tethered

Tracking capabilities

Ongoing support from the manufacturer

Accessibility

The two HMDs being compared are the Meta 2 and the
Hololens 2. The Meta 2 was chosen since the VR version
of DatAR had existing support for it, while the Hololens 2
was chosen as it is regarded as the current best AR HMD
available for consumers. These are the comparison results.

Static virtual objects
With the Hololens 2, thanks to its 240hz refresh rate dis-
play, virtual objects remain stable to the point of it seeming
like there is no movement at all. Virtual objects viewed
using the Meta 2 move around a lot while the user moves
their head.

Standalone vs PC-tethered
The Hololens 2 is standalone, making it more suitable for
demo’s in conferences, classrooms etc. where access to a
powerful enough PC might not be practical. The Meta 2
is tethered and requires a separate PC to function.

Tracking capabilities
Hand tracking is more refined with the Hololens 2 com-
pared to the Meta 2. Since DatAR has frequent user inter-
actions using hand gestures, this is an important aspect.

Ongoing support from the manufacturer
Meta, the company that developed the Meta 2, went
bankrupt, which means that no further support is pro-
vided for Meta 2 HMDs. The Hololens 2 on the contrary
is still supported by Microsoft, as it is a newer device.

Accessibility

The Meta 2 is cheaper and since existing code in the VR
DatAR implementation supports it it would take mini-
mum effort to get the system working with the Meta 2.
On the contrary, the Hololens 2 is much more expensive
and more difficult to get access to. Evaluating the DatAR
system using the Hololens 2 would also require a partial
rewrite of the DatAR VR version in order to support it.
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Conclusion

Due to the straight up better specifications, and ongoing
longer term support, we decide to continue the project on
the Hololens 2. We are required to get access to one, and it
does require that we rewrite parts of the DatAR codebase,
but since future studies on the DatAR project will also
require evyaluations in AR this move benefits the whole
project.

Appendix B - User evaluations tasks
& questions breakdown

Here we describe the tasks that the participants of the user
evaluations undertook while using the Hololens 2 to eval-
uate BDCE-2. We also include the questions that were
asked at specific points during the experience.

1. Move the Topic Model cube center in your field of
view.

. Drag a ”Disease” orb into the Topic Model socket.
. Explore the topic model.

+ (Usability) Is the topic model clear and read-
able to you?

4. Find “Depression” and “Anxiety” in the topic
model.

. Drag the Depression and Anxiety spheres out of the
topic model.

6. Place the Depression and Anxiety spheres in the
other cube on your left (which is the BDCE-2 wid-

get).

~

. Explore the visualization

* (Usability) Is the BDCE-2 visualization clear
and readable to you?

(Usability) The topic spheres all have different
colors. Do you have an idea what they mean?

(Data interpretation) By just looking at the
data in the BDCE-2 visualization, does the fact
that depression and anxiety are close to each
other in the topic model make sense to you?
Why do you think so?

8. Look at the bottom-left filter panel. Try applying
some of these filters, and then try to go back to the
overview.

* (Usability) Are the filters intuitive to use?



9. Now look at the bottom-right panel.

+ (Usability) What do you think this panel is for?
Feel free to press the buttons and see what hap-
pens.

+ (Data interpretation) The ratio view shows
the percentage of the total number of co-
occurrences that both diseases have with a spe-
cific topic. Do you think this way of represent-
ing co-occurrences is beneficial?

10. Look back at the BDCE-2 visualization.

+ (Data interpretation) Does anything stand out
to you about the data shown in this visualiza-
tion? Something that would make you inter-
ested in investigating that connection in more
detail?

* (Data interpretation) One core feature that we
would like to implement is the ability for you
to select a brain topic, and then directly view
some of the sentences from literature where
the co-occurrences between that topic and the
diseases occur. Do you think this would be
beneficial to make the model even better at ex-
plaining the similarities in the topic model?

+ (Usability) Do you see yourself using a sys-
tem like this in AR for your own literature re-
search? Why?
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