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Summary

Before conducting a costly experiment, neuroscientists need to identify potentially
useful hypotheses. Given the vast amount of neuroscience literature, it is useful to
gain a bird’s-eye view of the field to understand what information is established and
what may inform future experiments. To achieve this, topic-based literature explora-
tion in Augmented Reality (AR) has been used to investigate relations between neur-
oscience topics, such as brain regions and brain diseases. The DatAR team at Utrecht
University has developed a 3D-based AR prototype that provides a visual representa-
tion of direct relations between brain regions and brain diseases. A co-occurrence of
two topics, such as a brain region and a brain disease, in the same sentence of the title
or abstract of a publication implies a direct relation between them. These direct rela-
tions can help neuroscientists intuitively understand which brain regions are affected
by specific brain diseases. A brain region may also be connected indirectly to a brain
disease through an intermediate topic, such as a gene or a mental process. We define
an indirect relation between two topics when there is no direct relation between them,
but each co-occurs with at least one other intermediate topic. Neuroscientists have
proposed that identifying such indirect relations could provide additional insights for
experimental design. These indirect relations may reflect weak evidence of a poten-
tial link between two topics that has not yet been confirmed by any single publica-
tion.

Main Research Question 1. How does exploring indirect relations between topics
contribute to designing a useful experiment?

To address MRQ1, we investigated whether exploring indirect relations between
topics could assist neuroscientists in informing the design of a potentially useful exper-
iment (Study 1). We interviewed three neuroscientists to determine whether exploring
indirect relations between topics is indeed a potentially useful user task. They helped
us identify one functional requirement and two visualisation requirements, which we
addressed and implemented in the Indirect Relations Explorer. Users can select an in-
termediate topic type, such as genes, to explore indirect relations and visualise both
direct and indirect relations in a single visualisation. This helps neuroscientists distin-
guish which topic relations are already established in the literature and which may
indicate potential unknown connections. All nine participating neuroscientists’ re-
sponses indicated that indirect relations could inform the design of a neuroscience
experiment.

• Six of the participating neuroscientists noted that the identified indirect relations
primarily serve as inspiration for further literature review, rather than as defin-
itive evidence for designing an experiment. They suggested that tracking trends
in indirect relations over time and identifying when these indirect relations be-
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2 Summary

come established as direct relations in the literature could provide evidence for
the usefulness of current indirect relations. This insight motivated the Main Re-
search Question 2.

• One neuroscientist also suggested exploring the specific intermediate topic, such
as a gene or mental process, responsible for the indirect relation. Identifying the
specific intermediate topic could help neuroscientists understand the mechan-
isms underlying the indirect relation and better assess its usefulness. This sug-
gestion motivated the Main Research Question 3.

Main Research Question 2. How does exploring the evolution of historical indir-
ect to current direct relations contribute to designing a useful experiment?

To address MRQ2, we investigated whether exploring the evolution of indirect to
direct relations could assist neuroscientists in understanding the usefulness of current
indirect relations and, in turn, inform the design of a potentially useful experiment
(Study 2). We first consulted two neurologists to determine whether exploring the evol-
ution of indirect to direct relations is indeed a potentially useful user task. They helped
us specify the functionality and visualisation requirements, which we addressed and
implemented in the Timeline Selector. Users can select a range of publication dates and
observe, in a single visualisation, when a historical indirect relation becomes a current
direct relation. All twelve participating neuroscientists’ responses indicated that ob-
serving historical indirect relations evolve into current direct relations increased their
confidence in the usefulness of current indirect relations.

Main Research Question 3. How does exploring indirect relations via a specific
intermediate topic contribute to designing a useful experiment?

To address MRQ3, we investigated whether exploring indirect relations via a spe-
cific intermediate topic could assist neuroscientists in understanding the usefulness
of current indirect relations and, in turn, provide additional information for designing
an experiment (Study 3). We first consulted two neuroscientists to determine whether
exploring indirect relations via a specific intermediate topic is indeed a potentially use-
ful user task. They helped us specify two functional requirements and one visualisa-
tion requirement, which we addressed and implemented in the Specific Intermediate
Topic Explorer. All nine participating neuroscientists’ responses indicated that explor-
ing specific intermediate topics helps assess the usefulness of identified indirect rela-
tions.

Our research provides an interactive 3D AR approach to assist neuroscientists in
identifying indirect relations between neuroscience topics. It also offers additional
information, such as the evolution of indirect to direct relations and the specific in-
termediate topics involved, helping researchers assess the usefulness of the indirect
relations. By enabling the exploration of hundreds of thousands of publications simul-
taneously and supporting the identification of useful hypotheses, our prototype serves
as a complementary step in the early phase of designing a potentially useful exper-
iment. Through interactive visualisation, it allows researchers to intuitively discover
less observed or previously unnoticed relations that are difficult to identify through
traditional literature exploration.



Samenvatting

Voordat neurowetenschappers een kostbaar experiment uitvoeren, moeten zij potenti-
ële en nuttige hypothesen identificeren. Gezien de enorme hoeveelheid neurowetensc-
happelijke literatuur is het nuttig om een helikopterblik op het vakgebied te krijgen om
te begrijpen welke informatie al is vastgesteld en wat toekomstige experimenten kan
informeren. Om dit te bereiken, is literatuurverkenning op basis van onderwerpen in
Augmented Reality (AR) gebruikt om relaties tussen neurowetenschappelijke onder-
werpen, zoals hersengebieden en hersenaandoeningen, te onderzoeken. Het DatAR-
team van de Universiteit Utrecht heeft een 3D-gebaseerd AR-prototype ontwikkeld
dat een visuele weergave biedt van directe relaties tussen hersengebieden en hersen-
aandoeningen. Het samen voorkomen van twee onderwerpen, zoals een hersenge-
bied en een hersenaandoening, in dezelfde zin van de titel of samenvatting van een
publicatie, impliceert een directe relatie tussen deze twee onderwerpen. Deze dir-
ecte relaties kunnen neurowetenschappers helpen intuïtief te begrijpen welke hersen-
gebieden worden beïnvloed door specifieke hersenaandoeningen. Een hersengebied
kan ook indirect verbonden zijn met een hersenaandoening via een intermediair on-
derwerp, zoals een gen of een mentaal proces. Wij definiëren een indirecte relatie
tussen twee onderwerpen als een situatie waarin er geen directe relatie tussen hen be-
staat, maar waarbij elk onderwerp samen voorkomt met ten minste één ander inter-
mediair onderwerp. Neurowetenschappers hebben voorgesteld dat het identificeren
van dergelijke indirecte relaties extra inzichten kan bieden voor experimenteel ont-
werp. Deze indirecte relaties kunnen zwak bewijs vormen van een potentiële koppel-
ing tussen twee onderwerpen die nog niet door een enkele publicatie is bevestigd.

Hoofdonderzoeksvraag 1. Hoe draagt het verkennen van indirecte relaties tussen
onderwerpen bij aan het ontwerpen van een nuttig experiment?

Om hoofdonderzoeksvraag 1 te beantwoorden, hebben we onderzocht of het verk-
ennen van indirecte relaties tussen onderwerpen neurowetenschappers kan helpen
bij het informeren van het ontwerp van een potentieel nuttig experiment (Studie 1).
We hebben drie neurowetenschappers geïnterviewd om te bepalen of het verkennen
van indirecte relaties tussen onderwerpen inderdaad een potentieel nuttige gebruiker-
taak is. Zij hielpen ons één functionele vereiste en twee visualisatievereisten te iden-
tificeren, die we hebben uitgewerkt en geïmplementeerd in de Indirect Relations Ex-
plorer. Gebruikers kunnen een type intermediair onderwerp selecteren, zoals genen,
om indirecte relaties te verkennen en zowel directe als indirecte relaties in één visual-
isatie weer te geven. Dit helpt neurowetenschappers te onderscheiden welke relaties
al in de literatuur zijn vastgesteld en welke kunnen wijzen op mogelijke onbekende
verbanden. Alle negen deelnemende neurowetenschappers gaven aan dat indirecte
relaties kunnen bijdragen aan het ontwerp van een neurowetenschappelijk experi-
ment.
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4 Samenvatting

• Zes van de deelnemende neurowetenschappers merkten op dat de geïdentificee-
rde indirecte relaties vooral dienen als inspiratie voor verder literatuuronderzoek,
eerder dan als definitief bewijs voor het ontwerpen van een experiment. Zij
suggereerden dat het volgen van trends in indirecte relaties in de loop van de
tijd, en het identificeren van het moment waarop deze indirecte relaties zich in
de literatuur ontwikkelen tot directe relaties, bewijs zou kunnen leveren voor de
bruikbaarheid van de huidige indirecte relaties. Deze bevinding leidde tot Hoof-
donderzoeksvraag 2.

• Een van de neurowetenschappers stelde ook voor om het specifieke interme-
diaire onderwerp, zoals een gen of een mentaal proces, dat verantwoordelijk is
voor de indirecte relatie, te onderzoeken. Het identificeren van dit specifieke in-
termediaire onderwerp kan neurowetenschappers helpen de mechanismen die
ten grondslag liggen aan de indirecte relatie beter te begrijpen en de bruikbaar-
heid ervan beter te beoordelen. Deze suggestie leidde tot Hoofdonderzoeksv-
raag 3.

Hoofdonderzoeksvraag 2. Hoe draagt het verkennen van de evolutie van histor-
ische indirecte naar huidige directe relaties bij aan het ontwerpen van een nuttig ex-
periment?

Om hoofdonderzoeksvraag 2 te beantwoorden, hebben we onderzocht of het verk-
ennen van de evolutie van indirecte naar directe relaties neurowetenschappers kan
helpen de bruikbaarheid van huidige indirecte relaties te begrijpen en daardoor het
ontwerp van een potentieel nuttig experiment te informeren (Studie 2). We hebben
eerst twee neurologen geraadpleegd om te bepalen of het verkennen van de evolutie
van indirecte naar directe relaties inderdaad een potentieel nuttige gebruikertaak is.
Zij hielpen ons de functionele en visualisatievereisten te specificeren, die we hebben
uitgewerkt en geïmplementeerd in de Timeline Selector. Gebruikers kunnen een reeks
publicatiedata selecteren en in één visualisatie observeren wanneer een historische in-
directe relatie een huidige directe relatie wordt. Alle twaalf deelnemende neurowetens-
chappers gaven aan dat het waarnemen van historische indirecte relaties die evolueren
tot huidige directe relaties hun vertrouwen in de bruikbaarheid van huidige indirecte
relaties vergrootte.

Hoofdonderzoeksvraag 3. Hoe draagt het verkennen van indirecte relaties via
een specifiek intermediair onderwerp bij aan het ontwerpen van een nuttig experi-
ment?

Om hoofdonderzoeksvraag 3 te beantwoorden, hebben we onderzocht of het verk-
ennen van indirecte relaties via een specifiek intermediair onderwerp neurowetenscha-
ppers kan helpen de bruikbaarheid van huidige indirecte relaties te begrijpen en daar-
door extra informatie kan bieden voor het ontwerpen van een experiment (Studie 3).
We hebben eerst twee neurowetenschappers geraadpleegd om te bepalen of het verk-
ennen van indirecte relaties via een specifiek intermediair onderwerp inderdaad een
potentieel nuttige gebruikertaak is. Zij hielpen ons twee functionele vereisten en één
visualisatievereiste te specificeren, die we hebben uitgewerkt en geïmplementeerd in
de Specific Intermediate Topic Explorer. Alle negen deelnemende neurowetenschap-



Samenvatting 5

pers gaven aan dat het verkennen van specifieke intermediaire onderwerpen helpt bij
het beoordelen van de bruikbaarheid van de geïdentificeerde indirecte relaties.

Ons onderzoek biedt een interactieve 3D-AR-benadering om neurowetenschap-
pers te helpen bij het identificeren van indirecte relaties tussen neurowetenschap-
pelijke onderwerpen. Het biedt ook aanvullende informatie, zoals de evolutie van in-
directe naar directe relaties en de specifieke intermediaire onderwerpen die hierbij be-
trokken zijn, waardoor onderzoekers de bruikbaarheid van deze indirecte relaties beter
kunnen beoordelen. Door het mogelijk te maken om tegelijkertijd honderdduizenden
publicaties te verkennen en het identificeren van nuttige hypothesen te ondersteunen,
fungeert ons prototype als een aanvullende stap in de vroege fase van het ontwer-
pen van een potentieel nuttig experiment. Via interactieve visualisatie kunnen on-
derzoekers intuïtief minder waargenomen of eerder onopgemerkte relaties ontdekken
die moeilijk te identificeren zijn via traditionele literatuurverkenning.





1
Introduction

Scientific knowledge advances through the accumulation of findings from individual
studies [78]. Potentially useful research is expected to build upon previous work to con-
tribute to the development of the field [34, 54]. However, traditional literature explora-
tion typically focuses on retrieving individual publications [47, 61], rather than provid-
ing a bird’s-eye view of the state of the art. Such an overview is helpful for understand-
ing the research landscape and identifying potentially useful hypotheses for future in-
vestigation [15]. Topic-based literature exploration helps researchers to analyse large
numbers of publications simultaneously, providing an overview of relations between
topics rather than focusing on individual publications [12, 13, 96, 99, 114].

Our research uses neuroscience as an example to explore topic-based literature
exploration. Neuroscientists need to understand the relations among complex neuros-
cience topics to uncover useful insights that can inform experimental design, as neur-
oscience encompasses many topics such as brain regions, brain diseases, genes, pro-
teins, and mental processes. Neuroscientists often require months or even years to
evaluate the usefulness of a hypothesis through an experiment, so they need to identify
the hypothesis with the highest potential to yield useful contributions before commit-
ting to a specific experiment.

Additionally, given that the brain is a three-dimensional structure, we use Aug-
mented Reality (AR) to spatially represent brain regions [96, 99]. AR allows neuros-
cientists to view the relative locations of brain regions affected by similar diseases, aid-
ing their understanding of the brain’s complex 3D anatomy [24]. Research has shown
that immersive AR environments can enhance memory recall and spatial awareness
more effectively than both Virtual Reality (VR) and 2D desktop environments, par-
ticularly supporting neuroscientists in recalling the spatial layout of 3D brain region
visualisations [51, 112]. AR also facilitates the integration of literature exploration into
researchers’ everyday workflows by bridging virtual and physical contexts. It extends
traditional 2D reading practices, allowing users to read publications on screen while
simultaneously using virtual space to visualise multiple topic relations [6, 62, 88]. By

7
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representing multiple relations between brain regions and diseases in parallel, users
can explore hypotheses more intuitively and directly access the corresponding public-
ations during the literature exploration process.

Our group has developed the DatAR prototype that provides a visual representa-
tion of direct relations between brain regions and brain diseases [96, 99] (Sec. 1.1).

• A direct relation exists between two neuroscience topics , such as a specific brain
region and a specific brain disease, when they co-occur in the same sentence
within the title or abstract of a publication. For example, there is a direct relation
between the brain disease Alzheimer’s Disease and the brain region Hippocam-
pus, as both appear in the title of the publication Post-Ischemic Neurodegenera-
tion of the Hippocampus Resembling Alzheimer’s Disease Proteinopathy1.

Identifying direct relations is useful because it intuitively indicates which brain re-
gions are affected by a brain disease [96, 99]. A small number of direct relations may
indicate the existence of useful connections between a brain region and a disease that
have not yet been fully explored, which in turn helps inform the design of a neuros-
cience experiment [99]. Neuroscientists participating in previous studies investigat-
ing the utility of direct relations [96, 99] have suggested that exploring indirect rela-
tions could provide useful hypotheses for designing a potentially useful experiment.
Weak evidence from one or more indirect relations may suggest a potential connec-
tion between two otherwise unrelated topics, even though no publication has con-
firmed it directly. Identifying such indirect relations in the literature can help generate
hypotheses and inform the design of an experiment to validate these potentially useful
indirect relations.

• An indirect relation between a brain region and a brain disease occurs when
there is no direct relation between them, but they each has a direct relation
with the same intermediate topic, such as a mental process Communication
Response. For example, there is no direct relation between the brain disease
Alzheimer’s Disease and the brain region Cerebellar Vermis Structure in the re-
pository that we use. There are, however, direct relations between Alzheimer’s
Disease and Communication Response (a mental process), and direct relations
between Communication Response and Cerebellar Vermis Structure. Based on
these two direct relations, we conclude that there is an indirect relation between
the brain disease Alzheimer’s Disease and brain region Cerebellar Vermis Struc-
ture via Communication Response.

In this thesis, we investigate how the exploration of indirect relations between
brain regions and brain diseases can inform the design of neuroscience experiments.
Through close collaboration with neuroscientists, we identified three useful user tasks
and corresponding research questions to guide our investigation (Sec. 1.2), which cor-
respond to the three main chapters of this dissertation:

• Exploring indirect relations between topics (Chapter 2),

• Tracking how indirect relations evolve into direct ones over time (Chapter 3), and

1DOI: https://doi.org/10.3390/ijms23010306
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• Showing which specific intermediate topics contribute to the indirect relations
(Chapter 4).

We then describe the important contributions of this research (Sec. 1.3) and the use of
Large Language Model tools (Sec. 1.4). We provide the list the publications on which
the thesis is based (Sec. 1.5).

1.1. Exploring Direct Relations Between Topics in the DatAR
Prototype

DatAR, an interactive 3D AR prototype, has been shown to be useful for neuroscientists
in exploring direct relations between topics and serves as the starting point of this re-
search. We describe the Knowledge Graphs of Brain Science (KGBS), which store topic
co-occurrences of direct relations used in the DatAR prototype (Sec. 1.1.1). We then
illustrate the integrated widgets in DatAR, each representing a specific functionality,
that enables users to explore direct relations between brain regions and brain diseases
(Sec. 1.1.2). Two of these widgets, Brain Regions Visualisation and Brain Disease Topic
Model (Table 1.1 on p. 11), are also used in this research.

1.1.1. The Knowledge Graphs of Brain Science
The Knowledge Graphs of Brain Science2 (KGBS) store topic co-occurrences used in the
DatAR prototype. KGBS is constructed from an analysis of sentences in the titles and
abstracts of 414,224 neuroscience publications indexed in PubMed3 between January
2010 and February 2022. Given the exploratory nature of our study, this time frame
provides a sufficient volume of literature for identifying topic co-occurrences (direct

2To access the Knowledge Graphs of Brain Science at https://kgbs-sparql.project.cwi.nl/, please contact
<xuboyudesign@outlook.com>.

3PubMed is a free resource that supports the search and retrieval of biomedical and life sciences literature
https://pubmed.ncbi.nlm.nih.gov/

Figure 1.1: The brain disease Alzheimer’s Disease (left column), co-occurs 965 times
(middle column) with the brain region Hippocampus (right column). Alzheimer’s Dis-
ease has a direct relation with Hippocampus. The elements in the figure are reused in
Fig. 1.2 on p. 10 for comparing indirect relations.
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Figure 1.2: (a) The brain diseases Depressive Disorder, Alzheimer’s Disease, and Parkin-
son Disease (left column) have direct relations with Communication Response (right
column).
(b) Communication Response (left column) has direct relations with the brain regions
Cerebellar Vermis Structure, Premotor Cortex, and Caudate Nucleus Structure (right
column).
The brain diseases Depressive Disorder, Alzheimer’s Disease, and Parkinson Disease
have indirect relations with Cerebellar Vermis Structure, Premotor Cortex and Caud-
ate Nucleus Structure via Communication Response. We know from the direct relations
shown in Fig. 1.1 on p. 9 that Alzheimer’s Disease already has direct relations with the
brain regions Premotor Cortex, and Caudate Nucleus Structure. Based on this, we con-
clude that an indirect relations exist between Alzheimer’s Disease and Cerebellar Vermis
Structure via Communication Response.

relations). We use terms from the Unified Medical Language System4 (UMLS) to identify
topic names in the repository, which include brain regions, brain diseases, genes, pro-
teins, mental processes, and symptoms. For example, an excerpt of direct relations
between brain diseases and brain regions is presented in Fig. 1.1 on p. 9. Two direct
relations connected through an intermediate topic can reveal an indirect relation. An
example of an indirect relation between a brain disease and a brain region is illustrated
in Fig. 1.2 on p. 10.

1.1.2. Widgets for Exploring Direct Relations between Topics
Widgets implemented in the DatAR prototype provide selection, querying, and visual-
isation mechanisms that enable users to explore neuroscience literature through direct
relations stored in the KGBS, as shown in Table 1.1 on p. 11.

4Unified Medical Language System (UMLS) https://www.nlm.nih.gov/research/umls/index.html brings to-
gether biomedical vocabularies and standards to enable interoperability between computer systems.

5Scalable Brain Atlas https://scalablebrainatlas.incf.org/index.php
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Table 1.1: An overview of widgets implemented in the DatAR prototype for exploring
direct relations between topics [96, 99].

Name of Widget Description

#1 Brain Regions Visualisation, Fig. 1.3 on
p. 12

The Brain Regions Visualisation dis-
plays 274 brain regions derived from
the Scalable Brain Atlas5 [8]. Each
sphere’s position corresponds to the 3D
coordinates of the corresponding brain
region in the atlas [96, 99].

#2 Brain Disease Topic Model, Fig. 1.4 on
p. 13

The Brain Disease Topic Model presents
3D visualisations of 151 brain diseases
from the KGBS [99], shown as spheres.
The spatial arrangement of any two
diseases is determined by their co-
occurrences across all topics, where
closer proximity in 3D space indicates
more direct co-occurrences in the re-
pository [96, 99].

#3 Direct Relations Explorer, Figs. 1.3, 1.4
and 1.5 on pp. 12–14

The Direct Relations Explorer allows
users to query the direct relations
between a single brain region and mul-
tiple brain diseases or a single brain
disease and multiple brain regions in
the KGBS [96, 99].

#4 Direct Relations Filter, Fig. 1.5 on p. 14 The Direct Relations Filter allows users
to filter the number of co-occurrences
in the KGBS between a single brain re-
gion and multiple brain diseases, or
between a single brain disease and
multiple brain regions [96, 99]. Users
can filter for fewer or more direct rela-
tions by adjusting the upper and lower
handles in the visualisation. The num-
ber of direct relations is shown using
histograms and the exact number.
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Figure 1.3: A user uses the Direct Relations Explorer to explore the direct relation
between the brain disease Alzheimer’s Disease and all brain regions. Thirty-six direct
relations (pink spheres) are shown in the Brain Regions Visualisation, including two
pink spheres representing both Hippocampus brain regions. Brain regions with no dir-
ect relations to Alzheimer’s Disease are visualised as light blue spheres6.

6The example of a direct relation between the brain disease Alzheimer’s Disease and the brain region Hippo-
campus is also used in Chapter 4.
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Figure 1.4: A user uses the Direct Relations Explorer to explore the direct relations
between the brain region Cerebellar Vermis Structure and all brain diseases. Six dir-
ect relations (pink spheres) are shown in the Brain Disease Topic Model, including a
pink sphere representing the brain disease Depressive Disorder. Brain regions with no
direct relations to Cerebellar Vermis Structure are visualised as light blue spheres7.

7The example of a direct relation between the brain region Cerebellar Vermis Structure and the brain disease
Depressive Disorder is also used in Chapter 4.
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Figure 1.5: A user uses the Direct Relations Filter to filter the number of co-occurrences
between the brain disease Alzheimer’s Disease and all brain regions. Three brain re-
gions co-occur with Alzheimer’s Disease one, two, or three times, including Cerebellar
Vermis Crus II (yellow sphere). The number of direct relations is shown using histo-
grams labelled with the exact number in the Direct Relations Filter8.

8The example of exploring the number of co-occurrences between the brain disease Alzheimer’s Disease and
all brain regions is also used in Chapter 4.



1.2. Identifying Neuroscience Literature Exploration Tasks for which Exploring
Indirect Relations is Useful 15

1.2. Identifying Neuroscience Literature Exploration Tasks for
which Exploring Indirect Relations is Useful

We follow a user-centred design (UCD) approach [27, 45] to ensure that our research
supports neuroscientists in identifying potentially useful indirect relations through lit-
erature exploration tasks that can inform the design of an experiment. Neuroscience
researchers were consulted throughout the entire research process. We first estab-
lished which neuroscience literature exploration tasks are perceived as useful within
the context of neuroscientists’ research activities. Three useful literature exploration
tasks were identified, and their interconnections are illustrated in Fig. 1.6 on p. 15. Each
useful user task corresponds to a main chapter of this dissertation.

Figure 1.6: illustrates how the three useful literature exploration tasks were identified
in collaboration with neuroscientists, and how the three user tasks are interconnected.

Chapter 2

Study 1: Exploring Indirect Relations Between Topics

Neuroscientists participating in previous studies [96, 99] suggested that exploring
less obvious, indirect relations could provide useful hypotheses for designing a po-
tentially useful experiment, as weak evidence, via one or more intermediate topics,
may suggest a potential connection that has not yet been confirmed by any publica-
tion.

• Main Research Question 1. How does exploring indirect relations between top-
ics contribute to designing a useful experiment?
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While previous participating neuroscientists suggested that exploring indirect
relations could be useful [96, 99], we first needed to confirm this. We consul-
ted three neuroscientists, who determined that exploring indirect relations is in-
deed a potentially useful task. To investigate indirect relations between topics,
we need to specify which functionality and visualisation are required to sup-
port this. Via interviews with the same three neuroscientists, we determined
functional requirements and visualisation requirements. Based on these, we de-
signed the Indirect Relations Explorer (Chapter 2).

Having designed and implemented the indirect relation visualisation,

– we need to investigate the suitability of the visualisation for presenting in-
direct relations.

– we also need to investigate the usability of the corresponding functionality
for exploring indirect relations.

– we then evaluate the usefulness of exploring indirect relations between top-
ics for neuroscientists to design a useful experiment (MRQ1).

Chapter 3

Study 2: Exploring the Evolution of Indirect to Direct Relations Between Topics
Using a Timeline

Study 1 showed that identifying indirect relations between topics, specifically brain
regions and brain diseases, through an intermediate topic type such as genes or men-
tal processes, served as inspiration for further literature review, but did not provide
sufficient evidence to inform a useful experiment [108, 109]. One participant sugges-
ted investigating trends in indirect relations and tracking when these indirect relations
become established as direct relations in the literature. Showing how previous indir-
ect relations have evolved into current direct ones could increase confidence in the
potential of current indirect relations to become future direct ones.

• Main Research Question 2. How does exploring the evolution of historical in-
direct to current direct relations contribute to designing a useful experiment?

We first consulted two neurologists to advise us on whether exploring the evol-
ution of indirect to direct relations is a potentially useful user task. To invest-
igate the evolution of historical indirect to current direct relations, we need to
specify which functionality and visualisation are required to support this. Using
input from interviews with the same two neurologists, we identified functional
requirements and the timeline visualisation requirements. Based on these, we
designed the Timeline Selector (Chapter 3).

Having designed and implemented the timeline visualisation,

– we need to investigate the suitability of the implemented visualisation for
presenting the evolution of indirect to direct relations.

– we also need to investigate the usability of the implemented functionality
for exploring the evolution of historical indirect to current direct relations.
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– we then evaluate the usefulness of exploring the evolution of historical in-
direct to current direct relations for neuroscientists to design a useful ex-
periment (MRQ2).

Chapter 4

Study 3: Exploring Indirect Relations via a Specific Intermediate Topic

A neuroscientist participating in the first study also noted that while visualising
indirect relations in 3D brain regions offers an intuitive approach to identifying poten-
tially useful experiments, providing specific intermediate topics to find indirect rela-
tions would help assess their usefulness [108, 109]. By selecting a specific intermediate
topic, such as a gene, protein, or mental process, neuroscientists can better under-
stand the biological mechanisms underlying an indirect relation between a brain re-
gion and a brain disease, thereby informing the design of a useful experiment.

• Main Research Question 3. How does exploring indirect relations via a specific
intermediate topic contribute to designing a useful experiment?

We first consulted two neuroscientists to determine whether exploring indirect
relations via a specific intermediate topic is a potentially useful user task. To in-
vestigate the exploration of indirect relations via a specific intermediate topic,
we need to specify which functionality and visualisation are required to support
this. Using input from interviews with the same two neuroscientists, we identi-
fied functional and visualisation requirements. Based on these, we designed the
Specific Intermediate Topic Explorer (Chapter 4).

Having designed and implemented the intermediate topics selector,

– we need to assess the suitability of the visualisation for presenting indirect
relations via a specific intermediate topic.

– we also need to investigate the usability of the implemented functionality
for exploring indirect relations via a specific intermediate topic.

– we then evaluate the usefulness of exploring indirect relations via a spe-
cific intermediate topic for neuroscientists to design a useful experiment
(MRQ3).

This research does not focus on building a prototype, but rather on assisting neur-
oscientists in literature exploration tasks to identify potentially useful indirect relations
that can inform the design of an experiment. We evaluate whether exploring indirect
relations between topics (MRQ1), exploring the evolution from indirect to direct rela-
tions (MRQ2), and exploring indirect relations via a specific intermediate topic (MRQ3)
can provide useful information to support experimental design. The implemented
functionalities and visualisations are developed to support the execution of three user
tasks.
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1.3. Contributions

Our research contributes to exploring useful neuroscience literature tasks that inform
the design of a useful experiment, alongside designing functionalities and correspond-
ing visualisations to support these tasks. To present an overview of our main contribu-
tions, we organise them around the CHI contribution types [106]:

1.3.1. Empirical Contributions
• Identifying three useful literature exploration tasks for neuroscientists to inform

experimental design through close collaboration with neuroscientists. These
tasks are grounded in neuroscientists’ feedback and address their practical needs
in exploring the neuroscience literature to propose useful hypotheses.

– Identified the user task of exploring indirect relations between topics based
on previous studies [96, 99] (Chapter 2).

– Identified the user task of exploring the evolution from indirect to direct
relations between topics using a timeline, based on evaluation feedback on
exploring indirect relations (Chapter 3).

– Identified the user task of exploring indirect relations via a specific interme-
diate topic, based on evaluation feedback on exploring indirect relations
(Chapter 4).

• Insight into how literature exploration tasks can support experimental design for
neuroscientists:

– Found that exploring indirect relations can provide useful hypotheses for
designing a useful experiment, as weak evidence indicate potential connec-
tions that have not yet been confirmed in the literature (MRQ1, Chapter 2).

– Found that exploring how historical indirect relations between two topics
evolve into direct relations in more recent publications using a timeline
helps neuroscientists build confidence in the usefulness of current indir-
ect relations for designing a useful experiment (MRQ2, Chapter 3).

– Found that exploring indirect relations via a specific intermediate topic
helps neuroscientists understand the underlying mechanisms of identified
indirect relations, thereby supporting the design of a useful experiment
(MR-Q3, Chapter 4).

1.3.2. Artefact Contributions
• Designing and implementing functionalities and corresponding visualisations

to support the three literature exploration tasks:

– Designed the Indirect Relations Explorer in the DatAR prototype to enable
neuroscientists to select an intermediate topic type, such as mental pro-
cesses or genes, to explore indirect relations between brain regions and
brain diseases (Chapter 2).
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– Implemented the corresponding visualisation for presenting direct and in-
direct relations in a single visualisation (Chapter 2).

– Designed the Timeline Selector in the DatAR prototype to allow neuros-
cientists to specify a range of publication dates in order to explore the evol-
ution of historical indirect relations to direct relations (Chapter 3).

– Implemented the corresponding visualisation for presenting the evolution
of indirect to direct relations in a single visualisation (Chapter 3).

– Designed the Specific Intermediate Topic Explorer in the DatAR prototype to
enable neuroscientists choose a specific intermediate topic, such as a men-
tal process Communication Response, to explore indirect relations (Chapter
4).

– Implemented the corresponding visualisation for presenting indirect rela-
tions via a specific intermediate topic (Chapter 4).

1.4. Use of Large Language Model Tools

This thesis adheres to the guidelines set by both the Association for Computing Ma-
chinery (ACM) and Utrecht University concerning the responsible use of Large Lan-
guage Model (LLM) tools such as OpenAI’s ChatGPT. ChatGPT was used in this disser-
tation to support the writing and revision process by improving grammatical accuracy
and enhancing clarity. ChatGPT was not used to generate novel research ideas, write
substantive academic content, or analyse data. The author maintains full intellectual
ownership and responsibility for the research questions, study design, data analysis,
and final written contributions. All uses of ChatGPT were carefully reviewed, edited,
and verified to ensure correctness, originality, and alignment with academic integrity
principles.

1.5. Thesis Material

The following publications are based on the research conducted in this PhD thesis. The
first author was responsible for the experimental design and implementation, and the
preparation of the manuscript for the three main chapters. The co-authors provided
feedback on the experimental design and contributed to improving the manuscript.

An overview of this research has been published in a Doctoral Consortium:

• Xu, B. (2024, March). Supporting Neuroscience Literature Exploration by Util-
ising Indirect Relations between Topics in Augmented Reality. In Proceedings
of the 2024 Conference on Human Information Interaction and Retrieval (CHIIR
2024) (pp. 457-460). DOI: https://doi.org/10.1145/3627508.3638312

The research in Chapter 2 has been published in two poster papers:

• Xu, B., Hardman, L., & Hürst, W. (2025, March). Exploring Indirect Relations
between Topics in Augmented Reality to Inform the Design of a Neuroscience
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Experiment. In 2025 IEEE Conference on Virtual Reality and 3D User Interfaces
(IEEE VR 25) (pp. 1248-1249). IEEE. DOI: 10.1109/VRW66409.2025.00270

• Xu, B., Tanhaei, G., Hardman, L., & Hürst, W. (2024, January). DatAR: Supporting
neuroscience literature exploration by finding relations between topics in aug-
mented reality. In International Conference on Multimedia Modeling (MMM 24)
(pp. 295-300). Cham: Springer Nature Switzerland. DOI: 10.1007/978-3-031-
53302-0_24

The research in Chapter 2 has also resulted in a full paper, in submission:

• Xu, B., Hardman, L., & Hürst, W. Informing the Design of a Neuroscience Exper-
iment by Exploring Indirect Relations Between Topics in Augmented Reality

The research in Chapter 3 has resulted in a full paper, in submission:

• Xu, B., Hardman, L., & Hürst, W. Informing the Design of a Neuroscience Exper-
iment by Exploring the Evolution of Indirect to Direct Relations Between Topics
in Augmented Reality Using a Timeline. DOI: https://doi.org/10.21203/rs.3.rs-
6327352/v1

The research in Chapter 4 has resulted in a full paper, in submission:

• Xu, B., Hardman, L., & Hürst, W. Informing the Design of a Neuroscience Exper-
iment by Exploring Indirect Relations via a Specific Intermediate Topic

An additional publication, which is not included in this PhD thesis, has been published
in the journal Wiley Advanced Science:

• Xu, B., Li, G., Wang, B., Bian, J., Pan, H., Min, Y., ... & Wang, Z. (2025, October).
Knowledge Graph for Methane Selective Conversion: Revisiting and Predicting
Product Selectivity and Methane Conversion. Advanced Science, e14601. DOI:
https://doi.org/10.1002/advs.202514601

https://doi.ieeecomputersociety.org/10.1109/VRW66409.2025.00270
https://doi.org/10.1007/978-3-031-53302-0_24
https://doi.org/10.1007/978-3-031-53302-0_24


2
Informing the Design of a

Neuroscience Experiment by
Exploring Indirect Relations

Between Topics in Augmented
Reality

Before conducting a costly experiment, neuroscientists need to analyse large numbers
of publications to inform the design of an experiment. This process is time-consuming.
Topic-based literature exploration is a useful means to analyse many publications sim-
ultaneously because it provides an overview of relations between neuroscience topics.
A co-occurrence of two topics, such as a brain region and a brain disease, in the same
sentence in the title or abstract of a publication, implies a direct relation between them.
A brain region may also be connected indirectly to a brain disease through an interme-
diate topic, such as a gene or a mental process. Our goal is to establish whether the
task of exploring indirect relations between brain regions and diseases would assist
neuroscientists to design a useful experiment. Using a user-centred design approach,
we (i) interview neuroscientists to establish the usefulness of exploring indirect rela-
tions between topics; (ii) specify the functionality required for this task, and (iii) design
and implement corresponding visualisation in 3D Augmented Reality (AR). Nine neur-
oscientists carried out two representative tasks using the implemented functionality
and visualisation. Their responses to 14 Likert-scale questions and 6 semi-structured
interview questions indicated that (a) the visualisation is suitable for presenting the
implemented functionality, (b) the implemented functionality is useful for exploring
indirect relations, and (c) exploring indirect relations between topics is useful to help
neuroscientists design a useful experiment.

21
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Chapter contribution: This chapter investigates how the user task of exploring
indirect relations between topics can inform the design of a neuroscience experiment
(MRQ1), specifies an appropriate functionality to support this task, and designs and
implements the corresponding 3D AR visualisation to enable this functionality.

2.1. Introduction

Neuroscientists need to ensure that their costly experiments are likely to make a useful
contribution. They first need to understand the relations between topics, such as brain
regions and brain diseases, that have already been published [72, 91]. Topic-based
literature exploration is a useful approach that allows users to obtain an overview of
relations between topics without needing to read all the individual publications in-
volved [97, 99]. In particular, participants were able to use direct relations between
topics to explore which brain regions affect which brain disease and vice versa, Fig. 2.1
on p. 25. To more easily understand the relations between brain regions and brain
diseases, Augmented Reality (AR)-based spatial representation in 3D allows users to
see the relative locations of the regions affected by the same or similar diseases [81].
Showing the brain regions visualisation in the context of the real world through AR al-
lows researchers to better incorporate the literature exploration process into their daily
research work, such as reading publications from their 2D screens [23, 57]. Users also
have sufficient virtual space to visualise multiple sets of relations to compare different
lines of thought in their literature exploration process [21, 22, 103].

Direct relations are derived from co-occurrences of two topics in the same sen-
tence in the title or abstract of a publication in PubMed1 [99]. For example, the brain
region Hippocampus and the brain disease Depression occur in the title of the public-
ation Hippocampus atrophy and the longitudinal course of late-life depression2. Given
this co-occurrence, we say that there is a direct relation between the topics Hippocam-
pus and Depression. We define an indirect relation between two topics when there is no
direct relation between them but each co-occurs with at least one other intermediate
topic. For example, there is no direct relation between the brain region Hippocampus
and the brain disease Alexander Disease in the subset of the PubMed corpus that we
use, Fig. 2.3 on p. 27. There are, however, 211 co-occurrences of Hippocampus with
GFAP Gene, and 7 co-occurrences of GFAP Gene with Alexander Disease. We thus con-
clude that there is an indirect relation between the topics Hippocampus and Alexander
Disease, in this case through the intermediate topic GFAP Gene.

Neuroscientists participating in previous studies [56, 97, 99] have suggested that
exploring less obvious, indirect relations could provide useful hypotheses for design-
ing a potentially useful experiment, as weak evidence indicates a potential connection,
though no publication has yet confirmed it. Our main research question (RQ1) is: How
does exploring indirect relations between topics contribute to designing a useful experi-
ment? While previous participants suggested that exploring indirect relations could be
useful [97, 99], we first need to confirm that this is indeed the case. We follow a user-

1PubMed Resource https://pubmed.ncbi.nlm.nih.gov/
2DOI: https://doi.org/10.1016/j.jagp.2013.11.004

https://pubmed.ncbi.nlm.nih.gov/
https://doi.org/10.1016/j.jagp.2013.11.004


2.2. Related Work 23

centred design approach and consulted three neuroscientists to advise us on whether
exploring indirect relations is a potentially useful task, of which one participant also
identified two representative tasks for our later evaluation, Sec. 2.3.1.

Having established that exploring indirect relations is a potentially useful user task,
we need to specify which functionality and visualisation are required to support this.
Via interviews with the same three neuroscientists, we determined a functional re-
quirement, Sec. 2.3.2. The same three neuroscientists also helped us identify visual-
isation requirements, Sec. 2.3.3. Based on these functional and visualisation require-
ments, we designed the Indirect Relations Explorer, Fig. 2.6 on p. 33.

Having designed and implemented the indirect relation visualisation, we need to
investigate the suitability of the visualisation for presenting indirect relations. Our
third research question (RQ3) is: To what extent is the visualisation suitable for the
specified functionality in presenting indirect relations? We describe the evaluation pro-
cedure undertaken by nine neuroscientists using the questionnaire and semi-structure
interview to assess the visualisation, Sec. 2.5. We evaluated the suitability of the visu-
alisation using two representative tasks with nine neuroscientists, Sec. 2.6.1.

Having evaluated the implemented visualisation, we need to investigate the us-
ability of the corresponding functionality for exploring indirect relations. Our second
research question (RQ2) is: To what extent is the implemented functionality useful for
exploring indirect relations? The nine neuroscientists who evaluated RQ3 were also
asked to assess the usability of the functionality implemented in the Indirect Relations
Explorer, Sec. 2.6.2.

Our final step is to evaluate the main research question, the usefulness of indirect
relations in designing a useful experiment (RQ1). The same nine neuroscientists were
consulted and confirmed that exploring indirect relations can be useful in identifying
an experiment likely to make a useful contribution. Five participating neuroscientists
noted that an indirect relation between the brain region Hippocampus and the brain
disease Alexander Disease via genes is useful for them to design an experiment, as no
publications directly mention this relation, but a potential connection can be inferred
through genes, Sec. 2.6.3.

The contributions of this work are (i) establishing that the user task of exploring in-
direct relations between neuroscience topics is useful (answer to RQ1), (ii) the design
and evaluation of enabling functionality (answer to RQ2), and (iii) the design and eval-
uation of a corresponding visualisation (answer to RQ3).

2.2. Related Work

We explore the usefulness of topic-based literature exploration for identifying a poten-
tially useful experiment from many publications, Sec. 2.2.1. We explain how explor-
ing indirect relations between topics in biomedical tasks can reveal useful insights,
Sec. 2.2.2. We describe a functioning AR prototype that allows neuroscientists to ex-
plore direct relations between brain regions and brain diseases, Sec. 2.2.3.
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2.2.1. Topic-based Literature Exploration
Traditionally, researchers have explored the literature by searching for individual pa-
pers. However, this approach falls short of capturing the complex relations within a
large body of literature. Topic-based literature exploration, which, for example, in our
case considers Depressive Disorder as a brain disease, allows researchers to understand
which brain regions are affected by Depressive Disorder [60, 101]. Topic-based literat-
ure exploration has the potential to yield useful insights from existing research. For
example, it has been used to understand the link between genomics and personalised
medicine, reflecting the usefulness of genetic research in customised healthcare [5]. It
has also been used to identify genes that could potentially affect disease risk, such as
revealing seven genes (EZH2, ARID1A, MEF2B, EP300, FKH1, CREBBP, and CARD11)
used in predicting follicular lymphoma [77]. In our study, neuroscientists are looking
for less obvious, indirect relations between topics, as these may point to useful hy-
potheses in the literature where a single experiment may be able to establish a direct
relation between them.

2.2.2. Exploring Indirect Relations between Topics
The ABC co-occurrence model is a method for exploring previously unknown links or
indirect relations [38, 94, 98]. It states that if topic A (such as a brain region) is asso-
ciated with topic B (such as a gene), and B is associated with topic C (such as a brain
disease), then topic A has indirect relations with topic C [25]. The potential of the ABC
co-occurrence model for finding indirect relations has been shown in a broad range of
biomedical tasks [90]. It has been used to find the disease–gene and gene–drug rela-
tions with the aim of repositioning candidate drugs for treating ovarian cancer [110].
It also has been used for adverse drug event prediction, such as drugs effects on some
proteins and these proteins are associated with the adverse effects [42].

Inspired by the ABC co-occurrence model, we apply it to neuroscience literature.
This approach is useful for exploring complex relations among neuroscience topics,
such as identifying which brain regions might be indirectly connected through genes
to brain diseases such as Depressive Disorder. This provides a small amount evidence
that could indicate a direction for a useful experiment.

2.2.3. The 3D AR Topic Exploration Prototype
Previous research introduced a 3D AR prototype that has been shown to be useful for
neuroscientists in exploring direct relations between topics [37, 97, 99]. We describe
the constituent widgets in the existing prototype that allow users to explore these direct
relations, Sec. 2.2.3. The direct relations queried in the prototype are derived from co-
occurrences between two topics extracted from neuroscience publications in PubMed
and stored in the Knowledge Graphs of Brain Science (KGBS). Details on how these
relations are determined are given in Sec. 2.2.3.

Widgets for Exploring Direct Relations between Topics
Users are able to explore brain-related topics through a number of functionalities and
visualisations implemented as widgets [37, 97, 99]. For example, users can explore
overviews of direct relations between a selected brain region and multiple brain dis-
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Figure 2.1: Overview of previous studies on the 3D AR prototype [37, 97, 99], which
served as a starting point in this work. (a) The brain region Hippocampus ( 3⃝ middle)
has a direct relation with the brain disease Depressive Disorder (a pink sphere, 1⃝ right).
(b) The brain disease Bipolar Disorder ( 3⃝ left) has a direct relation with the brain
region Cerebellar Lobule Structure (2 of the pink spheres, 2⃝ right). Direct relations
between topics are visualised as pink spheres; no direct relations are visualised as light
blue spheres. (c) The specific brain regions, such as Hippocampus, Cerebral cortex and
Prefrontal cortex, have direct relations with both the brain diseases Anxiety Disorder
( 5⃝ lower left) and Depressive Disorder ( 5⃝ lower right) simultaneously.

eases, or a selected brain disease and multiple brain regions. Widgets needed for ex-
ploring direct relations between topics include:

• The Brain Disease Topic Model, Fig. 2.1 1⃝ on p. 25, displays 151 brain diseases
included in the repository. Each sphere represents a single brain disease; the
distance between any two diseases indicates their similarity based on all co-
occurrences between all topics, i.e. the closer they are in the 3D space, the more
connections there are in the repository.

• The Brain Regions Visualisation, Fig. 2.1 2⃝ on p. 25, displays 274 brain regions
from the Scalable Brain Atlas3 (SBA) [8]. The position of each sphere indicates
the 3D position (taken from SBA) of the brain region it represents [99].

• The Direct Relations Explorer, Fig. 2.1 3⃝ on p. 25, is used to query direct relations
between a brain region and multiple brain diseases, or between a brain disease
and multiple brain regions. Direct relations can be visualised in the Brain Dis-
eases Topic Model or the Brain Regions Visualisation, Fig. 2.1 (a) and (b) on p. 25.

3Scalable Brain Atlas (SBA) https://scalablebrainatlas.incf.org/index.php

https://scalablebrainatlas.incf.org/index.php
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• The Overlap Relations Explorer, Fig. 2.1 5⃝ on p. 25, is used to query intermediate
topics that have direct relations with two brain diseases, such as Anxiety Disorder
and Depressive Disorder, simultaneously.

Previous versions of the 3D AR prototype [37, 97, 99] have not supported the ex-
ploration of indirect relations between brain regions and brain diseases via interme-
diate topics, nor have illustrated the visualisation of indirect relations in the Brain
Disease Topic Model and Brain Regions Visualisation. The Overlap Relations Explorer,
Fig. 2.1 5⃝ on p. 25, displays intermediate topics between two diseases to help users
understand why diseases are located close to or far away from each other in the Brain
Disease Topic Model. The finding and visualising of indirect relations between a selec-
ted brain region, or disease, with all brain diseases, or all brain regions, respectively,
are explored in this study.

The Repository for Querying Direct Relations between Topics
The Knowledge Graphs of Brain Science4 (KGBS) contains an analysis of sentences
in the titles and abstracts of 414,2245 neuroscience publications in PubMed. We use
KGBS to query co-occurrences between two topics in the corpus. Topics include brain
regions, brain diseases, genes, proteins, mental processes and symptoms.

To provide an impression of the direct relations available, we show an extract of
co-occurrences (direct relations) between brain regions and brain diseases, Fig. 2.2 on
p. 26.

2.3. Method

We follow a user-centred design approach of problem discovery to design support for
an identified user task [17, 26, 27, 75]. This approach employs an iterative understand-

4To access the Knowledge Graphs of Brain Science at https://kgbs-sparql.project.cwi.nl/, please contact
<xuboyudesign@outlook.com>.

5Publications analysed in the KGBS are from January 1, 2010 to February 3, 2022.

Figure 2.2: The brain region Hippocampus (left column), co-occurs 623 times (middle
column) with the brain disease Depressive disorder (right column). The elements in the
figure are reused in Fig. 2.3 on p. 27 for comparing indirect relations.
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Figure 2.3: Direct relations between brain regions and the topic GFAP Gene and dir-
ect relations between the topic GFAP Gene and brain diseases. (a) The brain regions
Hippocampus, Thalamic Structure and Amygdaloid Structure (left column) have dir-
ect relations with GFAP Gene (right column). (b) GFAP Gene (left column) has direct
relations with the brain diseases Alzheimer’s Disease, Alexander Disease and Depress-
ive Disorder (right column). The brain regions Hippocampus, Thalamic Structure and
Amygdaloid Structure thus have indirect relations with the brain diseases Alzheimer’s
Disease, Alexander Disease and Depressive Disorder via GFAP Gene.

ing of users’ needs and involves them throughout the design process to ensure that the
system effectively supports their literature exploration tasks. Neuroscience researchers
were consulted at every stage of our work. We first identify a useful user task of explor-
ing indirect relations between topics and also determine two representative tasks use-
ful for our evaluation, Sec. 2.3.1. We then determine the corresponding functionality
for the task, Sec. 2.3.2. Based on the functionality determined, we determine suitable
visualisation requirements, Sec. 2.3.3.

Building on the user-centred design approach, we seek to obtain feedback from
neuroscientists through evaluations to gain in-depth insights. To facilitate a compar-
ative analysis of participants’ perceptions, we used a 5-point Likert scale, a widely used
method for quantifying opinions, ranging from strongly disagree to strongly agree [4],
to assess users’ perceptions of the visualisation (RQ3), functionality (RQ2), and the user
task (RQ1). To gather detailed insights for future improvements, we conducted semi-
structured interviews with participants. The evaluation is centered on three metrics:
Suitability [1], Usability [59], and Usefulness [67].

• Suitability evaluates how the designed visualisation supports the presentation of
indirect relations within the AR environment (RQ3).

• Usability measures how the implemented functionality satisfies human-computer
interaction requirements for exploring indirect relations (RQ2).

• Usefulness assesses how exploring indirect relations between topics aids neuros-
cientists in designing a useful experiment (RQ1).

Because of the proof-of-concept character of our research, we are not focusing on
quantitative performance results but rather on qualitative insights into the suitability
and usability of our design for neuroscience researchers. Problem discovery studies
typically require between 3 and 20 participants, with 5 to 10 being a good baseline [89].
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For this study, we recruited nine participants.

2.3.1. Identifying a Useful User Task and Representative Evaluation Tasks
We first explain why the task of exploring indirect relations between topics could be
useful, Sec. 2.3.1. We then determine two example tasks that are representative of ex-
ploring indirect relations, Sec. 2.3.1.

The Task of Exploring Indirect Relations is Perceived as Useful
We determine tasks that are perceived as useful, via observations from the previous
studies [56, 99]. We then complement these results with additional interviews with
neuroscientists to determine the task of exploring indirect relations between topics.

• Useful Tasks via Observations from Previous Studies Seven neuroscientists from
previous studies (P1-P7, Table 2.2 on p. 34) proposed that exploring relations
among topics is useful for them to understand neuroscience literature [56, 99].
Tasks deemed useful by neuroscientists, Table 2.1 on p, 29, include:

– Exploring known and unknown relations among topics in literature was sug-
gested by a neuroscientist (P1 from [99]) as the initial task. Known rela-
tions, such as direct relations, are visualised in the existing 3D AR proto-
type, Fig. 2.1 on p. 25.

– Exploring unknown relations in the literature, such as exploring indirect re-
lations between topics, was also proposed by P1 in [99]. Although only one
participating neuroscientist (P1) found exploring indirect relations between
topics useful, detailed discussions with the neuroscientist suggested that
even one case is worthy of research [14].

• Determining the Task of Exploring Indirect Relations We interviewed three neur-
oscientists (P8-P10, Table 2.2 on p. 34) to further discuss the task of exploring in-
direct relations. All three neuroscientists, plus one (P1) [99] were interested in ex-
ploring indirect relations between topics to provide more inspiration for design-
ing a useful experiment. For example, one neuroscientist (P8) studying the brain
region Hippocampus wants to identify brain diseases not yet mentioned in the
literature but potentially related to Hippocampus, as a starting point for invest-
igation. P8 also proposed that other topics, such as genes, may have direct re-
lations with Hippocampus, and these genes could also be directly related to cer-
tain brain diseases. They are interested in uncovering brain diseases related to
Hippocampus through indirect pathways involving brain regions, genes, and dis-
eases.

Considering the topics in the KGBS (Sec. 2.2.3), neuroscientists (P8-P10) pre-
liminarily identified intermediate topics, including genes, mental processes and
proteins, that may facilitate exploring indirect relations between brain regions
and brain diseases.
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Table 2.1: An overview of tasks deemed as useful by neuroscientists. These were col-
lected from previous studies [56, 99] and interviews conducted by the first author with
the previous 3D AR prototype.

Task Description Sources Reference

Exploring known and unknown rela-
tions among topics

P1 from [99] Initial task [56, 99]

Exploring indirect relations between
topics

P1 from [99] and
interviews by the first author with P8-
P10, Table 2.2 on p. 34

User task in this
study

Determining Two Representative Evaluation Tasks
To allow participants to evaluate the implementation of exploring indirect relations,
we discussed with one of the neuroscientists (P8, Table 2.2 on p. 34) to find two repres-
entative tasks that would be suitable. A potentially suitable task is to ensure that parti-
cipants are not confronted with a task that has too many (e.g., selecting almost all other
diseases or regions) or no indirect relations. The first representative task was to under-
stand which brain diseases have indirect relations with Hippocampus, Sec. 2.3.1. For
example, the brain disease Alexander Disease can be queried the indirect relation with
the brain region Hippocampus via intermediate genes, including GFAP Gene, LITAF
Gene and Retinoic Acid Response Element. Neuroscientist (P8) considered exploring
the indirect relation between the brain region Hippocampus and the brain disease Al-
exander Disease via genes can be the first example for evaluating the implementation
of exploring indirect relations in the AR prototype, Fig. 2.4 on p. 30.

The neuroscientist (P8) also could see that Hippocampus has a direct relation to
the brain disease Bipolar Disorder, and would like to understand which other brain
regions have indirect relations with Bipolar Disorder. They want to explore the rela-
tions between the queried indirect brain regions and Hippocampus, when these brain
regions were either directly or indirectly related to the same brain disease Bipolar Dis-
order. For example, the brain region Cerebellar Vermis Structure can be queried the
indirect relation with the brain disease Bipolar Disorder via mental processes, includ-
ing Communication Response, Psychological Inhibition and Like. The task of exploring
the indirect relation between the brain disease Bipolar Disorder and the brain region
Cerebellar Vermis Structure via mental processes thus can be the second evaluating ex-
ample, Fig. 2.56 on p. 31.

6See also the video: https://youtu.be/uOiMSwJ5AAQ

https://youtu.be/uOiMSwJ5AAQ


30 2. Exploring Indirect Relations Between Topics

Figure 2.4: A participant selects genes as the intermediate topic type ( 4⃝ lower left),
and explores the indirect relation between the brain region Hippocampus ( 3⃝ middle)
and the brain disease Alexander Disease (a green sphere, 1⃝ lower right).
Direct relations between topics are visualised as pink spheres; indirect relations
between topics are visualised as green spheres; no direct or indirect relations are visu-
alised as light blue spheres.



2.3. Method 31

Figure 2.5: A participant selects mental processes as the intermediate topic type ( 4⃝
lower left), and explores the indirect relation between the brain disease Bipolar Dis-
order ( 3⃝ middle) and the brain region Cerebellar Vermis Structure (3 green spheres, 2⃝
lower right).
Direct relations between topics are visualised as pink spheres; indirect relations
between topics are visualised as green spheres; no direct or indirect relations are visu-
alised as light blue spheres.
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2.3.2. Determining the Functional Requirement for Exploring Indirect
Relations

We showed that exploring indirect relations between topics is a useful task for neuros-
cientists, Sec. 2.3.1, and identified two representative tasks of exploring indirect rela-
tions between brain regions and brain diseases, Sec. 2.3.1. In the existing 3D AR pro-
totype, the Direct Relations Explorer allows users to explore direct relations between
topics, Fig. 2.1 on p. 25. Based on the functionality implemented in previous wid-
gets, we asked three neuroscientists (P8-10, Table 2.2 on p. 34) to discuss the functional
and visualisation requirements (Sec. 2.3.3) of exploring indirect relations between top-
ics.

• Selecting intermediate topics Due to the wide range of topics covered in neur-
oscience, each neuroscientist has a different focus on research topics, such as
genes or mental processes. One neuroscientist focusing on neurobiology (P8,
Table 2.2 on p. 34) indicated that they were interested in manually selecting dif-
ferent intermediate topics to explore indirect relations between brain regions
and brain diseases. The corresponding functional requirement is thus: provide a
selection mechanism for intermediate topics.

As a consequence, we extend 3D AR prototype with an input selection option for inter-
mediate topics. Given the topics in the repository, these are mental processes, genes
and proteins. The Indirect Relations Explorer illustrates the querying process of select-
ing intermediate topics to explore indirect relations between brain regions and brain
diseases, Fig. 2.6 on p. 33.

2.3.3. Determining Visualisation Requirements for Exploring Indirect Re-
lations

To display the query results of the indirect relations functionality, specified in Sec. 2.3.2,
we design a visualisation for displaying indirect relations between topics. Require-
ments for the visualisation were discussed with three neuroscientists (P8-P10, Table 2.2
on p. 34).

• Single visualisation All three neuroscientists indicated that they would prefer to
see both direct and indirect relations between brain regions and brain diseases
at the same time. This allows them to see which relations have already been
mentioned in the literature, and which are additional indirect relations. This
visualisation requirement is thus: display both direct and indirect relations in the
same Brain Disease Topic Model and Brain Regions Visualisation.

• Contrasting colours Neuroscientists need to infer different relations between
topics by determining the difference between colours [86, 87]. To be able to dis-
tinguish the direct and indirect relations by different colours in visualisations,
we select a set of contrasting colours. We choose green to display the indirectly
related topics, which is easily distinguishable from the pink used for the directly
related topics and sufficiently distinct from the light blue used to indicate no dir-
ect or indirect relations, Figs. 2.4 and 2.5 on pp. 30 and 31. This is not a good
solution for colour-blind users but works well in the display conditions of the AR
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headset we use.

2.4. Implementation

We use the HoloLens 27 headset (a hybrid reality head-mounted display) to visualise
the Indirect Relations Explorer. We use Unity8 (version 2020.3.15f2) to develop the main
scenarios in AR, combined with Microsoft Mixed Reality Toolkit9 (MRTK), which is a
HoloLens 2 driven package to build AR applications in Unity. We use MRTK’s AR inter-
action toolkit, such as hand tracking and grabbing and dragging 3D objects. The new
code, which extends the previous codebase, is stored as a separate branch in a coding
repository10.

Figure 2.6: The Indirect Relations Explorer: Mental processes, genes or proteins can
be selected as the intermediate topics for querying indirect relations between brain
regions and brain diseases. Participants grab the dark blue sphere representing mental
processes and drag it onto the semi-transparent placeholder above, this triggers the
exploration of indirect relations between brain regions and brain diseases via mental
processes.

2.5. Evaluation

We identified two representative tasks that are plausible and relevant to participants,
Sec. 2.3.1. To answer the three research questions, we ask participants to reflect on the
indirect relations functionality in the context of these two representative tasks. The two
tasks allow us to assess indirect relations for a single brain region with multiple brain
diseases as well as those for a single disease with multiple brain regions. Given the
explorative nature of our study, providing extra examples would not necessarily lead to
further insights.

7Microsoft HoloLens 2 is an AR headset https://www.microsoft.com/en-us/hololens
8Unity https://unity.com/
9Microsoft Mixed Reality Toolkit (MRTK) https://learn.microsoft.com/en-us/windows/mixed-reality/mrtk-

unity/mrtk2/?view=mrtkunity-2022-05
10The Unity-based code for exploring indirect relations is open-source and available on Git-

Hub: https://github.com/DatAR-prototype/tree/IndirectRelations-Project

https://www.microsoft.com/en-us/hololens
https://unity.com/
https://learn.microsoft.com/en-us/windows/mixed-reality/mrtk-unity/mrtk2/?view=mrtkunity-2022-05
https://learn.microsoft.com/en-us/windows/mixed-reality/mrtk-unity/mrtk2/?view=mrtkunity-2022-05
https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/IndirectRelations-Project
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We describe the participants recruited in Sec. 2.5.1. We illustrate the survey pro-
cedure of the three research questions in Sec. 2.5.2. We then describe the survey ques-
tions for the individual research questions, namely,

• the suitability of the visualisation in the Indirect Relations Explorer for presenting
indirect relations (RQ3) in Sec. 2.5.3;

• the usability of the Indirect Relations Explorer for exploring indirect relations
(RQ2) in Sec. 2.5.4; and

• the usefulness of indirect relations for designing a useful experiment (RQ1) in
Sec. 2.5.5.

2.5.1. Participants
In this study, we recruited eight participants from the neuroscience institute at the uni-
versity, and one participant from an earlier study11, giving a total of 9 participants (P8-
P16, Table 2.2 on p. 34). P8 assisted in identifying two representative tasks (Sec. 2.3.1),
while P8-P10 determined the functional (Sec. 2.3.2) and visualisation (Sec. 2.3.3) re-
quirements. To obtain more continuous and targeted feedback, we retained P8-10
among the 9 participants [55].

Participants’ academic qualifications, familiarity with AR and their experience of
literature exploration are provided in Table 2.2 on p. 34. All nine participants are fa-
miliar with or professional users of literature exploration, have little understanding of
AR, and have not previously experienced any AR equipment. All nine participants had
normal or corrected-to-normal vision and were not colour-blind.

Table 2.2: Backgrounds of participants and the studies in which they participated. P1-
P7 were from previous studies [56, 99]. Nine participants (P8-P16) were recruited to
evaluate two representative tasks of exploring indirect relations.

Participant
Numbers

Research Top-
ics

Academic
Qualifica-
tions

Knowledge and
experience in
AR technology

Experience
in Literat-
ure Explor-
ation

Studies Particip-
ated in

P1-P7 Cognitive
neurosciences,
neurobiology,
pharmacology
and psychi-
atry [99]

P1 and
P3 are
PhDs [99]

Not known Not known Evaluate the exist-
ing 3D AR proto-
type to determine
the task of ex-
ploring indirect
relations [56, 99]
(Sec. 2.3.1)

11P12 is from an earlier study [99]. P8-P11 and P13-P16 are from the neuroscience institute at the university.
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P8 Neurobiology PhD
student
(second
year)

Little know-
ledge of AR, no
experience in
AR headset

Familiar
with lit-
erature
exploration

Determine the
task of exploring
indirect relations
(Sec. 2.3.1) & Define
useful intermediate
topics (Sec. 2.3.1)
& Identify two
representative
tasks (Sec. 2.3.1) &
Determine func-
tional (Sec. 2.3.2)
and visualisation
(Sec. 2.3.3) require-
ments & Evaluate
two representative
tasks of exploring
indirect relations in
this work (Sec. 2.5)

P9 Neurobiology PhD, As-
sistant
Professor

Little know-
ledge of AR, no
experience in
AR headset

Professional
in literature
exploration

Determine the
task of exploring
indirect relations
(Sec. 2.3.1) & Define
useful intermediate
topics (Sec. 2.3.1)
& Determine func-
tional (Sec. 2.3.2)
and visualisation
(Sec. 2.3.3) require-
ments & Evaluate
two representative
tasks of exploring
indirect relations in
this work (Sec. 2.5)

P10 Computational
neuroscience

Master
student

Little know-
ledge of AR, no
experience in
AR headset

Familiar
with lit-
erature
exploration

Determine the
task of exploring
indirect relations
(Sec. 2.3.1) & Define
useful intermediate
topics (Sec. 2.3.1)
& Determine func-
tional (Sec. 2.3.2)
and visualisation
(Sec. 2.3.3) require-
ments & Evaluate
two representative
tasks of exploring
indirect relations in
this work (Sec. 2.5)

P11 Cognitive
neuroscience

PhD stu-
dent (first
year)

None Professional
in literature
exploration

Evaluate two rep-
resentative tasks of
exploring indirect
relations in this
work (Sec. 2.5)
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P12, P13 Cognitive
neuroscience

PhD None Professional
in literature
exploration

Evaluate two rep-
resentative tasks of
exploring indirect
relations in this
work (Sec. 2.5)

P14, P15 Neural ana-
tomy

PhD stu-
dent (first
year)

Little know-
ledge of AR, no
experience in
AR headset

Familiar
with lit-
erature
exploration

Evaluate two rep-
resentative tasks of
exploring indirect
relations in this
work (Sec. 2.5)

P16 Neurobiology PhD stu-
dent (first
year)

Little know-
ledge of AR, no
experience in
AR headset

Professional
in literature
exploration

Evaluate two rep-
resentative tasks of
exploring indirect
relations in this
work (Sec. 2.5)

2.5.2. Procedure
Each evaluation procedure took around 60 minutes. The evaluation sessions were con-
ducted in October and November 2022, and January 2023. The procedure is as fol-
lows:

• We requested information from our nine expert neuroscience researchers, in-
cluding their research fields, academic qualifications, familiarity with AR, and
experience in literature exploration (reported in Table 2.2 on p. 34), and reques-
ted them to sign an informed consent form (Appendix A on p. 131). Since we are
not interested in how age or gender influences our results, we do not collect this
information [32].

• We described the goal of the session and the detailed interaction process of ex-
ploring and visualising direct and indirect relations between topics in AR (Ap-
pendix A on p. 132).

• Participants were asked to wear the AR headset (HoloLens 2) and try to grab and
drag visualised 3D objects in AR.

• Participants performed two representative tasks (specified in Sec. 2.3.1) of ex-
ploring indirect relations between topics using the Indirect Relations Explorer.
After carrying out the two tasks, participants were asked to explore the proto-
type and use the functionalities as they pleased.

• Participants were then asked to evaluate

– the suitability of indirect relations visualisation (RQ3) (Sec. 2.5.3);

– the usability of indirect relations functionality (RQ2) (Sec. 2.5.4); and

– the usefulness of indirect relations (RQ1) (Sec. 2.5.5).

by answering a 14-question questionnaire (listed in Figs. 2.7, 2.8 and 2.9 on pp. 38–
40), using a 5-point Likert scale from strongly agree to strongly disagree.
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• After responding to the survey questions, the experimenter conducted a 6-question
semi-structured interview lasting approximately 9 minutes (listed in Secs. 2.5.3, 2.5.4
and 2.5.5) with each participant to gather suggestions for improvements in func-
tionalities and visualisations.

2.5.3. Survey for the Suitability of Indirect Relations Visualisation (RQ3)
Participants assessed the visualisation of indirect relations between topics using the
Indirect Relations Explorer in the 3D AR prototype.

• Suitability of Indirect Relations Visualisation (RQ3) We asked participants to
judge the suitability of contrasting colours showing direct and indirect relations,
for example, “I think the contrasting colours showing direct and indirect rela-
tions between topics are clear and suitable in AR” (Fig. 2.7 Q4 on p. 38). Parti-
cipants answered four questions to evaluate the suitability of visualisations for
the Indirect Relations Explorer, to save space, refer to Fig. 2.7 on p. 38.

• Interview Two questions were conducted with participants to suggest improve-
ments in visualisations in the prototype. “Are there any suggestions for the col-
ours of the spheres representing the direct and indirect relations? (Q15)” and
“Are there any suggestions to improve the user interface in the prototype? (Q16)”

2.5.4. Survey for the Usability of Indirect Relations Functionality (RQ2)
Participants explored the complete process of exploring indirect relations using the
Indirect Relations Explorer in the context of two representative tasks.

• Usability of Indirect Relations Functionality (RQ2) We asked participants to eval-
uate the usability of the specified functionality of exploring indirect relations, for
example, “I think the Indirect Relations Explorer could help neuroscientists to
find useful indirect relations” (Fig. 2.8 Q5 on p. 39)? Participants answered five
questions to evaluate the usability of the specified functionality, to save space,
refer to Fig. 2.8 on p. 39.

• Interview Two questions were conducted with participants to suggest improve-
ments in the functionality for exploring indirect relations. “Are there any sugges-
tions for designing improved version functionality? (Q17)” and “Are there any
suggestions to improve the usability of the prototype? (Q18)”

2.5.5. Survey for the Usefulness of Indirect Relations Found (RQ1)
Participants evaluated the usefulness of indirect relations found in the context of two
representative tasks.

• Usefulness of Indirect Relations Found (RQ1) We asked participants to evalu-
ate the usefulness of indirect relations found in the context of two represent-
ative tasks, for example, “I think there is probably an indirect relation between
the brain region Hippocampus and the brain disease Alexander Disease” (Fig. 2.9
Q12 on p. 40). Participants answered five questions to evaluate the usefulness of
indirect relations, to save space, refer to Fig. 2.9 on p. 40.
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• Interview Two questions were conducted with participants to suggest improve-
ments in selecting intermediate topics between topics. “Are there other inter-
mediate topics that are useful for you to explore indirect relations? (Q19)” and
“Are there any factors, except intermediate topics, that influence you to judge the
usefulness of identified indirect relations? (Q20)”

Figure 2.7: Participants’ attitudes on the suitability of indirect relations visualisation
(RQ3).

2.6. Results and Discussion

2.6.1. Suitability of Indirect Relations Visualisation (RQ3)
On finding the display of direct and indirect relations clear and suitable, one parti-
cipant (P11, Table 2.2 on p. 34) strongly agreed, and six participants (P8, P9, P12-P15)
agreed, Fig. 2.7 Q4 on p. 38. Two participants recommended exploring and evaluating
different sets of colours, for example, by trying two similar colours for direct and indir-
ect relations (P10, P16) (Q15). In addition, all nine participants suggested improving
the readability of the description texts, particularly sphere labels in the Brain Disease
Topic Model and Brain Regions Visualisation (P8-P16) (Q16).

Two participants recommended redesigning the labels on direct and indirect rela-
tions in the Brain Disease Topic Model and Brain Regions Visualisation (P9, P12) (Q16).
In the 3D AR prototype, overlapping labels on spheres cause readability issues. Po-
tential solutions include matching the label colours with those of the spheres and im-
plementing a filter to display only labels related to direct and indirect relations, thus
improving the readability of labels.

2.6.2. Usability of Indirect Relations Functionality (RQ2)
All nine participants found the indirect relations functionality useful for the task of ex-
ploring indirect relations between topics (four participants (P8, P9, P11, P13, Table 2.2
on p. 34) strongly agreed, five participants (P10, P12, P14-P16) agreed), Fig. 2.8 Q5 on
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Figure 2.8: Participants’ attitudes on the usability of the indirect relations functionality
(RQ2).

p. 39. Five participants found interacting with the specified functionality by grabbing
and dragging 3D objects was user-friendly, even though they were first-time users of
AR (P8, P9, P11, P12, P14). While seven participants thought the Indirect Relations
Explorer was not difficult to use after understanding the detailed process of querying
and visualising indirect relations, due to their lack of experience in using AR equip-
ment, they still required help from the experimenter (P8-P15). Six participants agreed
with the method of constructing and integrating the Indirect Relations Explorer in the
3D AR prototype (P8, P9, P11, P12, P14, P15), however, two participants stated it is
too complex to understand, for example, relevant widgets always need to be selected
and connected (P10, P16). Eight participants expressed interest in using interactive
functionalities in the 3D AR prototype to explore potentially useful indirect relations
between topics (P8, P9, P11-P16).

Participants had difficulty using functionalities in the prototype because the inter-
face did not provide sufficient guidance cues for first-time users. A potential solution
could be the development of a tutorial to guide users in operating the functionalities
for exploring indirect relations between topics, thereby enhancing the usefulness of
the 3D AR prototype for daily literature work (P10, P16) (Q18).

2.6.3. Usefulness of Indirect Relations Found (RQ1)
All nine participants stated that exploring indirect relations between topics is useful for
designing a potentially useful experiment (five participants (P8-P10, P14, P15, Table 2.2
on p. 34) strongly agreed, and four participants (P11-P13, P16) agreed), Fig. 2.9 Q10 on
p. 40. Mental processes, genes or proteins were recognised as useful intermediate top-
ics for exploring indirect relations between brain regions and brain diseases (P8-P16),
Fig. 2.9 Q11 on p. 40. Additionally, two neuroscientists proposed that cells could also
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Figure 2.9: Participants’ attitudes on the usefulness of indirect relations (RQ1).

be a useful intermediate topic (P10, P16) (Q19). Eight participants agreed that “Indir-
ect Relations” is a suitable term to describe relations between topics through a third
topic (P8, P9, P11-P16), while one participant suggested that “Secondary Associated
Network” is a better term for this (P10), Fig. 2.9 Q14 on p. 40.

In the task of exploring an indirect relation between Hippocampus and Alexander
Disease via genes, five participants stated that the indirect relation found was useful
for them to identify an experiment that would potentially make a useful contribution
(P8, P9, P11, P12, P15), but four thought it was hard to make a judgement (P10, P13,
P14, P16 neither agreed nor disagreed), Fig. 2.9 Q12 on p. 40. In the task of exploring
an indirect relation between Bipolar Disorder and Cerebellar Vermis Structure via men-
tal processes, three participants proposed the identified indirect relation was useful
for them (P9, P11, P15), but five were not entirely convinced (P8, P10, P12-P14), and
one disagreed (P16), Fig. 2.9 Q13 on p. 40. Six participants thought that the indirect
results found could only provide inspiration for further literature review, rather than
evidence to ensure the experiment would make a useful contribution (P8, P10, P12-
P14, P16). They thought it was difficult to judge to what extent the indirect relations
were useful to design a useful experiment. Three neuroscientists proposed that indir-
ect relations found were useful for junior neuroscientists to understand less obvious
relations among topics (P9, P12, P13).

Despite the generally positive feedback for the usefulness of indirect relations found,
there were suggestions for improvements, primarily concerning the provenance of the
indirect relations found. Neuroscientists expressed a desire for more detailed inform-
ation about indirect relations, such as access to the publications containing the co-
occurrences (Q20). A potential solution could provide a specific gene or protein, which
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is related to neuroscientists’ research fields, as an intermediate topic for manually se-
lecting and querying indirect relations between brain regions and brain diseases. P9
suggested the use of publication dates to identify trends of (first indirect and then
direct) relations between topics (Q20). By illustrating that previous indirect relations
might have evolved into present direct relations, the provenance of current indirect
relations will be improved.

2.7. Conclusions and Future Work

Our evaluation of the implemented visualisation and functionality of exploring indir-
ect relations indicates that participants thought the visualisation was suitable for dis-
playing direct and indirect relations (Sec. 2.6.1), the functionality was useful for ex-
ploring indirect relations between topics (Sec. 2.6.2), and the indirect relations found
are useful for designing a useful experiment (Sec. 2.6.3). One direction to explore is to
understand how we can provide the provenance of the indirect relations found, for ex-
ample, by providing the specific topics, such as genes, that contribute to the indirect re-
lation and by providing direct access to the publications that are the sources of the two
direct relations (Chapter 4). Another direction to explore is using publication dates to
identify trends in (first indirect and then direct) relations between topics, which could
improve the usefulness of current indirect relations (Chapter 3). This work contributes
to finding and visualising indirect relations in 3D AR, which can support neuroscient-
ists in their complex task of designing a potentially useful experiment.





3
Informing the Design of a

Neuroscience Experiment by
Exploring the Evolution of

Indirect to Direct Relations
Between Topics in Augmented

Reality Using a Timeline

Topic-based literature exploration in Augmented Reality (AR) has successfully been
used to support neuroscientists in obtaining an overview of the literature, which is a
tedious and time-consuming task needed to design expensive neuroscientific experi-
ments. In particular, topic-based literature exploration in 3D AR allows users to ana-
lyse large numbers of publications simultaneously, providing a “bird’s-eye” view of re-
lations between neuroscience topics. A direct relation exists when two topics, such as
a brain region and a brain disease, co-occur in the same sentence of a publication’s
title or abstract. An indirect relation occurs when no direct relation exists, but each
topic co-occurs with a common intermediate topic, such as a gene. Neuroscientists
have suggested that understanding how historical indirect relations evolved into cur-
rent direct ones (1) increases confidence in the usefulness of current indirect relations
and (2) informs the design of their experiments. Using a user-centred design approach,
we establish if such a timeline-based exploration is indeed useful. We interview neur-
oscientists to verify the usefulness of exploring the evolution of indirect to direct rela-
tions, identify required functionality, and design and implement a timeline visualisa-
tion in 3D AR. Twelve neuroscientists carried out two representative tasks using the im-
plemented functionality and timeline visualisation. Responses to 13 semi-structured
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interview questions and 10 Likert-scale questions indicated that (a) the timeline visu-
alisation is suitable for presenting the implemented functionality, (b) the functionality
is useful for exploring the evolution, and (c) exploring the evolution of indirect to direct
relations is useful for designing experiments.

Chapter contribution: This chapter investigates how the user task of exploring
the evolution of historical indirect relations to current direct relations can inform the
design of a neuroscience experiment (MRQ2), specifies an appropriate timeline func-
tionality to support this task, and designs and implements the corresponding 3D AR
visualisation to enable this functionality.

3.1. Introduction

Neuroscientists need to analyse large numbers of neuroscience publications to inform
the design of an experiment. However, doing this manually is both challenging and
time-consuming. Exploring relations between neuroscience topics, such as brain re-
gions and diseases, rather than focusing on individual publications, offers a useful ap-
proach to analyse many publications simultaneously [97, 99]. This approach provides
an overview of relations between topics. DatAR, a 3D Augmented Reality (AR) proto-
type, has shown that visualising the spatial relationships of brain regions and exploring
their direct and indirect relations with brain diseases in AR can be helpful in this pro-
cess [99, 109] (Sec. 3.2.4).

• A direct relation exists between two topics when both occur in the same sen-
tence of a publication’s title or abstract. For example, there is a direct relation
between the brain disease Depressive Disorder and the brain region Cerebellar
Vermis Structure since they both occur in the sentence “The depression and anxi-
ety severity of bipolar depression patients may be associated with the consist-
ency activity of left insula, right cerebellum, and cerebellar vermis related area,
fusiform gyrus” in the publication with PubMed1 ID 317647992, Fig. 3.2 on p. 46.

• An indirect relation occurs when no direct relation exists between two topics,
but both have a direct relation with the same intermediate topic. For example, a
direct relation between Depressive Disorder and LITAF Gene in July 2017, PMID:
286988883, Fig. 3.1 (a) on p. 45, and a direct relation between LITAF Gene and
Cerebellar Vermis Structure in August 2017, PMID: 285152864, Fig. 3.1 (b) on p. 45.
Based on these two direct relations, we conclude that there is an indirect relation
between the brain disease Depressive Disorder and the brain region Cerebellar
Vermis Structure via LITAF Gene.

In previous work on exploring direct and indirect relations using DatAR [109], a
participating neuroscientist suggested using publication dates to identify when a his-
torical indirect relation between two topics becomes a direct relation in more recent

1PubMed is a free resource supporting the search and retrieval of biomedical and life sciences literature ht-
tps://pubmed.ncbi.nlm.nih.gov/. Each publication in PubMed has a unique identifier, the PMID.

2DOI: 10.1097/MD.0000000000017962 (PMID: 31764799)
3DOI: 10.1523/ENEURO.0115-17.2017 (PMID: 28698888)
4DOI: 10.1152/jn.00209.2017 (PMID: 28515286)

https://pubmed.ncbi.nlm.nih.gov/
https://pubmed.ncbi.nlm.nih.gov/
10.1097/MD.0000000000017962
10.1523/ENEURO.0115-17.2017
10.1152/jn.00209.2017
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publications. This would help them build confidence in the usefulness of current in-
direct relations. Identifying current indirect relations in the literature could facilitate
the design of a potentially useful experiment since there is weak evidence of a poten-
tial connection, but no single publication has yet demonstrated that this is indeed the
case. For example, there are no direct or indirect relations between the brain disease
Depressive Disorder and the brain region Cerebellar Vermis Structure from January 2010
to June 2017 in the subset of the PubMed corpus that we use. There is an indirect re-
lation between the brain disease Depressive Disorder and the brain region Cerebellar
Vermis Structure via LITAF Gene between July and August 2017, Fig. 3.1 on p. 45. A
direct relation between Depressive Disorder and Cerebellar Vermis Structure was first
published in November 2019, PMID: 317647995, Fig. 3.2 on p. 46.

Our main research question (RQ1) is: How does exploring the evolution of historical
indirect to current direct relations contribute to designing a useful experiment? Using a
user-centred design approach is useful for developing functionality and visualisations
that align with the requirements of neuroscientists [27]. We first consulted two neuro-
logists to advise us on whether exploring the evolution of indirect to direct relations is
a potentially useful user task (Sec. 3.3.1). The same two neurologists were then asked
to determine two representative tasks for our later evaluation (Sec. 3.3.2).

Having established that exploring the evolution of indirect to direct relations is a
potentially useful user task, we need to specify which functionality and visualisation
are required to support this. Using input from interviews with the same two neurolo-
gists, we identified two functional requirements (Sec. 3.3.3). Further interviews with
the same two neurologists helped to identify the timeline visualisation requirements
(Sec. 3.3.4). We explain our design decisions to meet these functional and visualisation
requirements (Sec. 3.4) and implement the Timeline Selector, Fig. 3.3 on p. 47, in the
DatAR prototype (Sec. 3.5).

Having designed and implemented the timeline visualisation, we need to invest-
igate the suitability of the implemented visualisation for presenting the evolution of
indirect to direct relations. Our third research question (RQ3) is: To what extent is the
visualisation suitable for the specified functionality in presenting the evolution of in-
direct to direct relations? We describe the evaluation procedure undertaken by twelve

5DOI: 10.1097/MD.0000000000017962 (PMID: 31764799)

Figure 3.1: (a) The brain disease Depressive Disorder (inner right column) has a direct
relation with LITAF Gene (outer right column) in July 2017 (inner left column), PMID:
28698888 (outer left column).
(b) LITAF Gene (outer left column) has a direct relation with the brain region Cerebel-
lar Vermis Structure (inner left column) in August 2017 (inner right column), PMID:
28515286 (outer right column).

10.1097/MD.0000000000017962
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Figure 3.2: The brain disease Depressive Disorder (inner right column) has a direct rela-
tion with the brain region Cerebellar Vermis Structure (outer right column) in Novem-
ber 2019 (inner left column), PMID: 31764799 (outer Left column).

neuroscientists using the semi-structured interviews and the Likert-scale question-
naires to assess visualisation, functionality, and the user task (Sec. 3.6). We evaluated
the suitability of the visualisation using two representative tasks with twelve neuros-
cientists (Sec. 3.7.1).

Having evaluated the implemented visualisation, we investigate the usability of
the implemented functionality for the user task. Our second research question (RQ2)
is: To what extent is the implemented functionality useful for exploring the evolution of
historical indirect to current direct relations? The twelve neuroscientists who evaluated
RQ3 were also asked to assess the usability of the functionality (Sec. 3.7.2).

Our final step is to evaluate the usefulness of the user task of exploring the evolu-
tion of indirect to direct relations for designing a useful experiment (RQ1). The same
twelve neuroscientists were consulted and proposed that exploring the evolution of
historical indirect to current direct relations is useful for understanding the current
indirect relations to design a useful experiment (Sec. 3.7.3).

The contributions of this work are (i) the useful user task of exploring the evolution
of historical indirect to current direct relations between neuroscience topics (answer to
RQ1); (ii) functionality that enables the user task (answer to RQ2); and (iii) visualisation
that enables functionality (answer to RQ3).

3.2. Related Work

We explore the potential of topic-based literature exploration for identifying useful
experiments from a large amount of literature, Sec. 3.2.1. We explain how analysing
the evolution of relations between topics can uncover the development of historical
findings over time, Sec. 3.2.2. We explore how 3D AR can enhance the visualisation
of 3D brain regions, Sec. 3.2.3. We then describe DatAR, an interactive 3D AR proto-
type, for exploring direct and indirect relations between brain regions and diseases,
Sec. 3.2.4.
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Figure 3.3: The Timeline Selector: A participant can grab and drag the top and bottom
handles to select a range of publication dates. The selected range from January 2010
to June 2017 is visualised as a dark blue bar. The horizontal histograms to the left of
the timeline indicate the number of identified indirect (green rectangles) and direct
(pink rectangles) relations between the brain disease Depressive Disorder and all brain
regions during the selected publication date range.
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3.2.1. Topic-based Literature Exploration
Identifying potentially useful experiments builds on understanding the existing literat-
ure [50, 98]. Typically, researchers explore literature by scanning and reading individual
publications. However, topic-based literature exploration allows a large amount of lit-
erature to be explored on the basis of topics, such as brain diseases and brain regions,
rather than articles [18, 46]. The potential of topic-based literature exploration in gen-
erating useful hypotheses has been demonstrated in biomedical tasks. For example,
it has been used to identify new relations between genes and diseases, such as reveal-
ing that c-Myc expression may be a prognostic marker in diffuse large B-cell lymph-
oma [107]. In our study, we investigate complex relations among neuroscience topics,
such as brain regions, brain diseases, and genes, to better understand, for example,
which brain regions might be affected by the brain disease Depressive Disorder.

3.2.2. The Evolution of Relations between Topics
Analysing the evolution of topics is useful for understanding existing knowledge, as it
reveals how earlier findings have been developed and expanded over time [64, 70, 76].
Reference Publication Year Spectroscopy (RPYS) is a useful method for exploring the
evolution of relations between topics [41]. For example, RPYS can uncover hidden rela-
tions between topics over time. By analysing publications from 1999 to 2012, research-
ers identified cancer drugs by uncovering indirect relationships within the drug →
Gene1 → Gene2 → Cancer pathway [84, 113]. Swanson’s discoveries revealed 11 hid-
den indirect relations from 1983 to 1997, such as Type A personality, vascular reactivity
and calcium blockers. These indirect relations helped establish the useful connection
between “Magnesium Deficiency” and “Migraine” for new drug research [66].

In a previous study [109], we explored direct and indirect relations between brain
regions and brain diseases. Inspired by the RPYS method, we enhance our understand-
ing of the usefulness of current indirect relations by using publication dates to trace the
evolution of historical indirect relations to current direct ones.

3.2.3. 3D Visualisations in Augmented Reality
The spatial orientation provided by 3D visualisations facilitates a more intuitive un-
derstanding of complex 3D structures [7, 30, 84]. Specifically, 3D visualisations enable
researchers to examine 3D structures - in our case, brain regions - helping neuros-
cientists to identify which brain regions are affected by the same diseases [109]. The
NeuroCave application uses immersive analytics to support neuroscientists in explor-
ing networks of brain regions in Virtual Reality (VR) [52]. By using a VR headset, re-
searchers can interact with 3D representations of brain regions. This demonstrates a
preference for the VR environment over traditional 2D desktop setups when presenting
3D data [52]. Augmented Reality (AR) provides researchers with an immersive experi-
ence that integrates the real world during their experiments [16, 115]. This immersion
in the AR environment enhances memory recall more effectively than both the VR en-
vironment and 2D desktop, particularly in terms of the spatial and ordinal positioning
of 3D brain visualisations [44].

In our study, we support users to explore neuroscience topics, presenting 3D brain
regions and their relations with brain diseases within a 3D AR environment, using col-
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our to differentiate different types of relations (see Sec. 3.2.4).

3.2.4. DatAR Prototype
DatAR, an interactive 3D AR prototype, has been shown to be useful for neuroscientists
to explore relations between topics [99, 109]. We first describe the Knowledge Graphs
of Brain Science (KGBS), which store the topic co-occurrences used in the DatAR proto-
type, Sec. 3.2.4. We then illustrate the DatAR prototype and its constituent widgets that
allow users to explore direct and indirect relations between topics, Sec. 3.2.4.

The Knowledge Graphs of Brain Science
We use the Knowledge Graphs of Brain Science6 (KGBS), which contains an analysis
of sentences found in the titles and abstracts of 414,224 neuroscience publications in
PubMed7 from January 2010 to February 2022, to query co-occurrences between top-
ics. Topics include brain regions, brain diseases, genes, proteins, mental processes
and symptoms. The KGBS contains co-occurrences between two topics in the corpus,
along with the dates of the publications in which they were published and the PubMed
identifiers (PMID) for each publication. A co-occurrence between two topics indicates
a direct relation between them. For example, an extract showing publication dates and
PMIDs of direct relations between the brain disease Depressive Disorder and genes is
provided in Fig. 3.4 on p. 49.

Widgets for Exploring Direct and Indirect Relations between Topics
Widgets implemented in the DatAR prototype provide selection, querying, and visual-
isation mechanisms that allow users to explore neuroscience literature via direct rela-
tions stored in the Knowledge Graphs of Brain Science (Sec. 3.2.4). For completeness,
we describe the existing widgets in the DatAR prototype that provide most of the func-
tionality needed for this study:

6To access the Knowledge Graphs of Brain Science at https://kgbs-sparql.project.cwi.nl/, please contact
<xuboyudesign@outlook.com>.

7414,224 neuroscience publications in PubMed https://pubmed.ncbi.nlm.nih.gov/ as of February 3, 2022.

Figure 3.4: The brain disease Depressive Disorder (inner right column) has a direct re-
lation with MOS Gene (outer right column) in February 2018 (inner left column), as
indicated by the publication’s PMID: 29469093 (outer left column).

https://pubmed.ncbi.nlm.nih.gov/
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• The Brain Regions Visualisation, Figs. 3.5 and 3.6 on pp. 51 and 52, presents
a display of 274 brain regions sourced from the Scalable Brain Atlas8 (SBA) [8].
The position of each sphere is determined based on the 3D coordinates of brain
regions taken from SBA [99].

• The Brain Disease Topic Model, Fig. 3.7 on p. 53, provides 3D visualisations of
68 brain diseases from the KGBS [99]. Their spatial arrangement is determined
by all direct relations between them and all other topics in the repository; the
closer they are in 3D, the larger the number of common connections with the
other topics in the repository.

• The Direct Relations Explorer, Figs. 3.5, 3.6 and 3.7 on pp. 51–53, is used to query
the direct relations between a single brain region and multiple brain diseases or
a single brain disease and multiple brain regions in the KGBS.

• The Indirect Relations Explorer, Figs. 3.5 and 3.7 on pp. 51 and 53, is used to
select an intermediate topic, such as genes or mental processes, to query indirect
relations between brain regions and brain diseases in the KGBS.

• The Direct Relations Filter, Fig. 3.6 on p. 52, is used to filter the number of
co-occurrences between a single brain region and multiple brain diseases, or
between a single brain disease and multiple brain regions in the KGBS. Users can
adjust the upper and lower handles to filter for fewer or more direct relations.

Previous versions of the DatAR prototype [99, 109] have not supported the explor-
ation of the evolution of indirect to direct relations between topics, nor have illustrated
the visualisation of topic evolution in the Brain Disease Topic Model and Brain Regions
Visualisation. In this study, we implement the additional functionality and a timeline
visualisation to assist users in exploring and visualising how indirect relations evolve
into direct relations between a selected brain region or disease and all other brain dis-
eases or brain regions.

3.3. Method

We follow a user-centred design approach to design support for an identified user
task [17, 26, 27, 75]. Neuroscience researchers were consulted at every stage of our
study. We first establish that exploring the evolution of indirect relations between two
neuroscience topics to a direct relation is a useful task for neuroscience researchers,
Sec. 3.3.1. To evaluate our corresponding functionality and visualisation for supporting
the evolution of indirect to direct relations, we need to identify representative tasks that
are both useful for neuroscientists and suitable for our evaluation purposes, Sec. 3.3.2.
We determine the functional requirements needed to implement the representative
tasks, including selecting a timeline, Sec. 3.3.3. Based on the functionality, we determ-
ine visualisation requirements for presenting the evolution of indirect to direct rela-
tions, Sec. 3.3.4. We discuss the design decisions to meet these functional and visual-
isation requirements, Sec. 3.4.

8Scalable Brain Atlas (SBA): https://scalablebrainatlas.incf.org/index.php

https://scalablebrainatlas.incf.org/index.php


3.3. Method 51

Figure 3.5: A participant explores the direct relations between the brain disease De-
pressive Disorder and all brain regions. Thirty-three direct relations (pink spheres) are
found, including the brain region Cerebellar Vermis Structure. Genes are selected as
the intermediate topic to identify the indirect relations between the brain disease De-
pressive Disorder and all brain regions. One indirect relation (green sphere) between
Depressive Disorder and the brain region Middle Frontal Gyrus is found. Brain regions
with no direct or indirect relations to Depressive Disorder are visualised as light blue
spheres.
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Figure 3.6: A participant uses the Direct Relations Filter to filter the co-occurrences
between the brain disease Depressive Disorder and all brain regions. Ten brain regions
co-occur with Depressive Disorder either once or twice, including the brain region Cor-
pus Striatum Structure (yellow spheres).
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Figure 3.7: A participant explores the direct relations between the brain region Cere-
bellar Vermis Structure and all brain diseases. Seven direct relations (pink spheres) are
found, including the disease Depressive Disorder. Genes are selected as the interme-
diate topic to explore the indirect relations between the brain region Cerebellar Vermis
Structure and all brain diseases. Twelve indirect relations (green spheres) are found,
including the disease Dyskinetic Syndrome.
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Based on the user-centred design approach, we want to gather feedback through
evaluation with neuroscientists to provide detailed insights. We use a qualitative meas-
ure of semi-structured interviews [69] to evaluate functionality and visualisation and to
answer three research questions. The qualitative evaluation focuses on three metrics:
Suitability [20], Usability [36] and Usefulness [10].

• Suitability focuses on evaluating the designed visualisation that supports present-
ing the evolution of indirect to direct relations in the AR environment (RQ3);

• Usability encompasses the extent to which the implemented functionality aligns
with human-computer interaction requirements for exploring the evolution of
indirect to direct relations (RQ2);

• Usefulness measures the success of exploring the evolution of indirect to dir-
ect relations in helping neuroscientists understand current indirect relations for
designing useful experiments (RQ1).

To facilitate a comparative analysis of participants’ perceptions, we also employ a
7-point Likert scale [9] to quantify responses to ten questions regarding the visualisa-
tion (RQ3), functionality (RQ2), and the user task (RQ1). To analyse the results, we use
the median, as it provides a clearer representation of “typical user” behaviour [105].

Our aim is to understand the suitability of our designed visualisation and the usab-
ility of the corresponding functionality for neuroscience researchers, emphasising the
practical application of the visualisation and functionality in the context of topic-based
literature exploration. Exploratory studies for problem discovery typically involve 5 to
20 participants [89]. Recruiting 5 to 10 participants captures the most common issues
and insights, with diminishing returns on new insights beyond 15 [89]. For this study,
we recruited 12 participants.

3.3.1. Establishing the Usefulness of the Evolution of Indirect to Direct
Relations between Topics

A neuroscientist participating in a previous study [109] suggested that they could better
understand how current indirect relations can assist in designing useful experiments
by exploring how historical indirect relations have evolved into current direct ones.
In July 2023, we interviewed two neurologists (P1 and P2, Table 3.1 on p. 66) to de-
termine whether the task of exploring the evolution of indirect to direct relations is
useful.

P1, a neurologist researching the brain disease Depressive Disorder, wanted to un-
derstand which brain regions had direct relations with Depressive Disorder over the
past five years. P1 thought these brain regions represented the most recent topics, po-
tentially influencing funding opportunities. The relations between brain regions and
brain diseases are continuously evolving, with newly discovered brain regions chan-
ging neuroscientists’ understanding of disease mechanisms and treatment protocols
[111]. P1 thought using publications older than five years may lead to treatment pro-
tocols that are not optimal for diseases. P2, a neurologist researching the brain dis-
ease Parkinson Disease, suggested that exploring how historical indirect relations have
evolved into current direct ones could help build confidence in the usefulness of cur-
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rent indirect relations for designing useful experiments. Both P1 and P2 suggested that
identifying indirect relations in the literature that have not yet been established as dir-
ect would be useful since these provide a small amount of evidence for designing useful
experiments.

3.3.2. Determining Two Representative Tasks for Evaluation
To evaluate the functionality and visualisation for exploring the evolution of indirect
to direct relations, we discussed with P1 and P2, Table 3.1 on p. 66, to find repres-
entative tasks that would be suitable. We selected two representative tasks for eval-
uation: one for exploring the evolution of indirect to direct relations between a specific
brain disease and all brain regions, and another for exploring the evolution of indir-
ect to direct relations between a specific brain region and all brain diseases. The two
tasks should be useful within the neuroscience field, reflecting the types of inquiries
that neuroscientists engage with. Additionally, the two tasks should be designed to
be neither overly simple nor overly complex, ensuring they sufficiently test our imple-
mented visualisation and functionality, and that participants are not presented with
an excessive number of diseases or regions, as this may overwhelm them and hinder
their ability to find useful information.

• Representative Task 1: Exploring the evolution of indirect to direct relations
between the brain disease Depressive Disorder and all brain regions

P1, who investigates the brain disease Depressive Disorder, suggested exploring
the brain regions related to Depressive Disorder to better understand the current
discoveries. The first indirect relation found between Depressive Disorder and
the brain region Cerebellar Vermis Structure dates between July and August 2017
(described in Sec. 3.1), Fig. 3.9 on p. 57. This indirect relation evolved to a direct
one in November 2019, Fig. 3.109 on p. 58.

• Representative Task 2: Exploring the evolution of indirect to direct relations
between the brain region Cerebellar Vermis Structure and all brain diseases

P2, who investigates the brain disease Parkinson Disease, knows that the brain
region Cerebellar Vermis Structure has a direct relation to Parkinson Disease. P2
wants to explore the publication date of the evolution of the indirect relation
between Parkinson Disease and Cerebellar Vermis Structure to a direct one, in or-
der to assess the recency of this discovery. The first indirect relation between Par-
kinson Disease and Cerebellar Vermis Structure via LITAF gene was found between
August and September 201710, Fig. 3.12 on p. 60, and this indirect relation evolved
to a direct one in October 202011, Fig. 3.13 on p. 61.

9See also the video: https://youtu.be/VPAbhcqDTlk
10The direct relation between Parkinson Disease and LITAF gene in DOI: 10.1155/2017/5472752

(PMID: 29056964); The direct relation between LITAF gene and Cerebellar Vermis Structure in
DOI: 10.1152/jn.00209.2017 (PMID: 28515286)

11DOI: 10.1371/journal.pone.0240998 (PMID: 33112886)

https://youtu.be/VPAbhcqDTlk
10.1155/2017/5472752
10.1152/jn.00209.2017
10.1371/journal.pone.0240998
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Figure 3.8: The brain disease Depressive Disorder has no direct or indirect relation with
the brain region Cerebellar Vermis Structure in any papers published from January 2010
to June 2017 (TS, middle quadrant). The three spheres representing Cerebellar Vermis
Structure are light blue (BRV, upper left quadrant).
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Figure 3.9: The brain disease Depressive Disorder has an indirect relation with the brain
region Cerebellar Vermis Structure in two papers published between July and August
2017 (TS, middle quadrant). The three spheres representing Cerebellar Vermis Struc-
ture have turned green (BRV, upper left quadrant).
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Figure 3.10: The first time a paper is published that includes a direct relation between
Depressive Disorder and Cerebellar Vermis Structure is in November 2019 (TS, middle
quadrant). The three spheres representing Cerebellar Vermis Structure have turned
pink (BRV, upper left quadrant).
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Figure 3.11: The brain region Cerebellar Vermis Structure has no direct or indirect re-
lation with the brain disease Parkinson Disease in any papers published from January
2010 to June 2017 (TS, middle quadrant). The sphere representing Parkinson Disease
is light blue (BDTM, upper left quadrant).
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Figure 3.12: The brain region Cerebellar Vermis Structure has an indirect relation with
the brain disease Parkinson Disease in two papers published between August and
September 2017 (TS, middle quadrant). The sphere representing Parkinson Disease
has turned green (BDTM, upper left quadrant).
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Figure 3.13: The first time a paper is published that includes a direct relation between
Cerebellar Vermis Structure and Parkinson Disease is in October 2020 (TS, middle quad-
rant). The sphere representing the Parkinson Disease has turned pink (BDTM, upper
left quadrant).



62 3. Exploring the Evolution of Indirect to Direct Relations Using a Timeline

3.3.3. Determining Functional Requirements for Exploring the Evolu-
tion of Indirect to Direct Relations

To carry out the two representative tasks in the DatAR prototype, we discussed poten-
tial functional requirements for exploring the evolution of historical indirect to current
direct relations between topics with P1 and P2, Table 3.1 on p. 66, in July 2023.

• Selecting a timeline

Neuroscience publications can describe different studies on the same topic, lead-
ing to changes in the understanding of that topic over time. P1 expressed in-
terest in selecting different publication timeframes, such as the past five years or
the past three months, to investigate trends in indirect and then direct relations
between brain regions and brain diseases. They wanted to explore both indirect
and direct relations across various publication periods to identify cases where
historical indirect relations have evolved into current direct relations, as well as
to investigate current indirect relations that have not yet become direct. The first
functional requirement (FR1) is thus to provide a timeline selection mechanism.

• Having access to publications

P1 and P2 proposed that being able to access the two, or more, publications con-
taining the direct relations corresponding to an indirect relation would provide
the information needed to assess the usefulness of the identified relations. The
second functional requirement (FR2) is thus to provide access to publications in-
dicating identified indirect and direct relations.

3.3.4. Determining Visualisation Requirements for Exploring the Evolu-
tion of Indirect to Direct Relations

In the same interview with P1 and P2, Table 3.1 on p. 66, in July 2023, we discussed
potential visualisation requirements for presenting the evolution of indirect to direct
relations between topics.

• Presenting publication dates

To visualise the timeline selection (Sec. 3.3.3, FR1), P1 and P2 expressed the need
for an intuitive display of publication dates. The first visualisation requirement
(VR1) is thus to present publication dates.

• Presenting the evolution of historical indirect to current direct relations between
topics

P1 and P2 expressed a preference for seeing the process by which historical in-
direct relations have evolved into current direct relations. This allows them to
observe which previous indirect relations have become direct and which have
yet to transition, aiding in the design of a potentially useful experiment. Our
second visualisation requirement (VR2) is thus to present the evolution of indir-
ect to direct relations between topics.
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3.4. Design Rationale

We provide design rationales for the functional and visualisation design decisions.

3.4.1. Timeline Selector Design
To present publication dates (VR1) to facilitate the timeline selection (FR1), we first
consider the following design options:

• A publication dates table: This design displays publication dates in a tabular
format. Users can view the list to select specific dates of interest, providing a
method to access detailed publication dates on identified indirect and direct re-
lations.

• A publication dates timeline: This design presents a visual timeline where users
can select date ranges by adjusting the handles on a timeline. The publication
dates timeline aims to provide an intuitive method of filtering indirect and direct
relations over time.

Designing the Timeline Selector, Fig. 3.3 on p. 47, is driven by several reasons:

• Designing a timeline bar: This study investigates a single-step approach for
identifying and visualising the evolution of historical indirect relations into cur-
rent direct relations. While a publication dates table provides detailed informa-
tion, it may overwhelm users who are tracking the evolution of indirect relations
into direct ones over time. We adopted a timeline design for publication dates.
This design allows users to make single-step adjustments to the timeline, making
it easy to identify the publication dates associated with the evolution of indirect
to direct relations.

• Three-monthly distribution within the timeframe: Given that the KGBS in-
cludes neuroscience publications accessible via PubMed from January 2010 to
February 2022 (Sec. 3.2.4). In the discussion with P1 and P2, Table 3.1 on p. 66,
in July 2023, they suggested a minimum selection range of three months for lit-
erature exploration. They argued that shorter periods, such as one month, are
inadequate for identifying useful indirect relations, while a three-month period
provides a more comprehensive view of recent developments. This timeframe
also offers flexibility, allowing researchers to adjust the publication date range to
six months or one year as needed, thus tailoring their investigations to specific
periods of interest. Consequently, we adopt three months as the time unit.

Additionally, to ensure a coherent user experience in the DatAR prototype, consistency
with the existing interface is useful. We focus on two aspects:

• Consistency with the Direct Relations Filter design: The Direct Relations Filter
in the DatAR prototype utilises a vertical layout with two handles to adjust the
number of co-occurrences (Fig. 3.6 on p. 52). We retained this vertical layout for
the design of the timeline to ensure consistency.

• Consistency with previous colours: The existing DatAR prototype uses a spe-
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cific colour scheme to differentiate relations in the visualisations - light blue
spheres for no direct or indirect relations, pink spheres for direct relations, and
green spheres for indirect relations (Figs. 3.5, 3.6 and 3.7 on pp. 51–53). To main-
tain visual consistency, we adopted this colour scheme in the Timeline Selector
design. Pink histograms represent the number of direct relations, and green
histograms represent the number of indirect relations in the Timeline Selector
(Fig. 3.3 on p. 47). We also maintain the use of blue in the colour scheme for the
timeline bar, with selected timeframes visualised in dark blue. To help users fo-
cus on the evolution of indirect to direct relations within the selected timeframe,
we display histograms for direct and indirect relations only within the selection
range, rather than across the entire timeline bar.

3.4.2. Presenting the Evolution of Indirect to Direct Relations in a Single
Visualisation

To present the evolution of historical indirect relations into current direct relations
between topics (VR2), we consider the following design options:

• Multiple comparative visualisations: This design involves creating separate visu-
alisations for different timeframes, each showing indirect and direct relations.
Users would need to switch between these visualisations to compare them and
identify which topics have evolved from indirect to direct relations.

• Single visualisation: This approach allows users to observe both indirect and
direct relations in a single visualisation and see which relations have evolved
from historical indirect to current direct by adjusting the timeline range.

We use a single visualisation to present both indirect and direct relations to make it
easier for users to identify which topics have evolved from indirect to direct relations
and which topics remain as indirect relations. To achieve this, we integrate the Dir-
ect Relations Explorer and the Indirect Relations Explorer with the Brain Disease Topic
Model or the Brain Regions Visualisation using the Timeline Selector (Figs. 3.8, 3.9, 3.10,
3.11, 3.12 and 3.13 on pp. 56–61). As users adjust the timeline range, the resulting in-
direct and direct relations update immediately within the Brain Disease Topic Model
or the Brain Regions Visualisation. This allows users to observe the evolution of his-
torical indirect relations (represented by green spheres) into current direct relations
(indicated by pink spheres) in a single visualisation.

3.4.3. Publications Viewer Design
To access publications indicating indirect and direct relations (FR2), we designed the
Publications Viewer (Figs. 3.8, 3.9, 3.10, 3.11, 3.12 and 3.13 on pp. 56–61). Using data
from the KGBS (Sec. 3.2.4), we display PMIDs to represent publications. Consistent
with the existing DatAR prototype’s colour scheme, the pink PMIDs list includes spe-
cific brain regions or diseases directly related to the investigated brain disease or re-
gion, along with each publication’s PMID, Figs. 3.10 and 3.13 on pp. 58 and 61. The
green PMIDs list includes brain regions or diseases with indirect relations via genes,
along with the PMIDs of two publications indicating these indirect relations, Figs. 3.9
and 3.12 on pp. 57 and 60.
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3.5. Implementation

Our functionalities and visualisations for this study are constructed using Unity12 and
the Microsoft Mixed Reality Toolkit13 (MRTK) (v2.7.0) and are deployed on a HoloLens
214 head-mounted display. MRTK’s AR interaction toolkit enables user interactions in
the AR environment, such as hand tracking and grabbing and dragging 3D objects. We
maintained consistency with the DatAR Prototype (Sec. 3.2.4) by following the same
code logic to implement the Timeline Selector and Publications Viewer. The new code,
which extends the previous code base, is stored as a separate branch in a coding repos-
itory15.

3.6. Evaluation

To answer the three research questions, participants were asked to evaluate the imple-
mented visualisation and functionality within the context of two representative tasks
aimed at exploring the evolution of indirect to direct relations between brain regions
and brain diseases. We detail the recruitment of participants in Sec. 3.6.1 and illustrate
the survey procedure for the three research questions in Sec. 3.6.2. We then describe
the survey questions for the individual research questions:

• The suitability of visualisation in the Timeline Selector for presenting the evolu-
tion of indirect to direct relations (RQ3) in Sec. 3.6.3;

• The usability of functionality in the Timeline Selector for exploring the evolution
of indirect to direct relations (RQ2) in Sec. 3.6.4; and

• The usefulness of exploring the evolution of indirect to direct relations in under-
standing the current indirect relations for designing a useful experiment (RQ1)
in Sec. 3.6.5.

3.6.1. Participants
We recruited 12 participants from neuroscience institutes at four universities, P3 - P14,
see Table 3.1 on p. 66. Their academic qualifications, familiarity with AR, and their ex-
perience in literature exploration are described in Table 3.1 on p. 66. Ten participants
are familiar with or professional in neuroscience literature exploration (P4-P13), and
two participants have little experience in literature exploration (P3 and P14). Two parti-
cipants have some understanding of AR and have some experience using the AR head-
set (P4 and P13), ten participants have no knowledge or experience with AR (P3, P5-P12
and P14). All 12 participants had normal or corrected-to-normal vision and were not
colour-blind.

12Unity https://unity.com/, v2020.3.15f2
13Microsoft Mixed Reality Toolkit (MRTK) https://learn.microsoft.com/en-us/windows/mixed-

reality/mrtk-unity/mrtk2/?view=mrtkunity-2022-05
14Microsoft HoloLens 2 is an Augmented Reality headset developed and manufactured by Mi-

crosoft, https://www.microsoft.com/en-us/hololens
15The Unity-based code for exploring the evolution of indirect to direct relations is open-source and avail-

able on GitHub: https://github.com/DatAR-prototype/tree/Timelines-project

https://unity.com/
https://learn.microsoft.com/en-us/windows/mixed-reality/mrtk-unity/mrtk2/?view=mrtkunity-2022-05
https://learn.microsoft.com/en-us/windows/mixed-reality/mrtk-unity/mrtk2/?view=mrtkunity-2022-05
https://www.microsoft.com/en-us/hololens
https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/Timelines-project
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Table 3.1: Backgrounds of participants and studies they participated in. P1-P2 assisted
with establishing the useful user task, determining two representative tasks for eval-
uation and determining the functional and visualisation requirements. Twelve parti-
cipants (P3-P14) were recruited to evaluate the evolution of indirect to direct relations.

Participant
Numbers

Research Top-
ics

Academic
Qualifica-
tions

Knowledge and
experience in
AR technology

Experience
in Literat-
ure Explor-
ation

Studies Particip-
ated in

P1 Neurology,
in particular,
Depressive Dis-
order

PhD stu-
dent (third
year)

Some know-
ledge of AR;
Some experi-
ence in the AR
headset (atten-
ded a previous
study on ex-
ploring indirect
relations in Oc-
tober 2022)

Familiar
with lit-
erature
exploration

Establish the user
task of explor-
ing the evolution of
indirect to direct re-
lations (Sec. 3.3.1);
Determine two
representative
tasks (Sec. 3.3.2);
Determine func-
tional (Secs. 3.3.3)
and visualisa-
tion requirements
(Secs. 3.3.4)

P2 Neurology, in
particular, Par-
kinson Disease

PhD stu-
dent (third
year)

Some know-
ledge of AR;
Some experi-
ence in the AR
headset (atten-
ded a previous
study on ex-
ploring indirect
relations in Oc-
tober 2022)

Familiar
with lit-
erature
exploration

Establish the user
task of explor-
ing the evolution of
indirect to direct re-
lations (Sec. 3.3.1);
Determine two
representative
tasks (Sec. 3.3.2);
Determine func-
tional (Secs. 3.3.3)
and visualisa-
tion requirements
(Secs. 3.3.4)

P3 Neurobiology PhD stu-
dent (first
year)

None Little experi-
ence in liter-
ature explor-
ation

Evaluate the evolu-
tion of indirect to
direct relations

P4 Cognitive
neuroscience
& experimental
psychology

PhD stu-
dent (first
year)

Some know-
ledge of AR;
Some experi-
ence in the AR
headset

Familiar
with lit-
erature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P5 Neuroscience,
radiology &
psychology

PhD
student
(second
year)

None Familiar
with lit-
erature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P6 Neurobiology,
in particular,
Acute Ischemic
Stroke

PhD stu-
dent
(fourth
year)

None Familiar
with lit-
erature
exploration

Evaluate the evolu-
tion of indirect to
direct relations
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P7 Neurobiology,
in particular,
Brain Tumours

PhD
student
(second
year)

None Familiar
with lit-
erature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P8 Cognitive
neuroscience

PhD
student
(second
year)

None Familiar
with lit-
erature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P9 Neurobiology Postdoctoral
researcher

None Professional
in literature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P10 Developmental
neuroscience

PhD
student
(second
year)

None Familiar
with lit-
erature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P11 Clinical neur-
oscience

PhD stu-
dent (third
year)

None Professional
in literature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P12 Neurology PhD stu-
dent (third
year)

None Professional
in literature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P13 Clinical neur-
oscience

Master
student

Some know-
ledge of AR;
Some experi-
ence in the AR
headset

Familiar
with lit-
erature
exploration

Evaluate the evolu-
tion of indirect to
direct relations

P14 Cardiovascular
neurobiology

PhD stu-
dent (first
year)

None Little experi-
ence in liter-
ature explor-
ation

Evaluate the evolu-
tion of indirect to
direct relations

3.6.2. Survey Procedure
Each evaluation procedure took approximately 60 minutes. The evaluation sessions
were conducted in January - April 2024. The procedure was as follows:

1 We collected information from 12 neuroscience researchers, including their re-
search fields, academic qualifications, familiarity with AR, and experience in lit-
erature exploration (reported in Table 3.1 on p. 66). We asked them to sign an
informed consent form (Appendix B on p. 135). Since age and gender are not
relevant to this study, we did not collect this information [85].

2 We described the goal of the session and the detailed process of exploring the
evolution of indirect to direct relations between brain regions and brain diseases
(Appendix B on p. 137).

3 Participants wore the AR headset (HoloLens 2) and practiced grabbing, dragging,
and rotating 3D objects in AR via operating the Brain Regions Visualisation, for
approximately 10 minutes.

4 Participants performed the two representative tasks (described in Sec. 3.3.2) to
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investigate the evolution of indirect to direct relations between brain regions and
brain diseases using the Timeline Selector and accessed PMIDs using the Public-
ations Viewer.

5 (a) While carrying out the two representative tasks, participants were asked to
evaluate

– The suitability of the visualisation for the developed functionality (RQ3)
(Sec. 3.6.3);

– The usability of functionality developed for exploring the evolution of in-
direct to direct relations (RQ2) (Sec. 3.6.4); and

– The usefulness of exploring the evolution of indirect to direct relations (RQ1)
(Sec. 3.6.5)

(b) After completing the two representative tasks in approximately 30 minutes,
participants were given the opportunity to explore the interactive AR prototype
and its functionalities for another 15 minutes. Due to the limited memory of
the AR headset, we provided the following brain regions and brain diseases as
selectable inputs to explore indirect and direct relations:

– Three brain regions: Cerebellar Vermis Structure, Lateral Amygdalar Nuc-
leus and Nucleus Accumbens

– Four brain diseases: Depressive Disorder, Down Syndrome, Autistic Disorder
and Gardner Syndrome

by answering 13 semi-structured interview questions (IQs) (listed in Secs. 3.6.3,
3.6.4 and 3.6.5). Participants were asked to verbalise their thoughts while per-
forming tasks to assist the experimenter in understanding their problem-solving
process [69, 83].

6 Participants were asked to rate the suitability of the visualisation, the usability
of functionality, and the usefulness of the user task by answering ten questions
(listed in Figs. 3.14, 3.15 and 3.16 on pp. 70–74) using a 7-point Likert scale from
Worst Imaginable to Best Imaginable (Worst Imaginable, Awful, Poor, OK, Good,
Excellent, Best Imaginable) [9].

3.6.3. Survey for the Suitability of Visualisation for Presenting the Evol-
ution of Indirect to Direct Relations (RQ3)

• Semi-structured interview questions: Participants answered 5 questions while
performing the two representative tasks in the DatAR prototype.

– The suitability of the Timeline Selector

Participants were asked:

⋄ IQ1: Do you find the visualisation of the Timeline Selector by month
suitable?

⋄ IQ2: Are the timescales you can select suitable for your tasks?



3.6. Evaluation 69

⋄ IQ3: To what extent do you find the visual representations of the Timeline
Selector suitable? Please comment on the colour, shape, and layout.

⋄ IQ4: Do you have any suggestions for improving the visualisation of
the Timeline Selector?

– The suitability of presenting the evolution of indirect to direct relations

Participants were asked:

⋄ IQ5: To what extent do you find the presentation of historical indirect
relations evolving into current direct relations clear and suitable?

• Questionnaires: Participants were asked to rate the suitability of presenting the
evolution of indirect to direct relations by answering 2 questions, Fig. 3.14 on
p. 70. For example, “How suitable do you find the visualisation in illustrating the
evolution of indirect to direct relations?” (Fig. 3.14 Q2 on p. 70).

3.6.4. Survey for the Usability of Functionality for Exploring the Evolu-
tion of Indirect to Direct Relations (RQ2)

• Semi-structured interview questions: Participants answered 3 questions while
performing the two representative tasks in the DatAR prototype.

– The usability of the Timeline Selector

Participants were asked:

⋄ IQ6: To what extent do you think the interaction process for exploring
the evolution of indirect to direct relations is usable?

⋄ IQ7: How do you think the functionality of the Timeline Selector con-
tributes to understanding the relations among the publications?

⋄ IQ8: Do you have any suggestions for improving the functionality of
the Timeline Selector?

• Questionnaires: Participants were asked to rate the usability of functionality
used in exploring the evolution of indirect to direct relations by answering 3
questions, Fig. 3.15 on p. 73. For example, “How would you rate the usability of
the Timeline Selector in supporting your exploration of the evolution of indirect
to direct relations?” (Fig. 3.15 Q3 on p. 73).

3.6.5. Survey for the Usefulness of Exploring the Evolution of Indirect to
Direct Relations (RQ1)

• Semi-structured interview questions: Participants answered 5 questions while
performing the two representative tasks in the DatAR prototype.

– The usefulness of exploring the evolution of indirect to direct relations

Participants were asked:
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⋄ IQ9: To what extent is it clear how historical indirect relations become
current direct relations in the literature?

⋄ IQ10: To what extent do you think it is worth exploring the evolution of
indirect to direct relations?

⋄ IQ11: Can you share some results of the evolution of indirect to direct
relations that you discovered using the Timeline Selector?

⋄ IQ12: To what extent do you think the implemented visualisations and
functionalities would guide other neuroscientists in identifying poten-
tially useful hypotheses?

– An open question on improvements in the DatAR prototype

Participants were asked:

⋄ IQ13: What information would you like to explore further?

• Questionnaires: Participants were asked to provide their opinions on the use-
fulness of exploring the evolution of indirect to direct relations by answering 5
questions, Fig. 3.16 on p. 74. For example, “How would you rate the usefulness of
an indirect relation between Depressive Disorder and Cerebellar Vermis Structure
evolved into a direct relation?” (Fig. 3.16 Q7 on p. 74).

3.7. Results

3.7.1. The Suitability of the Timeline Selector Visualisation for Presenting
the Evolution of Indirect to Direct Relations (RQ3)

Figure 3.14: The figure shows the distribution of the twelve participants’ attitudes to-
ward the Timeline Selector Visualisation for presenting the evolution of indirect to dir-
ect relations.

In response to the questionnaire described in Sec. 3.6.3, all twelve participants
stated that the visual representation of the Timeline Selector is suitable or better, Fig. 3.14
Q1 on p. 70. The median rating for the visual representation of the Timeline Selector is
good, with responses ranging from good to best imaginable, Fig. 3.14 Q1 on p. 70.

All twelve participants found that showing the evolution of historical indirect re-
lations to current direct relations in a single visualisation of the Brain Disease Topic
Model or the Brain Regions Visualisation is clear and suitable, Fig. 3.14 Q2 on p. 70.
The median rating for showing the evolution of indirect to direct relations between
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topics is excellent, with responses ranging from good to best imaginable, Fig. 3.14 Q2
on p. 70. P11 remarked (IQ5), “I find the visualisation for previous indirect relations
that have evolved into current direct relations clear and understandable. The change
in colours of brain diseases from green to pink in the single Topic Model clearly indic-
ates this evolution.

Detailed results for the layout and colour of the Timeline Selector are as follows:

• Timescales of the Timeline Selector

All participants found the display of publication dates by month for the 12-year
period (IQ1) suitable. All participants found the selectable timescales (IQ2), such
as three months, six months, and one year, suitable for exploring topic evolu-
tion. Seven participants proposed that showing only the year scale is sufficient
for their daily literature exploration. For example, P6 mentioned, “Sometimes
I have a really specific date in mind for literature exploration, such as the past
five years, and the Timeline Selector enables me to identify this specific range”.
P7 noted, “I find the Timeline Selector more useful for researchers who regularly
analyse newly published papers and want to see what happened in the last three
months.”

• Layout of the Timeline Selector

Three participants found the vertical layout of the Timeline Selector (IQ3) to be a
suitable visual representation. Four participants mentioned their preference for
the horizontal layout of the Timeline Selector. P8 elaborated, “With the current
vertical layout, I can only see a part of the publication dates within a limited ver-
tical field of view. I need to look up and down to see the entire range of publica-
tion dates. I think the width of this field of view is adequate. Therefore, changing
the Timeline Selector to a horizontal layout would facilitate better visibility of the
complete publication dates.”

• Colour of the Timeline Selector

All participants found the consistent use of colours in the prototype - pink for dir-
ect relations and green for indirect relations - to be clear and suitable (IQ3). P4
remarked, “Maintaining consistent colours for direct and indirect relations in the
whole prototype is quite useful, as it intuitively helps me differentiate between
histograms representing direct and indirect relations. The disappearance of his-
tograms in the Timeline Selector when those publication dates are not selected.
That’s nice. The indication of the selected range of publication dates by a thicker
bar is very clear. Overall, I think the Timeline Selector looks great.”

• Numbers of publications in histograms

Three participants suggested displaying the specific numbers of publications in-
dicating the direct and indirect relations on the pink and green histograms of the
Timeline Selector (IQ4), as it currently only shows the number of co-occurrences.
P12 reported, “I want to know the numbers of publications indicating direct and
indirect relations to understand the extent to which these relations are discussed
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in the literature. I could imagine that a direct relation is mentioned many times
only in one publication.”

3.7.2. The Usability of the Timeline Selector Functionality for Exploring
the Evolution of Indirect to Direct Relations (RQ2)

In response to the questionnaire described in Sec. 3.6.4, eleven participants indicated
that the functionality of the Timeline Selector is useful for exploring the evolution of
indirect to direct relations, Fig. 3.15 Q3 on p. 73. The median rating for the usability of
the Timeline Selector is excellent, with responses ranging from ok to excellent, Fig. 3.15
Q3 on p. 73. The interaction process for exploring the evolution of indirect to direct
relations using the Timeline Selector is clear and understandable for all participants
(IQ6). P6 pointed out, “I can track the evolution of indirect to direct relations by ob-
serving the colour change from green to pink and pinpointing the specific date of this
transition by adjusting the handle of the Timeline Selector.”

All twelve participants reported that the functionality of the Timeline Selector con-
tributes to exploring the neuroscience literature (IQ7). P4 said, “The Timeline Selector
helps identify the time periods when certain indirect and direct relations between top-
ics occurred in publications. The inclusion of months is useful because it allows you
to pinpoint not just the year, but also whether it was at the beginning or end of 2019.”
P8 and P13 both proposed initially providing the timeline by year, with the option to
display detailed months if needed (IQ8). P8 noted, “When I find the relation between
Depressive Disorder and Cerebellar Vermis Structure transitioning from indirect to dir-
ect in 2019, I would be interested in exploring that year further. I hope to click on 2019
and find the detailed month(s) and the specific publication(s) indicating the first pub-
lished direct relation.” Four participants expressed a desire to quickly locate the pub-
lication dates and publications that first documented the evolution of an indirect to a
direct relation (IQ8). They thought that the publication describing this initial evolution
represented a useful discovery.

3.7.3. The Usefulness of Exploring the Evolution of Indirect to Direct Re-
lations (RQ1)

In response to the questionnaire described in Sec. 3.6.5, all twelve participants stated
that exploring the evolution of indirect to direct relations is a useful task for making
them confident in the current indirect relations for designing potentially useful exper-
iments, Fig. 3.16 Q6 on p. 74. The median rating for the usefulness of the user task is
excellent, with responses ranging from good to best imaginable, Fig. 3.16 Q6 on p. 74.
P4 commented (IQ10), “I always need to start somewhere to begin my research. I might
identify an indirect relation within the range of 2010 to 2016. Then, I explore whether it
remains indirect or transitions to direct. If the indirect relation has not yet transitioned,
it can guide future research directions.”

• Usefulness of exploring the indirect relation between Depressive Disorder and
Cerebellar Vermis Structure evolved into a direct relation (Representative Task
1)

Nine participants thought that an indirect relation between Depressive Disorder
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and Cerebellar Vermis Structure evolving into a direct relation is useful for their
research, Fig. 3.16 Q7 on p. 74. The median rating for the usefulness of this rep-
resentative task is excellent, with responses ranging from good to best imagin-
able, Fig. 3.16 Q7 on p. 74. P8 reported, “I find the direct relation between De-
pressive Disorder and Cerebellar Vermis Structure, first published in 2019, indic-
ating a recent development. This information is useful in inspiring me to con-
sider how to regulate Cerebellar Vermis Structure to treat Depressive Disorder.”
P8 also commented, “If my research topic is Depressive Disorder. I want to un-
derstand which brain regions are affected by Depressive Disorder. Traditionally, I
would begin exploring literature by searching for Depressive Disorder on PubMed
to find affected regions. Now I utilise the implemented visualisations and func-
tionalities to comprehend the overall relations between Depressive Disorder and
brain regions, rather than having to examine each separate brain region on Pub-
Med.”

• Usefulness of exploring the indirect relation between Cerebellar Vermis Struc-
ture and Parkinson Disease evolved into a direct relation (Representative Task
2)

Ten participants thought that an indirect relation between Cerebellar Vermis Struc-
ture and Parkinson Disease evolving into a direct relation is useful for their re-
search, Fig. 3.16 Q8 on p. 74. The median rating for the usefulness of this repres-
entative task is excellent, with responses ranging from good to best imaginable,
Fig. 3.16 Q8 on p. 74. P7 reported, “I find the evolution of the indirect relation
between Cerebellar Vermis Structure and Parkinson Disease to a direct relation
in 2020 to be new knowledge for me. I think it will be useful for understanding
the pathophysiology of Parkinson Disease and potential interventions targeting
Cerebellar Vermis Structure.”

• Seven additional potentially useful hypotheses via the Timeline Selector

All twelve participants thought the designed visualisations and functionalities
in the DatAR prototype could guide other neuroscientists in finding potentially
useful hypotheses (IQ12). Six participants shared seven additional potentially
useful hypotheses (IQ11).

Figure 3.15: The figure shows the distribution of the twelve participants’ attitudes to-
ward the Timeline Selector functionality used in exploring the evolution of indirect to
direct relations.
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Figure 3.16: The figure shows the distribution of the twelve participants’ attitudes to-
ward the usefulness of exploring the evolution of indirect to direct relations.

– Finding the latest direct relations

P5 proposed, “I am interested in Down Syndrome and I want to search for
brain regions that have direct relations with Down Syndrome in the latest
five years to uncover recent developments. I discover a direct relation betw-
een Down Syndrome and Cerebral Hemisphere Structure in June 2021. This
relation was previously unknown to me, providing useful new knowledge.
I inform the experimenter that the PMID is 3394551216, to further explore
the publication on the laptop.

– Finding well-established direct relations

P4 pointed out, “I can observe that the direct relation between Amygdala
and Depressive Disorder may predate 2010. Even when I select older pub-
lications, such as those from January 2010 to June 2010, the direct relation
between Amygdala and Depressive Disorder17 is still present. Discovering
such an early relation means that it is likely a robust one.”

– Finding the evolution of indirect to direct relations

P7 regularly conducted weekly literature studies and wanted to outline what
had happened in the past half year to understand recent topics. P7 re-
marked, “I select the publication dates range from June 2021 to February
2022. I find a direct relation between Down Syndrome and Cerebral Hemi-
sphere Structure. Curious about when the direct relation first appeared, I
discover that there is no relation between Down Syndrome and Cerebral
Hemisphere Structure from 2010 to September 2018. After September 2018,
an indirect relation is noted, which then became direct in June 2021. This
is a very recent development of research.”

16DOI: 10.1172/JCI135763
17DOI: 10.1016/j.biopsych.2010.09.022

10.1172/JCI135763
10.1016/j.biopsych.2010.09.022
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P14 pointed out, “I can see there are indirect relations between Autistic Dis-
order and certain brain regions in March 2013 and also from January to
March 2018 via the green histograms in the timeline bar. I find an indirect
relation between Autistic Disorder and Lateral Amygdalar Nucleus in March
2013, and another indirect relation between Autistic Disorder and Corpus
Striatum Structure from January to March 2018. I want to see if these two
pairs of indirect relations ever evolved into direct relations. In March 2020,
the indirect relation between Autistic Disorder and Corpus Striatum Struc-
ture becomes a direct relation. It is a newer discovery, and I also find the
publication showing the direct relation, PMID is 3213090618.”

– Finding indirect relations that have not yet become direct relations

P4 pointed out, “Before 2011, there was no relation between Depressive Dis-
order and Middle Frontal Gyrus, but after 2011, an indirect relation emerged.
I became curious to see if it ever evolved into a direct relation, but it re-
mained indirect. This could potentially be a topic for future research.”

P6 pointed out, “I find that the indirect relation between Disorder Nervous
System and Cerebellar Vermis Structure becomes direct after March 2020,
and the indirect relation between Parkinson Disease and Cerebellar Vermis
Structure also becomes direct after September 2020. I observe that Dyskin-
etic Syndrome is close to Disorder Nervous System and Parkinson Disease
in the Topic Model, but the indirect relation between Dyskinetic Syndrome
and Cerebellar Vermis Structure has not yet become direct. I think this is a
useful direction for a future experiment.”

P12 mentioned, “The identified indirect relation between Autistic Disorder
and Lateral Amygdalar Nucleus in March 2013 has not evolved into a direct
one. I am interested in reading publications indicating the indirect relation;
they could inspire useful hypotheses for future experiments.”

3.8. Discussion

We discuss the visualisation (Sec. 3.8.1) and functionality (Sec. 3.8.2) of the Timeline
Selector. We then provide a comprehensive review of the user task of exploring the
evolution of indirect to direct relations (Sec. 3.8.3).

3.8.1. Timeline Selector Visualisation (RQ3)
• Visualising the Timeline Selector in a horizontal layout

We considered the layout consistency in the DatAR prototype, which led us to
choose a vertical layout for the Timeline Selector. However, the current vertical
layout requires users to shift their gaze up and down to view the entire range
of publication dates, Figs. 3.8, 3.9, 3.10, 3.11, 3.12 and 3.13 on pp. 56–61 (repor-
ted in Sec. 3.7.1). Given that the field of view (FOV) in the AR headset has a 3:2

18DOI: https://doi.org/10.1016/j.celrep.2020.02.030

https://doi.org/10.1016/j.celrep.2020.02.030
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aspect ratio, a horizontal layout might allow users to see the complete range of
publication dates within their field of view more easily, thereby facilitating better
navigation. A potential solution is to conduct a comparative test of the vertical
and horizontal layouts. This test could help determine the most suitable layout
for optimising user experience in the AR environment.

• Hierarchical timescale: from year to month

When considering the different timescale needs for literature exploration in neur-
oscience (reported in Sec. 3.7.1), participants expressed a desire for hierarch-
ical timescales in the Timeline Selector. A potential solution would be to ini-
tially present a yearly timescale and then allow users to explore more detailed
months and dates as needed. Such a hierarchical approach supports a more fo-
cused investigation, providing a clear and structured pathway to detailed data
on the evolution of indirect to direct relations within a particular year.

• Visualising the numbers of publications in histograms

Participants expressed a desire for displaying the specific numbers of public-
ations indicating direct and indirect relations on the histograms (reported in
Sec. 3.7.1). Displaying these publication counts would allow users to quickly
gauge the frequency of these identified relations within the literature.

3.8.2. Timeline Selector Functionality (RQ2)
• Linking histograms directly to publications

Participants expressed a desire to quickly identify the publication that first doc-
umented the evolution of an indirect to a direct relation (reported in Sec. 3.7.2).
The initial documentation of direct relations can be useful, and neuroscientists
want to read the full publication to explore these initial discoveries. A poten-
tial solution is to link the histograms in the Timeline Selector directly to PMIDs.
This improvement would enable users to both visualise the evolution of relations
between topics and easily locate the publications.

3.8.3. Usefulness Concerns for Exploring the Evolution of Indirect to Dir-
ect Relations (RQ1)

• The current indirect relations that have not yet become direct are perceived as
useful

Neuroscience participants gave positive feedback on the usefulness of exploring
the evolution of indirect to direct relations between topics. They identified seven
additional hypotheses that could help them identify potentially useful experi-
ments, Sec. 3.7.3. Tracking the evolution of indirect to direct relations reflects re-
cent advancements in neuroscience, offering researchers a dynamic view of the
field’s progression. Additionally, participants thought that exploring the evolu-
tion of indirect to direct relations could help them better understand the current
indirect relations that have not yet become direct. They suggested that the cur-
rent indirect relations could help propose useful hypotheses for designing exper-
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iments.

• Providing specific intermediate topics (such as a specific gene) responsible for
indirect relations

In this study, we used the topic “gene” as an intermediate topic to investigate
indirect relations between brain regions and brain diseases. Neuroscience parti-
cipants suggested providing the specific gene responsible for indirect relations.
A potential solution is to extend the Indirect Relations Explorer, Figs. 3.8, 3.9, 3.10,
3.11, 3.12 and 3.13 on pp. 56–61, by allowing users to select specific intermedi-
ate topics, such as specific genes, relevant to their research. This enhancement
would enable users to identify and explore indirect relations more precisely. By
selecting specific intermediate topics and using the Timeline Selector to explore
topic evolution, neuroscientists can refine their focus and ensure that the identi-
fied indirect relations - which have not yet become direct - are useful and worthy
of further investigation.

3.9. Limitations

• Mapping names for Brain Regions

The names and 3D positions of brain regions we used in the Brain Regions Visu-
alisation are sourced from the Scalable Brain Atlas (SBA) (Sec. 3.2.4). We use Uni-
fied Medical Language System19 (UMLS) terms to identify the names of brain
regions in the repository. Some of the UMLS brain region names differ from
those in the SBA. We utilise a limited mapping mechanism to convert brain re-
gion names for carrying out the study. A more comprehensive mapping would
require the assistance of a neuroscientist.

• Update the literature in the Knowledge Graphs of Brain Science

In the current KGBS (Sec. 3.2.4), we analyse the co-occurrences between topics
in publications from January 1, 2010, to February 3, 2022. This allows us to carry
out our exploratory interface studies. For serious use by neuroscientists, we need
to update our repository with the latest literature starting from 2022.

3.10. Conclusions and Future Work

The task of exploring the evolution of indirect to direct relations helps users under-
stand the usefulness of currently identified indirect relations, which in turn assists
them in designing potentially useful experiments, Sec. 3.7.3. We will continue our col-
laboration with neuroscientists to explore how we can provide specific topics, such as
a specific gene, that contribute to indirect relations. This will assist neuroscientists in
evaluating whether identified indirect relations are indeed useful and worthy of further
investigation, Sec. 3.8.3. Another direction for exploration involves assessing the use-

19Unified Medical Language System (UMLS) https://www.nlm.nih.gov/research/umls/index.html brings
together biomedical vocabularies and standards to enable interoperability between computer systems.

https://www.nlm.nih.gov/research/umls/index.html
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fulness of the DatAR prototype in the context of daily neuroscience literature research.
By systematically observing and collecting data while using the DatAR prototype dur-
ing neuroscientists’ daily literature exploration, we will assess its overall usefulness in
identifying potentially useful experiments. We plan to follow a real neuroscientist’s re-
search of interest, integrating their feedback and experiences to refine the prototype’s
functionalities and visualisations. This approach will ensure that the tool aligns with
the actual needs of researchers and enhances their ability to generate indeed useful
experiments. Another potential direction involves integrating Large Language Mod-
els (LLMs) into the DatAR prototype. By utilising LLMs, we can easily uncover previ-
ously unobserved indirect relations between topics. The DatAR visualisation will then
provide an intuitive way to explore these complex relations, helping researchers to bet-
ter understand the evolving relations between topics in large numbers of neuroscience
publications. We view this work as contributing to understanding indirect relations
that have yet to become direct ones, aiding neuroscientists in designing experiments
that could potentially yield useful contributions.



4
Informing the Design of a

Neuroscience Experiment by
Exploring Indirect Relations via a

Specific Intermediate Topic

Neuroscientists need to understand the state of the art before conducting a costly ex-
periment, a process that is both challenging and time-consuming. Topic-based literat-
ure exploration has proven useful in helping neuroscientists by allowing them to obtain
an overview of the literature more efficiently than reading hundreds of publications,
and thus be better informed to design a potentially useful experiment. Specifically,
topic-based exploration enables users to explore large numbers of publications simul-
taneously, revealing relations between neuroscience topics based on multiple publica-
tions rather than individual results reported in a single publication. We define a direct
relation when two topics, such as a brain region and a brain disease, co-occur within
the same sentence of a publication’s title or abstract. An indirect relation exists when
no direct relation is present between the two topics, but both co-occur with an inter-
mediate topic, such as a mental process. Neuroscientists have indicated that explor-
ing indirect relations via a specific intermediate topic helps them understand the un-
derlying mechanisms of the identified indirect relations, in turn, informing the design
of their experiments. This study investigates, using a user-centred design approach,
how exploring a specific intermediate topic within indirect relations can support the
understanding of these relations to inform the design of an experiment. We conduct
interviews with neuroscientists to 1) verify the usefulness of the task of exploring in-
direct relations via a specific intermediate topic, 2) identify the required functionality,
and 3) design and implement the Specific Intermediate Topic Explorer visualisation.
Nine neuroscientists performed two representative tasks using the implemented func-
tionality and visualisation. Responses to 19 semi-structured interview questions and

79
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10 Likert-scale questions indicated that (a) the functionality is useful for exploring in-
direct relations via a specific intermediate topic, (b) the visualisation is suitable for
presenting indirect relations via a specific intermediate topic, and (c) exploring indir-
ect relations via a specific intermediate topic is useful for informing the design of an
experiment.

Chapter contribution: This chapter investigates how the user task of exploring
indirect relations via a specific intermediate topic can inform the design of a neur-
oscience experiment (MRQ3), specifies an appropriate specific intermediate topic se-
lector functionality to support this task, and designs and implements a corresponding
3D AR visualisation to enable this functionality.

4.1. Introduction

Before conducting a costly experiment, neuroscientists need to thoroughly review the
existing literature to inform the design of the experiment. This process is, however,
both challenging and time-consuming. Topic-based literature exploration enables re-
searchers to analyse large numbers of publications simultaneously [99, 108, 109], of-
fering an overview of relations between neuroscience topics, such as brain regions and
brain diseases, rather than focusing on individual publications. This overview per-
spective helps neuroscientists become better informed when designing a potentially
useful experiment.

• A direct relation exists when two neuroscience topics appear in the same sen-
tence within the title or abstract of a publication in PubMed1. For example, there
is a direct relation between the brain disease Alzheimer’s Disease and the brain
region Hippocampus, since they both occur in the title of the publication Post-
Ischemic Neurodegeneration of the Hippocampus Resembling Alzheimer’s Disease
Proteinopathy2. The brain disease Alzheimer’s Disease thus has a direct relation
to the brain region Hippocampus. Both topics appear together in 965 sentences
in our repository (Sec. 4.2.3), Fig. 4.1 on p. 82.

• An indirect relation exists when there is no direct relation between two topics,
but both co-occur with a specific intermediate topic, such as Communication
Response (a mental process). For example, there is no direct relation between the
brain disease Alzheimer’s Disease and the brain region Cerebellar Vermis Struc-
ture in the repository that we use (Sec. 4.2.3). There are, however, 137 co-occurre-
nces of Alzheimer’s Disease with Communication Response (a mental process),
and 41 co-occurrences of Communication Response with Cerebellar Vermis Struc-
ture, Fig. 4.2 on p. 83. Based on these two direct relations, we conclude that there
is an indirect relation between the brain disease Alzheimer’s Disease and brain
region Cerebellar Vermis Structure via Communication Response.

To allow neuroscientists to see the relative spatial locations of brain regions we use

1PubMed is a free resource that supports the search and retrieval of biomedical and life sciences literature
https://pubmed.ncbi.nlm.nih.gov/

2DOI: https://doi.org/10.3390/ijms23010306
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Augmented Reality (AR) to visualise them [99, 109]. When these are affected by the
same or similar diseases, the 3D visualisation helps neuroscientists better understand
the complex anatomical relations [39, 52]. Moreover, AR facilitates the integration of
literature exploration into neuroscientists’ daily workflows. It extends traditional 2D
reading by allowing researchers to read publications on their screens while using the
virtual space to visualise multiple sets of topic relations [19, 58, 63]. This enables them
to compare different lines of hypothesis during the literature exploration process. Im-
mersion in the AR environment also enhances memory recall more effectively than
both VR and 2D desktop environments, particularly in terms of spatial and ordinal po-
sitioning of 3D brain visualisations [35, 65]. A 3D AR prototype, DatAR, was developed
to visualise the spatial representation of brain regions and to explore direct and indir-
ect relations between brain regions and brain diseases [99, 108, 109] (Sec. 4.2.3).

Identifying indirect relations between topics in the literature can aid in design-
ing potentially useful experiments, as weak evidence, such as through an intermedi-
ate topic, may suggest a connection not yet confirmed by a single publication. Indir-
ect relations indicate the presence of promising but unexplored links, which, in turn,
can inform experimental design. In previous work on exploring direct and indirect re-
lations [108, 109], a participating neuroscientist noted that while visualising indirect
relations in 3D brain regions offers an intuitive approach to identify potentially use-
ful experiments, providing specific intermediate topics to find indirect relations would
help assess the usefulness of the indirect relations identified. By selecting a specific in-
termediate topic, such as a gene, protein, or mental process, neuroscientists can better
understand the biological mechanisms underlying an indirect relation between a brain
region and a brain disease, thereby informing the design of a useful experiment.

Our main research question (RQ1) is: How does exploring indirect relations via a
specific intermediate topic support the understanding of the identified relations and, in
turn, contribute to the design of a useful experiment?

Using a user-centred design approach [17, 26, 27, 29, 75], we first consulted two
neuroscientists to determine whether exploring indirect relations via a specific inter-
mediate topic is a potentially useful user task (Sec. 4.3.1). We then asked the same two
neuroscientists to identify two representative tasks that reflect realistic neuroscience
use cases for our later evaluation (Sec. 4.3.2).

Having established, through our first research question (RQ1), that exploring in-
direct relations via specific intermediate topics is a potentially useful user task, we
need to specify and implement the functionality and visualisation required to sup-
port it. Based on input from interviews with the same two neuroscientists, we iden-
tified two functional requirements and one visual requirement for exploring indirect
relations via a specific intermediate topic (Sec. 4.3.4). We then explain our design de-
cisions to address these functional and visual requirements (Sec. 4.3.5) and implement
the Specific Intermediate Topic Explorer (Fig. 4.11 on p. 100) in our 3D AR prototype
(Sec. 4.4).

Having designed and implemented the Specific Intermediate Topic Explorer, we
need to assess the visualisation for presenting specific intermediate topics, the func-
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tionality for exploring indirect relations via a specific intermediate topic, and the use-
fulness of the user task of exploring indirect relations via a specific intermediate topic
in informing the design of an experiment. We outline the evaluation procedure for the
visualisation, functionality, and user task in Sec. 4.5.

• We first investigate the suitability of the visualisation for presenting indirect re-
lations via a specific intermediate topic. Our third research question (RQ3) is: To
what extent is the visualisation suitable for the specified functionality in present-
ing indirect relations via a specific intermediate topic? The visualisation was as-
sessed using two representative tasks with nine neuroscientists (Sec. 4.6.1).

• We then assess the usability of the implemented functionality for the user task.
Our second research question (RQ2) is: To what extent is the implemented func-
tionality useful for exploring indirect relations via a specific intermediate topic?
The nine neuroscientists who evaluated RQ3 were also asked to assess the usab-
ility of the functionality (Sec. 4.6.2).

• Our final step is to evaluate the usefulness of the user task - exploring indirect
relations via a specific intermediate topic - for designing a useful experiment
(RQ1). The same nine neuroscientists were consulted and noted that exploring
specific intermediate topics is useful for understanding indirect relations to in-
form the design of an experiment (Sec. 4.6.3).

The contributions of this work are (i) establishing that the user task of exploring indir-
ect relations via a specific intermediate topic is useful (answer to RQ1), (ii) the design
and evaluation of the enabling functionality (answer to RQ2), and (iii) the design and
evaluation of a corresponding visualisation (answer to RQ3).

4.2. Related Work

We first discuss the usefulness of topic-based literature exploration for designing a use-
ful experiment, Sec. 4.2.1. We discuss the potential of intermediate topics in indirect
relations within biomedical research tasks, such as drug target identification and bio-

Figure 4.1: The brain disease Alzheimer’s Disease (left column), co-occurs 965 times
(middle column) with the brain region Hippocampus (right column). Alzheimer’s Dis-
ease has a direct relation with Hippocampus. The elements in the figure are reused in
Fig. 4.2 on p. 83 for comparing indirect relations.
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Figure 4.2: (a) The brain diseases Depressive Disorder, Alzheimer’s Disease, and Parkin-
son Disease (left column) have direct relations with Communication Response (right
column).
(b) Communication Response (left column) has direct relations with the brain regions
Cerebellar Vermis Structure, Premotor Cortex, and Caudate Nucleus Structure (right
column).
The brain diseases Depressive Disorder, Alzheimer’s Disease, and Parkinson Disease
have indirect relations with Cerebellar Vermis Structure, Premotor Cortex and Caud-
ate Nucleus Structure via Communication Response. We know from the direct relations
shown in Fig. 4.1 on p. 82 that Alzheimer’s Disease already has direct relations with the
brain regions Premotor Cortex, and Caudate Nucleus Structure. Based on this, we con-
clude that an indirect relations exist between Alzheimer’s Disease and Cerebellar Vermis
Structure via Communication Response.

marker discovery, to inspire useful insights, Sec. 4.2.2. We then present an interactive
3D AR prototype, DatAR, that enables neuroscientists to explore direct and indirect
relations between brain regions and brain diseases, which provides an initial imple-
mentation platform for conducting this study, Sec. 4.2.3.

4.2.1. Topic-based Literature Exploration
Traditional literature search in a specific domain focuses on finding and reading indi-
vidual publications, making it difficult to gain an overview of the state of the art [47,
61]. Topic-based literature exploration provides an overview by identifying relations
between topics [3, 80]. For example, in our case, researchers can explore which brain
regions are affected by Alzheimer’s Disease without reading individual publications.
Topic-based literature exploration has the potential to yield useful insights to invest-
igate, for example, gene-disease associations. There is a relation between colorectal
cancer (CRC) and the gene EP300, which is also associated with breast cancer (BrCa),
suggesting that a better understanding of EP300 could support progress in both disease
areas [100]. In our work, neuroscientists are looking for less obvious, indirect relations
between topics [53, 71], as these may point to useful hypotheses in the literature where
a single experiment may be able to establish a direct relation between them.

4.2.2. Exploring Indirect Relations via a Specific Intermediate Topic
The ABC co-occurrence model has been demonstrated as a useful method in med-
ical tasks for exploring previously unknown links or indirect relations [79, 93]. It states
that if topic A (such as a brain disease Alzheimer’s Disease) is associated with topic B
(such as a mental process Communication Response), and B is associated with topic C
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(such as a brain region Cerebellar Vermis Structure), then topic A has an indirect rela-
tion with topic C [33]. The intermediate topic B plays a useful role in uncovering poten-
tial mechanisms underlying the relation between A and C within the context of medical
tasks [92]. For example, “neuroinflammation” has been identified as a bridging topic
between Epilepsy and Depression, helping researchers discover resistance mechanisms
and pathophysiological traits [95]. Parkinson Disease shows associations with Motor
Control, which in turn is associated with Basal Ganglia, suggesting that regulating Mo-
tor Control could be useful for understanding the connection between Parkinson Dis-
ease and Basal Ganglia [82].

Inspired by the ABC co-occurrence model, we previously used intermediate topic
types, such as genes or mental processes, to visualise which brain regions or brain dis-
eases have indirect relations with a selected brain disease or brain region (Sec. 4.2.3).
This previous study focused on visualising direct and indirect relations in a single view,
enabling neuroscientists to intuitively identify indirect relations [2].

In this study, we focus on a specific intermediate topic, such as the mental pro-
cess Communication Response, within indirect relations. Users can select an interme-
diate topic they consider potentially useful for identifying indirect relations. By de-
termining which specific intermediate topics lead to which indirect relations, neur-
oscientists can gain a better understanding of the cognitive processes and biological
mechanisms underlying the indirect relations between brain regions and brain dis-
eases. Moreover, these specific intermediate topics can provide supporting evidence
to inform the design of an experiment.

4.2.3. The 3D AR Prototype, DatAR
An interactive 3D AR prototype, DatAR, has been shown to help neuroscientists ex-
plore relations between neuroscience topics [37, 99, 108]. To explain how the pro-
totype supports this exploration, we first introduce the Knowledge Graphs of Brain
Science (KGBS), which store topic co-occurrences used in DatAR, Sec. 4.2.3. We then
describe the interactive widgets that provide DatAR’s functionalities, which together
enable users to explore direct and indirect relations between brain regions and brain
diseases. The Brain Regions Visualisation and the Brain Disease Topic Model are also
used in this study, Sec. 4.2.3.

The Knowledge Graphs of Brain Science
The Knowledge Graphs of Brain Science3 (KGBS) is a repository that contains an ana-
lysis of the sentences in the titles and abstracts of 414,224 neuroscience publications
indexed in PubMed from January 2010 to February 2022. Given the exploratory nature
of our study, this time frame provides a sufficient number of publications for identi-
fying topic co-occurrences used to find indirect relations. We use KGBS to query co-
occurrences between two topics, such as brain regions, brain diseases, genes, proteins,
mental processes, and symptoms. For example, an excerpt of co-occurrences (direct
relations) between brain diseases and brain regions is presented in Fig. 4.1 on p. 82.

3To access the Knowledge Graphs of Brain Science at https://kgbs-sparql.project.cwi.nl/, please contact
<xuboyudesign@outlook.com>.
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Two direct relations connected through an intermediate topic can reveal an indirect
relation. An example of an indirect relation between the brain disease Alzheimer’s Dis-
ease and the brain region Cerebellar Vermis Structure via the Mental Process Commu-
nication Response is illustrated in Fig. 4.2 on p. 83.

Widgets for Exploring Direct and Indirect Relations Between Topics
We describe the widgets in our 3D AR prototype for exploring direct and indirect rela-
tions relevant to this study.

• The Brain Regions Visualisation, Fig. 4.3 on p. 86, displays 274 brain regions de-
rived from the Scalable Brain Atlas4 [8]. Each sphere’s position corresponds to
the 3D coordinates of the corresponding brain region in the atlas [99].

• The Brain Disease Topic Model, Fig. 4.4 on p. 87, presents 3D visualisations of 151
brain diseases from the KGBS [99]. The spatial arrangement of any two diseases
is determined by direct relations across all topics, where closer proximity in 3D
space indicates more direct relations in the repository [99].

• The Direct Relations Explorer, Figs. 4.3 and 4.5 on pp. 86 and 88, allows users
to query the direct relations between a single brain region and multiple brain
diseases or a single brain disease and multiple brain regions.

• The Indirect Relations Explorer, Figs. 4.4 and 4.6 on pp. 87 and 89, allows users to
select an intermediate topic type, such as mental processes or genes, to identify
indirect relations between brain regions and brain diseases.

• The Direct Relations Filter, Fig. 4.7 on p. 90, allows users to filter the number
of direct relations between a single brain region and multiple brain diseases, or
between a single brain disease and multiple brain regions. Users can filter for
fewer or more direct relations by adjusting the upper and lower handles in the
visualisation.

• The Overlap Relations Explorer, Fig. 4.8 on p. 91, allows users to query topics
that have direct relations with two brain diseases, such as Anxiety Disorders and
Depressive Disorder, simultaneously. For example, brain regions, such as Hip-
pocampus, Cerebral cortex and Prefrontal cortex, have direct relations with both
Anxiety Disorders and Depressive Disorder.

The Indirect Relations Explorer widget does not support selecting specific interme-
diate topics to explore indirect relations [99, 108, 109]. In this study, we design func-
tionality and a visualisation for an intermediate topic selector to assist neuroscientists
in identifying and visualising which specific intermediate topic, such as a mental pro-
cess [99, 108, 109], reveals indirect relations between brain regions and brain diseases.
This aims to support the understanding of the underlying mechanisms behind identi-
fied indirect relations, thereby informing the design of a useful experiment.

4Scalable Brain Atlas https://scalablebrainatlas.incf.org/index.php
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Figure 4.3: A user uses the Direct Relations Explorer to explore the direct relation
between the brain disease Alzheimer’s Disease and all brain regions. Thirty-six direct
relations (pink spheres) are shown in the Brain Regions Visualisation, including two
pink spheres representing both Hippocampus brain regions. Brain regions with no dir-
ect relations to Alzheimer’s Disease are visualised as light blue spheres.
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Figure 4.4: A user uses the Indirect Relations Explorer to select the intermediate
topic type “Mental process” to explore indirect relations between the brain disease
Alzheimer’s Disease and all brain regions. Seven indirect relations (green spheres) are
shown in the Brain Regions Visualisation, including three green spheres representing
the three lobes of the brain region Cerebellar Vermis Structure. Brain regions with dir-
ect relations to Alzheimer’s Disease are visualised as pink spheres. Brain regions with
no direct or indirect relations to Alzheimer’s Disease are visualised as light blue spheres.
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Figure 4.5: A user uses the Direct Relations Explorer to explore the direct relations
between the brain region Cerebellar Vermis Structure and all brain diseases. Six dir-
ect relations (pink spheres) are shown in the Brain Disease Topic Model, including a
pink sphere representing the brain disease Depressive Disorder. Brain regions with no
direct relations to Cerebellar Vermis Structure are visualised as light blue spheres.
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Figure 4.6: A user uses the Indirect Relations Explorer to select the intermediate topic
type “Gene” to explore indirect relations between the brain region Cerebellar Vermis
Structure and all brain diseases. Twenty-six indirect relations (green spheres) are
shown in the Brain Disease Topic Model, including a green sphere representing the
brain disease Anxiety Disorders. Brain diseases with direct relations to Cerebellar Ver-
mis Structure are visualised as pink spheres. Brain diseases with no direct or indirect
relations to Cerebellar Vermis Structure are visualised as light blue spheres.
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Figure 4.7: A user uses the Direct Relations Filter to filter the number of co-occurrences
between the brain disease Alzheimer’s Disease and all brain regions. Three brain re-
gions co-occur with Alzheimer’s Disease one, two, or three times, including Cerebellar
Vermis Crus II (yellow sphere). The number of direct relations is shown using histo-
grams labelled with the exact number in the Direct Relations Filter.
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Figure 4.8: A user explores which topics have direct relations with two brain diseases,
such as Anxiety Disorders and Depressive Disorder, simultaneously. Brain regions, such
as Hippocampus, Cerebral cortex and Prefrontal cortex, have direct relations with both
Anxiety Disorders (lower left) and Depressive Disorder (lower right) simultaneously
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4.3. Method

We first establish that exploring indirect relations between two neuroscience topics
through a specific intermediate topic is a useful task for neuroscientists (Sec. 4.3.1). To
evaluate how this user task can support neuroscience research, we identify represent-
ative tasks that are both useful for neuroscientists and appropriate for our evaluation
purposes (Sec. 4.3.2). To answer our three research questions, we identify three spe-
cific evaluation criteria for the visualisation (RQ3), functionality (RQ2) and the user
task (RQ1) (Sec. 4.3.3). We then determine two functional requirements and one visual
requirement needed to support exploration of indirect relations via a specific interme-
diate topic in the 3D AR prototype (Sec. 4.3.4). We discuss the design decisions to meet
each functional and visual requirement (Sec. 4.3.5).

4.3.1. The Task of Exploring Indirect Relations via a Specific Intermedi-
ate Topic is Perceived as Useful

A neuroscientist participating in a previous study [108, 109] suggested that under-
standing the mechanics of identifying indirect relations by exploring specific inter-
mediate topics could assist in designing useful experiments. In December 2024, we
interviewed two neuroscientists (P1 and P2, Table 4.1 on p. 101) to determine whether
the user task of exploring indirect relations via a specific intermediate topic is use-
ful.

P1, a neurologist researching Alzheimer’s Disease, wanted to explore brain regions
not yet mentioned in the literature but potentially related to Alzheimer’s Disease as
a starting point for an experiment. P1 was aware that communication impairment
is a clinical manifestation of Alzheimer’s Disease [102]. They wanted to explore which
brain regions might be indirectly connected to Alzheimer’s Disease through the specific
intermediate topic Communication Response. These indirect relations, established via
a useful intermediate topic, offer a logical basis for experiment design. Providing such
specific intermediate topics serves as sufficient evidence to investigate the potential
usefulness of indirect relations.

P2, a neuroscientist interested in genetics, wanted to explore which specific gene
is involved in the indirect relations between brain regions and brain diseases. This
gene could provide neuroscientists with insights for potentially treating a certain brain
disease, such as Anxiety Disorders. Both neuroscientists, plus one from previous stud-
ies [108, 109], were interested in exploring indirect relations via a specific intermediate
topic to provide more inspiration for designing a useful experiment.

4.3.2. Determining Two Representative Tasks for Evaluation
To assess the functionality and visualisation for exploring indirect relations through
specific intermediate topics, we interviewed P1 and P2 to identify suitable represent-
ative tasks. The two representative tasks [28] should:

• be useful to neuroscience, aligning with the types of questions neuroscientists
investigate,
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• be designed to be neither too simple nor overly complex, enabling a thorough
and challenging evaluation of our visualisation and functionality,

• avoid presenting an excessive number of brain regions or diseases, as this may
overwhelm users and hinder their ability to find useful information.

Our two representative tasks were selected based on interviews with two neuroscient-
ists to ensure that users could uncover useful indirect relations without being over-
loaded. These two representative tasks were validated by neuroscientists to support
effective engagement during first-time use.

Representative Task 1 (RT1): Exploring the indirect relations between the brain
disease Alzheimer’s Disease and all brain regions, such as Cerebellar Vermis Structure,
through a mental process Communication Response

P1 researches Alzheimer’s Disease and mentioned the connection between Alzheimer’s
Disease and Communication Response in Sec. 4.3.1. P1 is interested in exploring which
brain regions have indirect relations with Alzheimer’s Disease through a specific mental
process - Communication Response, Fig. 4.9 on p. 94.

This indirect relation between Alzheimer’s Disease and Cerebellar Vermis Structure
via Communication Response involves 137 direct relations between Alzheimer’s Disease
and Communication Response, and 41 direct relations between Communication Re-
sponse and Cerebellar Vermis Structure. Without the support of our prototype, identi-
fying this indirect relation would require manually searching and screening these 178
direct relations across hundreds of papers.

Representative Task 2 (RT2): Exploring the indirect relations between the brain
region Cerebellar Vermis Structure and all brain diseases, such as Anxiety Disorders,
through a gene LITAF Gene

P2, who is interested in genetics, proposed selecting a specific gene to explore
indirect relations between brain regions and brain diseases. These indirect relations
could inspire their understanding of potentially useful genes for treating brain diseases
or influencing brain regions. During the discussion with P2, they carried out RT1 and
was drawn to the brain regions. P2 selected the brain region Cerebellar Vermis Struc-
ture, which is connected to their research, as an example to explore which brain dis-
eases have indirect relations with Cerebellar Vermis Structure through a specific gene -
LITAF Gene, Fig. 4.10 on p. 95.

This indirect relation between Cerebellar Vermis Structure and Anxiety Disorders
via LITAF Gene involves 8 direct relations between Cerebellar Vermis Structure and
LITAF Gene, and 1 direct relation between LITAF Gene and Anxiety Disorders. Without
the support of our prototype, identifying this less observed indirect relation would re-
quire manually searching and screening these 9 direct relations across numerous pub-
lications.
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Figure 4.9: A user explores the direct and indirect relations between the brain disease
Alzheimer’s Disease (upper left quadrant) and all brain regions (“BRV” lower right quad-
rant). They select the Mental Process Communication Response as the intermediate
topic in the Specific Intermediate Topic Explorer (SITE). There is an indirect relation
between Alzheimer’s Disease and the brain region Cerebellar Vermis Structure (indic-
ated by three green spheres in the Brain Regions Visualisation). This indirect relation is
identified based on (a) 137 direct relations between Alzheimer’s Disease and Commu-
nication Response, and (b) 41 direct relations between Communication Response and
Cerebellar Vermis Structure.
Thirty-five brain regions with direct relations to Alzheimer’s Disease in the Brain Re-
gions Visualisation (BRV) are visualised as pink spheres. The other 233 brain regions
with no direct or indirect relations to Alzheimer’s Disease are visualised as light blue
spheres.



4.3. Method 95

Figure 4.10: A user explores the direct and indirect relations between the brain region
Cerebellar Vermis Structure (upper left quadrant) and all brain diseases (“BDTM” lower
right quadrant). They select the Gene LITAF Gene as the intermediate topic in the
Specific Intermediate Topic Explorer (SITE). There is an indirect relation between Cere-
bellar Vermis Structure and the brain disease Anxiety Disorders (indicated by a green
sphere in the Brain Disease Topic Model). This indirect relation is identified based on
(a) 8 direct relations between Cerebellar Vermis Structure and LITAF Gene, and (b) one
direct relation between LITAF Gene and Anxiety Disorders.
Six brain diseases with direct relations to Cerebellar Vermis Structure in the Brain Dis-
ease Topic Model (BDTM) are visualised as pink spheres. The other 131 brain diseases
with no direct or indirect relations to Cerebellar Vermis Structure are visualised as light
blue spheres.

4.3.3. Identifying Evaluation Criteria for the Visualisation (RQ3), Func-
tionality (RQ2) and the User Task (RQ1)

We employ semi-structured interviews [2, 83] to assess the functionality, visualisation,
and user task, and to answer our research questions. As a qualitative research method,
semi-structured interviews combine predefined questions with the flexibility to adapt
in real time to participants’ responses. This approach supports the elicitation of tar-
geted feedback aligned with the research questions, while enabling deeper exploration
when unexpected or insightful input emerges [45].

• Suitability [104]evaluates how the designed visualisation supports the present-
ation of indirect relations via a specific intermediate topic within the AR envir-
onment (RQ3),

• Usability [40, 59] measures how the implemented functionality satisfies human-
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computer interaction requirements for exploring indirect relations via a specific
intermediate topic (RQ2),

• Usefulness [68] assesses how exploring indirect relations via a specific interme-
diate topic aids neuroscientists in designing a useful experiment (RQ1).

To enable a comparable analysis of participants’ perceptions, we utilise a 7-point Likert
scale [9, 48] to quantify responses to ten questions on the visualisation (RQ3), func-
tionality (RQ2), and the user task (RQ1). To analyse the results, we use the median, as
it provides a clearer representation of “typical user” behaviour [105].

4.3.4. Functional (RQ2) and Visual (RQ3) Requirements for Exploring In-
direct Relations via a Specific Intermediate Topic

To support the two representative tasks (Sec. 4.3.2) within the 3D AR prototype, we
need to design and implement appropriate functionality. To inform the functionality
design, we discussed potential functional requirements with P1 and P2 (Table 4.1 on
p. 101) in December 2024.

• Functional Requirement 1 (FR1): Select a specific intermediate topic

Both P1 and P2 expressed interest in manually selecting specific intermediate
topics, such as Communication Response or LITAF Gene, to investigate through
which mental processes or genes indirect relations between brain regions and
diseases are established. Starting with a specific intermediate topic enables neur-
oscientists to better understand the cognitive processes and biological mechan-
isms underlying a given indirect relation. Rather than beginning with a broad set
of indirect relations and then retrospectively identifying intermediates, P2 sug-
gested that selecting a specific and useful intermediate topic from the outset can
more effectively identify potentially useful indirect relations, which can directly
inform experimental design.

• Functional Requirement 2 (FR2): Find out the number of two direct relations
that indicate an indirect relation

P1 proposed providing the number of direct relations between (1) a selected
brain region or brain disease and a specific intermediate topic, and (2) the same
intermediate topic and a brain disease or brain region. These two direct rela-
tions indicate an indirect relation. The usefulness of an indirect relation may be
associated with how frequently these two direct relations are mentioned in the
literature. If both direct relations are frequently reported, this may suggest that
the identified indirect relation is more likely to find support in existing evidence.
Providing the number of the two direct relations that indicate an indirect rela-
tion may help neuroscientists assess its usefulness and prioritise which indirect
relations to explore further.

In the same interview with P1 and P2, Table 4.1 on p. 101, in December 2024, they sug-
gested a visual requirement for presenting indirect relations via a specific intermediate
topic.
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• Visual Requirement 1 (VR1): Present direct and indirect relations between top-
ics in a single visualisation

Both P1 and P2 expressed a preference for visualising direct and indirect rela-
tions in a single visualisation. They thought that if direct relations (represented
by pink spheres) and indirect relations (represented by green spheres) are shown
separately in different visualisations, users need to compare across views to un-
derstand their connections, which is less efficient. By visualising direct and in-
direct relations in a single visualisation, neuroscientists can intuitively identify
which topics are explored in the literature and which indirect relations serve as
potential hypotheses for designing experiments.

4.3.5. Functional and Visual Design Rationale
Having provided the functional and visual requirements (Sec. 4.3.4) for exploring in-
direct relations via a specific intermediate topic, we discuss the design decisions made
to meet the functional and visual requirements.

• Specific Intermediate Topic Explorer Functional Design (FR1)

To support the selection of a specific intermediate topic for exploring indirect
relations, we first consider the following design options:

– Select a topic type, followed by a specific intermediate topic

This design allows users to first select a topic type, such as mental processes
or genes, and then refine their selection by choosing a specific intermediate
topic within that category, such as Communication Response or LITAF Gene.

– Present a grouped list of specific intermediate topics

This design presents users with a categorised list of specific intermediate
topics, such as Communication Response, organised under a topic type,
such as mental processes. It enables users to directly identify intermedi-
ate topics across various categories for exploring indirect relations.

Designing the Specific Intermediate Topic Explorer (Fig. 4.11 on p. 100) is driven
by several reasons:

– Design the grouped specific intermediate topics lists

This study investigates specific intermediate topics to identify potentially
useful indirect relations for the design of the next neuroscience experiment.
Although the step-by-step selection design reflects that neuroscientists of-
ten specialise in different research topics and helps narrow down inter-
mediate topics, it limits the scope to familiar areas of expertise. Listing
grouped specific intermediate topics provides an intuitive overview of the
different categories of intermediate topics. This design encourages users
to explore indirect relations via intermediate topics beyond their familiar
areas. It enables the identification of potentially useful indirect relations
by selecting intermediate topics that may not have previously been con-
sidered in the user’s own topic.
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Additionally, the Direct Relations Filter (Fig. 4.7 on p. 90) in the 3D AR prototype
employs histograms to represent the number of direct relations. We preserved
this histogram layout in the design of the intermediate topics selector to visual-
ise the number of direct relations between a selected brain region (or brain dis-
ease) and an intermediate topic, such as a gene, a protein, or a mental process.
These counts of direct relations assist neuroscientists in identifying frequently
observed genes and mental processes, which may provide useful clues for un-
covering corresponding indirect relations, Fig. 4.11 on p. 100.

• Direct Relations Count List Functional Design (FR2)

The Overlap Relations Explorer (Fig. 4.8 on p. 91) in the 3D AR prototype displays
a list of intermediate topics that have direct relations with two brain diseases
simultaneously, and the corresponding number of direct relations is shown as
histograms. We retained this vertical layout of lists and histograms to design
a similar view that presents two direct relations. The left side of the list shows
pink histograms representing the number of direct relations between the selec-
ted brain region or brain disease and all brain diseases or brain regions (Direct
Relations Count List, Figs. 4.9 and 4.10 on pp. 94 and 95). The right side of the list
shows pink histograms representing the number of direct relations between the
intermediate topic and all brain diseases or brain regions (Direct Relations Count
List, Figs. 4.9 and 4.10 on pp. 94 and 95). If a brain disease or brain region does
not have direct relations with the selected brain region or brain disease, but that
brain disease or brain region has direct relations with the intermediate topic, the
corresponding histogram on the right appears in green (Direct Relations Count
List, Figs. 4.9 and 4.10 on pp. 94 and 95). This indicates that the brain disease or
brain region has an indirect relation with the selected brain region or brain dis-
ease via the intermediate topic. The name labels in the list display brain diseases
or brain regions that have direct or indirect relations with the selected brain re-
gion or brain disease. These brain diseases or brain regions are also visualised in
the 3D representation within the Brain Disease Topic Model or the Brain Regions
Visualisation.

• Present Direct and Indirect Relations in a Single Visualisation (VR1)

This study extends the existing 3D AR prototype (Sec. 4.2.3) by implementing
functionalities and corresponding visualisations that support the exploration of
indirect relations via a specific intermediate topic. To ensure visual consistency,
particularly as some participants took part in both the previous and current eval-
uations, it is useful to maintain a coherent colour scheme throughout the proto-
type. The prototype employs a colour scheme: light blue5indicates no direct and
indirect relations, pink6 represents direct relations, and green7 represents indir-
ect relations (Figs. 4.4 and 4.6 on pp. 87 and 89). We present direct and indir-
ect relations within a single visualisation by integrating the Specific Intermediate
Topic Explorer with either the Brain Disease Topic Model or the Brain Regions

5RGB: 80, 215, 230
6RGB: 255, 50, 200
7RGB: 51, 255, 51
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Visualisation (Figs. 4.9 and 4.10 on pp. 94 and 95). Upon selecting an intermedi-
ate topic (such as Communication Response), the system immediately visualises
the direct (pink spheres) and indirect (green spheres) relations between the se-
lected brain region or brain disease and all other brain diseases or brain regions.
Users can switch between intermediate topics and view the updated relations
in real time. Although the red-green colour scheme may present challenges for
colour-blind users, it remains visually effective within the AR environment.

4.4. Implementation

Given the existing widgets in the 3D AR prototype (Sec. 4.2.3), we only needed to im-
plement a single new widget for this study, the Specific Intermediate Topic Explorer
(Fig. 4.11 on p. 100), which allows users to select a specific intermediate topic to ex-
plore indirect relations. The functionality and visualisation of the Specific Intermediate
Topic Explorer8 were developed using the Optical See-Through Head-Mounted Dis-
play (OST-AR) visualisation tool, built with Unity3D9 (v2020.3.15f2) and the Microsoft
Mixed Reality Toolkit (MRTK)10 (v2.7.0). The system is deployed on the HoloLens 2, an
Augmented Reality device developed and manufactured by Microsoft.

4.5. Evaluation of Visualisation (RQ3), Functionality (RQ2),
and User Task (RQ1)

To address our three research questions, participants evaluated the visualisation and
implemented functionality through two representative tasks (Sec. 4.3.2), followed by
an assessment of the usefulness of exploring indirect relations via a specific interme-
diate topic in neuroscience literature exploration.

We describe participant recruitment in Sec. 4.5.1 and outline the evaluation pro-
cedure for the three research questions in Sec. 4.5.2. We then present the questions
posed to participants for each individual research question:

• The suitability of the visualisation in the Specific Intermediate Topic Explorer for
presenting indirect relations via a specific intermediate topic (RQ3) in Sec. 4.5.3,

• The usability of the implemented functionality for exploring indirect relations
via a specific intermediate topic (RQ2) in Sec. 4.5.4, and

• The usefulness of exploring indirect relations via a specific intermediate topic
in understanding indirect relations for designing a potentially useful experiment
(RQ1) in Sec. 4.5.5.

8The Unity-based code for exploring indirect relations via a specific intermediate topic is open-source and
available on GitHub: https://github.com/DatAR-prototype/tree/IntermediateTopics-project

9Unity3D https://unity.com/
10Microsoft Mixed Reality Toolkit (MRTK) https://learn.microsoft.com/en-us/windows/mixed-

reality/mrtk-unity/mrtk2/?view=mrtkunity-2022-05

https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/SpecificIntermediateTopics-project
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Figure 4.11: The Specific Intermediate Topic Explorer enables users to explore indirect
relations by selecting a specific intermediate topic.
(a) A participant selects a specific intermediate topic, such as Communication Re-
sponse, to explore which brain regions have indirect relations with the brain disease
Alzheimer’s Disease. Grouped lists display the specific genes, proteins, and mental pro-
cesses that have direct relations with Alzheimer’s Disease. Histograms show the num-
ber of direct relations between Alzheimer’s Disease and each gene, protein, and mental
process.
(b) A participant selects a specific intermediate topic, such as LITAF Gene, to explore
which brain diseases have indirect relations with the brain region Cerebellar Vermis
Structure. Grouped lists display the specific genes, proteins, and mental processes that
have direct relations with Cerebellar Vermis Structure. Histograms show the number of
direct relations between Cerebellar Vermis Structure and each gene, protein, and men-
tal process.
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4.5.1. Participants
Studies for problem discovery typically involve between 5 and 20 participants, since
this range balances resource constraints with the need to evaluate the usefulness of
tasks [89]. Recruiting 5 to 10 participants generally uncovers the most common prob-
lems and insights, while adding more participants beyond 15 tends to yield diminish-
ing returns, as fewer new issues emerge [89].

We recruited nine participants11 (P3-P11) from neuroscience institutes at three
universities, Table 4.1 on p. 101. Four participants (P3-P6) had previously taken part
in an earlier study [109], while the remaining five (P7-P11) were newly recruited. While
new participants provide fresh perspectives, returning participants can provide com-
parative feedback on earlier versions. Participants’ academic backgrounds, familiar-
ity with AR, and experience in literature exploration are summarised in Table 4.1 on
p. 101. Eight participants were familiar with or professional in neuroscience literature
exploration (P3-P10). Four participants (P3-P6) reported having some understanding
of AR and prior experience using the AR headset, the remaining five participants (P7-
P11) had no prior knowledge or experience with AR. All 9 participants had normal or
corrected-to-normal vision and were not colour-blind.

Table 4.1: Backgrounds of participants and studies they participated in. P1-P2 assisted
in identifying the useful user task used in this study (Sec. 4.3.1), determining two rep-
resentative tasks for evaluation (Sec. 4.3.2) and determining the functional and visual
requirements (Sec. 4.3.4). Nine participants (P3-P11) carried out the two representative
tasks to evaluate the suitability of the corresponding visualisation (RQ3), the usability
of the functionality (RQ2), and the usefulness of the user task of exploring indirect re-
lations via a specific intermediate topic (RQ1).

Participant
Numbers

Research Top-
ics

Studies Particip-
ated in

Academic
Qualifica-
tions

Knowledge and
experience in
AR technology

Experience
in Literat-
ure Explor-
ation

P1 Neurology,
in particular,
Alzheimer’s
Disease

Identify the user
task of exploring
indirect relations
via specific inter-
mediate topics
(Sec. 4.3.1); De-
termine two rep-
resentative tasks
(Sec. 4.3.2); De-
termine functional
and visual require-
ments (Sec. 4.3.4)

PhD stu-
dent (first
year)

None Familiar
with lit-
erature
exploration

11Seven participants provided responses in Chinese, the other four participants responded in English. The
first author translated the Chinese responses into English for analysis and reporting. The original Chinese
transcripts are available upon request.
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P2 Neurobiology Identify the user
task of exploring
indirect relations
via specific inter-
mediate topics
(Sec. 4.3.1); De-
termine two rep-
resentative tasks
(Sec. 4.3.2); De-
termine functional
and visual require-
ments (Sec. 4.3.4)

PhD
student
(second
year)

None Familiar
with lit-
erature
exploration

P3 Neurology, in
particular, Epi-
lepsy disorders

Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD stu-
dent
(fourth
year)

Some know-
ledge of AR;
Some exper-
ience in the
AR headset
(attended a
previous study
on exploring
indirect rela-
tions in October
2022 [109])

Professional
in literature
exploration

P4 Neurology, in
particular, Epi-
lepsy disorders

Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD stu-
dent
(fourth
year)

Some know-
ledge of AR;
Some exper-
ience in the
AR headset
(attended a
previous study
on exploring
indirect rela-
tions in October
2022 [109])

Familiar
with lit-
erature
exploration

P5 Neuroscience,
Experimental
Psychology,
Cognitive Psy-
chology

Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD
student
(second
year)

Some know-
ledge of AR;
Some exper-
ience in the
AR headset
(attended a
previous study
on exploring
indirect rela-
tions in October
2022 [109])

Professional
in literature
exploration

P6 Clinical Neur-
oscience

Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD stu-
dent (third
year)

Some know-
ledge of AR;
Some exper-
ience in the
AR headset
(attended a
previous study
on exploring
indirect rela-
tions in October
2022 [109])

Familiar
with lit-
erature
exploration
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P7 Neuroscience Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD stu-
dent (first
year)

None Familiar
with lit-
erature
exploration

P8 Neuroscience Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD stu-
dent (first
year)

None Familiar
with lit-
erature
exploration

P9 Neurobiology Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD stu-
dent (first
year)

None Familiar
with lit-
erature
exploration

P10 Neurology,
in particular,
Depressive Dis-
order, Relapse,
Cognitive In-
tervention, and
the mechan-
isms under-
lying these
interventions

Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD
student
(second
year)

None Familiar
with lit-
erature
exploration

P11 Neurology Evaluate the indir-
ect relations via a
specific intermedi-
ate topic (Sec. 4.5)

PhD stu-
dent (first
year)

None Little experi-
ence in liter-
ature explor-
ation

4.5.2. Procedure
Each evaluation session lasted approximately 60 minutes and was conducted in March
and April 2025. The procedure was as follows:

1. We collected background information from participants, including their research
fields, academic qualifications, familiarity with AR, and experience in literature
exploration (Table 4.1 on p. 101). All participants signed an informed consent
form (Appendix C on p. 139). Age and gender were not collected, as they are not
relevant to this study [11].

2. We introduced the goal of the evaluation session, which was to identify poten-
tially useful indirect relations via a specific intermediate topic, and explained the
process of exploring indirect relations between brain regions and brain diseases
through a specific intermediate topic (Appendix C on p. 141).

3. Participants wore the AR headset (HoloLens 2). New participants (P7-P11) were
given approximately 10 minutes to practise basic AR interactions, such as grabbing,
dragging, and rotating 3D objects, using the Brain Regions Visualisation. Parti-
cipants who had participated in an earlier study (P3-P6) proceeded directly to
the two representative tasks.

4. Participants performed the two representative tasks (Sec. 4.3.2) using the Specific
Intermediate Topic Explorer to explore indirect relations between brain regions
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and brain diseases via a specific mental process or gene (see Figs. 4.9 and 4.2 on
pp. 94 and 95).

5. • A. While performing the tasks, participants evaluated:

– the suitability of the visualisation designed for presenting indirect re-
lations via a specific intermediate topic (RQ3) (Sec. 4.5.3),

– the usability of the functionality developed for exploring indirect rela-
tions via a specific intermediate topic (RQ2) (Sec. 4.5.4), and

– the usefulness of exploring indirect relations via specific intermediate
topics for designing a useful experiment (RQ1) (Sec. 4.5.5).

• B. After completing the two representative tasks (approximately 40 minutes),
participants were invited to select brain regions or brain diseases of per-
sonal interest and explore related direct and indirect relations via specific
intermediate topics using the interactive AR prototype during an additional
15-minute session.

Participants responded to 18 semi-structured interview questions (IQs) (listed in
Secs. 4.5.3, 4.5.4 and 4.5.5) while performing the tasks using the 3D AR proto-
type. Participants were encouraged to verbalise their thoughts to help the exper-
imenter understand their problem-solving process [31, 49].

6. Participants were asked to rate the suitability of the visualisation, the usability of
the functionality, and the usefulness of the user task by responding to ten ques-
tions (listed in Secs. 4.5.3, 4.5.4 and 4.5.5) using a 7-point Likert scale [48, 74] ran-
ging from Worst Imaginable to Best Imaginable (Worst Imaginable, Awful, Poor,
OK, Good, Excellent, Best Imaginable).

4.5.3. Questions for the Suitability of Visualisation for Presenting Indir-
ect Relations via a Specific Intermediate Topic (RQ3)

Participants answered ten semi-structured interview questions to evaluate the suit-
ability of the Specific Intermediate Topic Explorer for presenting indirect relations via
a specific intermediate topic while performing two representative tasks in the 3D AR
prototype (IQ1-IQ10, Table 4.2 on p. 105). They were then asked to quantify their re-
sponses regarding the suitability of the visualisation by answering two questions using
a 7-point Likert scale (Q1 and Q2, Table 4.2 on p. 105).

4.5.4. Questions for the Usability of Functionality for Exploring the In-
direct Relations via a Specific Intermediate Topic (RQ2)

Participants answered three semi-structured interview questions to evaluate the us-
ability of the Specific Intermediate Topic Explorer for exploring indirect relations via
a specific intermediate topic while performing two representative tasks in the 3D AR
prototype (IQ11-IQ13, Table 4.3 on p. 106). They were then asked to quantify their re-
sponses on the usability of the functionality designed for exploring indirect relations
via a specific intermediate topic by answering three questions using a 7-point Likert
scale (Q3-Q5, Table 4.3 on p. 106).
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Table 4.2: Ten semi-structured interview questions and two 7-point Likert scale ques-
tions for assessing the suitability of the visualisation for presenting indirect relations
via a specific intermediate topic (RQ3).

IQs Ten Semi-Structured Interview Questions to Assess the Suitability of Visualisation (RQ3)

IQ1 To what extent are the names of the brain regions readable to you?

IQ2 What are the full names of the brain regions described as Cb_Vermis and Amyg_L?

IQ3 Do you think the 3D positions of Cb_Vermis and Amyg_L are logically aligned with their
actual anatomical locations in the human brain?

IQ4 To what extent are the names of the brain diseases readable to you?

IQ5 Can you locate the brain disease Depressive Disorder?

IQ6 Do you think the 3D positions of Cb_Vermis and Amyg_L are logically aligned with their
actual anatomical locations in the human brain?

IQ7 Do you find the visualisation of presenting the specific intermediate topics suitable? Please
comment on the colour and layout.

IQ8 Are the lists of intermediate topics for selection and the histogram of co-occurrence num-
bers suitable?

IQ9 Do you have any suggestions for improving the visualisation of the Specific Intermediate
Topic Explorer?

IQ10 To what extent do you find the visualised direct and indirect relations, via a specific inter-
mediate topic, clear and understandable?

Qs Two Questions Using a 7-Point Likert Scale to Assess the Suitability of Visualisation
(RQ3)

Q1 How would you rate the visual representations in the Specific Topic Intermediate Explorer?

Q2 How clear and understandable do you find the visualisations for presenting direct and in-
direct relations via a specific intermediate topic?

4.5.5. Questions for the Usefulness of Exploring Indirect Relations via a
Specific Intermediate Topic (RQ1)

Participants answered five semi-structured interview questions to evaluate the use-
fulness of exploring indirect relations via a specific intermediate topic for informing
the design of a useful experiment (IQ14-IQ18, Table 4.4 on p. 107). They then quan-
tified their opinions by answering five questions using a 7-point Likert scale (Q6-Q10,
Table 4.4 on p. 107).

4.6. Results

In the following sub-sections, we report the results that address our three research
questions: the suitability of the Specific Intermediate Topic Explorer visualisation (RQ3)
in Sec. 4.6.1, the usability of the Specific Intermediate Topic Explorer functionality (RQ2)
in Sec. 4.6.2, and the usefulness of the user task of exploring indirect relations via a spe-
cific intermediate topic in neuroscience literature exploration (RQ1) in Sec. 4.6.3.
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Table 4.3: Three semi-structured interview questions and three 7-point Likert scale
questions for assessing the usability of the functionality for exploring indirect relations
via a specific intermediate topic (RQ2).

IQs Three Semi-Structured Interview Questions to Assess the Usability of Functionality
(RQ2)

IQ11 To what extent is the interaction procedure for exploring indirect relations via a specific
intermediate topic clear and understandable?

IQ12 How do you think the functionality of the Specific Intermediate Topic Explorer contributes
to understanding the relations between topics in literature exploration?

IQ13 Do you have any suggestions for improving the functionality of the Specific Intermediate
Topic Explorer?

Qs Three Questions Using a 7-Point Likert Scale to Assess the Usability of Functionality
(RQ2)

Q3 How understandable do you find the navigation of the Specific Intermediate Topic Explorer
functionality?

Q4 How would you rate the usability of the Specific Intermediate Topic Explorer functionality
for exploring indirect relations via a specific intermediate topic?

Q5 How willing are you to use the designed functionalities to explore indirect relations via a
specific intermediate topic?

4.6.1. The Suitability of the Specific Intermediate Topic Explorer Visual-
isation for Presenting Indirect Relations via a Specific Intermedi-
ate Topic (RQ3)

In response to the questionnaire assessing the usability of the Specific Intermediate
Topic Explorer visualisation described in Sec. 4.5.3, all nine participants stated that
the Specific Intermediate Topic Explorer visualisation is suitable for presenting indirect
relations through specific intermediate genes, proteins, and mental processes (Q1 in
Fig. 4.12 on p. 108). The median rating for the Specific Intermediate Topic Explorer visu-
alisation is Good, with responses ranging from OK to Best Imaginable (Q1 in Fig. 4.12
on p. 108).

All nine participants found that showing direct and indirect relations in a single
visualisation of the Brain Regions Visualisation or the Brain Disease Topic Model is
clear and understandable (Q2 in Fig. 4.12 on p. 108). The median rating for present-
ing direct and indirect relations between topics is Excellent, with responses ranging
from Good to Excellent (Q2 in Fig. 4.12 on p. 108). P5 remarked (in response to IQ10,
Table 4.2 on p. 105), “The visualisations for direct and indirect relations could be dis-
tinguished clearly and understandably in the Topic Model and the Brain Regions Visu-
alisation through colours, with pink spheres for direct relations and green spheres for
indirect relations.”

Detailed results for the visual representations, such as layout and colour, in the
Specific Intermediate Topic Explorer are as follows:



4.6. Results 107

Table 4.4: Five semi-structured interview questions and five 7-point Likert scale ques-
tions for assessing the usefulness of exploring indirect relations via a specific interme-
diate topic for informing the design of a useful experiment (RQ1).

IQs Five Semi-Structured Interview Questions to Assess the Usefulness of the User Task
(RQ1)

IQ14 Are there any other indirect relations related to Alzheimer’s Disease that you find useful?

IQ15 Are there any other indirect relations related to Cerebellar Vermis Structure that you find
useful?

IQ16 To what extent do you think exploring indirect relations via a specific intermediate topic is
worthwhile for literature exploration?

IQ17 Can you share some potentially useful results of indirect relations that you discovered using
the designed Specific Intermediate Topic Explorer?

IQ18 What other information would you like to explore further?

Qs Five Questions Using a 7-Point Likert Scale to Assess the Usefulness of the User Task
(RQ1)

Q6 How would you rate the usefulness of exploring indirect relations via a specific intermedi-
ate topic for designing a useful experiment?

Q7 How would you rate the usefulness of an indirect relation between the brain disease
Alzheimer’s Disease and the brain region Cerebellar Vermis Structure via Communication
Response?

Q8 How would you rate the usefulness of an indirect relation between the brain region Cere-
bellar Vermis Structure and the brain disease Anxiety Disorders via LITAF Gene?

Q9 How would you rate your willingness to use the 3D AR prototype in your daily literature
exploration?

Q10 How would you rate your willingness to recommend the 3D AR prototype to your col-
leagues?

• A grouped list of specific intermediate topics

All nine participants agreed that separating intermediate topics into three lists
- genes, proteins, and mental processes - is a suitable approach for selecting an
intermediate topic (in response to IQ8, Table 4.2 on p. 105). P3 remarked, “I am
interested in cognition (in the mental processes) and also in genes, so it is very
easy for me to select a mental process like Communication Response to invest-
igate the indirect relations, and I could also switch to selecting a specific gene,
such as BACE1 Gene, to explore indirect relations.” P7 stated, “Showing specific
genes, proteins, and mental processes simultaneously gives me the chance to
try some intermediate topics that are not familiar in my research, but could still
reveal useful indirect relations.”

Seven participants found that the vertical layout of the specific intermediate top-
ics was suitable and aligned with their methods of browsing information (in re-
sponse to IQ7, Table 4.2 on p. 105). P4 commented, “I am used to vertical lists
when browsing menus, so it feels natural to navigate this vertical layout.” How-
ever, two participants pointed out limitations when the lists became too long and
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exceeded the visible area. They noted that without scroll bars or page navigation
buttons, it became difficult to access specific topics located further down the
list. As P11 stated, “I cannot see the full list easily. If there were scrolling or a way
to page down, it would be better.” P8 suggested that horizontally arranged lists
could help users view the full set of topics more easily and avoid overwhelming
them with overly long vertical lists.

• Histograms of the number of direct relations

All nine participants thought that using histograms to display the co-occurrence
numbers of direct relations between the selected brain disease or brain region
and specific genes, proteins, and mental processes was suitable (in response to
IQ8, Table 4.2 on p. 105). P4 remarked, “The list of genes, proteins, and mental
processes is ordered by the number of co-occurrences with the selected brain
disease or brain region, from highest to lowest, which is helpful. I am more in-
terested in selecting an intermediate topic, such as a gene with a higher number
of co-occurrences with Alzheimer’s Disease, to explore indirect relations between
Alzheimer’s Disease and brain regions via that gene.” P4 reported that selecting
intermediate topics with higher co-occurrence counts increases the possibility
of finding an indirect relation.

• Use of colours in the histograms of the Specific Intermediate Topic Explorer

All nine participants found that the use of pink in the histograms of the Spe-
cific Intermediate Topic Explorer was suitable, as it indicated the direct relations
between the selected brain region or brain disease and specific genes, proteins,
and mental processes (in response to IQ7, Table 4.2 on p. 105). The colour scheme
of the histograms is consistent with the existing 3D AR prototype (Figs. 4.4 and 4.6
on pp. 87 and 89), which uses two distinctive colours to represent direct and in-
direct relations: pink for direct relations and green for indirect relations.

Regarding the histogram display for two direct relations (Direct Relations Count
List, Figs. 4.9 and 4.10 on pp. 94 and 95), P5 reported that using only the green
histogram is not enough to highlight the indirect relations; it would be better to
change the background of the name labels to green to emphasise the indirect
relations (Direct Relations Count List, Figs. 4.9 and 4.10 on pp. 94 and 95).

Figure 4.12: The distribution of all nine participants’ attitudes toward the Specific In-
termediate Topic Explorer visualisation.
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Figure 4.13: The distribution of all nine participants’ attitudes toward the Specific In-
termediate Topic Explorer functionality.

4.6.2. The Usability of the Specific Intermediate Topic Explorer Function-
ality for Exploring Indirect Relations via a Specific Intermediate
Topic (RQ2)

In response to the questionnaire assessing the usability of the Specific Intermediate
Topic Explorer functionality described in Sec. 4.5.4, all nine participants reported that
the functionality of selecting a specific intermediate topic in the Specific Intermediate
Topic Explorer is understandable (Q3 in Fig. 4.13 on p. 109). The median rating for the
understandability of navigating the Specific Intermediate Topic Explorer is Good, with
responses ranging from OK to Best Imaginable (Q3 in Fig. 4.13 on p. 109). All nine par-
ticipants stated that the Specific Intermediate Topic Explorer functionality is useful for
exploring indirect relations via a specific intermediate gene, protein, and mental pro-
cess (Q4 in Fig. 4.13 on p. 109). The median rating for the Specific Intermediate Topic
Explorer functionality is Good, with responses ranging from Good to Best Imaginable
(Q4 in Fig. 4.13 on p. 109). All nine participants expressed willingness to use the de-
signed functionality to explore indirect relations via specific intermediate topics (Q5 in
Fig. 4.13 on p. 109). The median rating for willingness to use the Specific Intermediate
Topic Explorer to explore indirect relations is Excellent, with responses ranging from
Good to Best Imaginable (Q5 in Fig. 4.13 on p. 109).

The assessments for the Specific Intermediate Topic Explorer functionality in the
context of exploring indirect relations are as follows:

• Understanding the relations between topics in literature exploration using the
Specific Intermediate Topic Explorer

All nine participants reported that the Specific Intermediate Topic Explorer con-
tributes to understanding the relations between topics in literature exploration
(in response to IQ12, Table 4.3 on p. 106). P8 stated, “Normally, I always search
for publications by keywords and focus on individual publications. Exploring
direct and indirect relations between brain regions and brain diseases provides a
new method for understanding many publications. It is very useful for me to gain
an overview of neuroscience, and the indirect relations are particularly help-
ful in identifying potentially useful topics to begin research (as a first-year PhD
student). Specific intermediate topics are valuable for initially judging whether
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the identified indirect relations make sense in terms of basic biological mech-
anisms.” P4 noted, “This work, highlighting the specific intermediate topics in
indirect relations, is a really useful extension of the previous study. By under-
standing specific intermediate topics, such as a particular gene finding indirect
relations, we can provide credible evidence to link the treatment of certain dis-
eases to regulating some indirect brain regions.”

• Interaction procedure of the Specific Intermediate Topic Explorer in the con-
text of exploring indirect relations

All nine participants reported that the interaction procedure, using the Specific
Intermediate Topic Explorer to explore indirect relations via specific interme-
diate topics, was clear and understandable (in response to IQ11, Table 4.3 on
p. 106). Seven participants were able to describe the step-by-step process of ex-
ploring indirect relations via specific intermediate topics. For example, P7 said,
“I select the brain disease Alzheimer’s Disease and explore which proteins, genes,
and mental processes have direct relations with Alzheimer’s Disease first. I can
see these genes, proteins, and mental processes, along with their co-occurrence
numbers with Alzheimer’s Disease. I am interested in the particular mental pro-
cess Social Role, select it as the intermediate topic, and explore which brain re-
gions have indirect relations with Alzheimer’s Disease via Social Role.” Two parti-
cipants, who were using the 3D AR prototype for the first time, mentioned that
while they understood the logic of finding indirect relations between brain re-
gions and brain diseases via a mental process, they still needed reminders from
the experimenter when recalling the interaction process for completing repres-
entative tasks. Three participants suggested the development of a tutorial to help
users better understand the operation of the functionalities and reduce the as-
sistance of the experimenter during the evaluation session (in response to IQ 13,
Table 4.3 on p. 106). The tutorial would ideally serve as a foundational resource,
enabling users to efficiently utilise the prototype to explore direct and indirect
relations between topics with confidence during their daily literature explora-
tion.

4.6.3. The Usefulness of Exploring Indirect Relations via a Specific Inter-
mediate Topic (RQ1)

Our main goal is to evaluate whether exploring indirect relations via a specific interme-
diate topic (RQ1) provides useful information to support experimental design, and not
specifically on developing the prototype to investigate this. The implemented func-
tionality (RQ2) and visualisation (RQ3) are developed to provide support for the user
task.

In response to the questionnaire assessing the usefulness of exploring indirect re-
lations between topics described in Sec. 4.5.5, all nine participants reported that ex-
ploring indirect relations via a specific intermediate topic is a useful task for identi-
fying indirect relations that can support the design of a potentially useful experiment
(Q6 in Fig. 4.14 on p. 111). The median rating for the usefulness of the user task is Ex-
cellent, with responses ranging from OK to Best Imaginable (Q6 in Fig. 4.14 on p. 111).
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Eight participants reported their willingness to apply the designed visualisations and
functionalities in the 3D AR prototype to support their daily literature exploration tasks
(Q9 in Fig. 4.14 on p. 111). The median rating for willingness is Good, with responses
ranging from OK to Best Imaginable (Q9 in Fig. 4.14 on p. 111). All nine participants
indicated that they would recommend the 3D AR prototype to their colleagues (Q10
in Fig. 4.14 on p. 111). The median rating for recommendation is Excellent, with re-
sponses ranging from Good to Best Imaginable (Q10 in Fig. 4.14 on p. 111).

Figure 4.14: The distribution of all nine participants’ attitudes toward the usefulness of
exploring indirect relations via a specific intermediate topic.

• Usefulness of exploring the indirect relation between the brain disease Alzhei-
mer’s Disease and the brain region Cerebellar Vermis Structure via Communic-
ation Response (Representative Task 1)

Six participants found the indirect relation between Alzheimer’s Disease and Cere-
bellar Vermis Structure via Communication Response useful for their research (Q7
in Fig. 4.14 on p. 111). The median rating for the usefulness of this representative
task is Good, with responses ranging from OK to Best Imaginable (Q7 in Fig. 4.14
on p. 111). P3 commented, “In my knowledge, the cerebellum controls balance.
Discovering an indirect relation between Alzheimer’s Disease and Cerebellar Ver-
mis Structure via Communication Response inspires my curiosity about Cerebel-
lar Vermis Structure and motivates me to explore the specific functions of this
brain region.”

– Choose another specific intermediate topic to explore the indirect rela-
tions between the brain disease Alzheimer’s Disease and brain regions

P10 noted (in response to IQ14, Table 4.4 on p. 107), “I found that MAPT wt
Allele has the highest number of co-occurrences with Alzheimer’s Disease
in the gene topic. I selected MAPT wt Allele as an intermediate topic to ex-
plore indirect relations between Alzheimer’s Disease and all brain regions,
and discovered that Cerebellar Vermis Structure also has an indirect relation
with Alzheimer’s Disease via MAPT wt Allele. This means that at least two
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intermediate topics (Communication Response and MAPT wt Allele) could
link the indirect relation between Alzheimer’s Disease and Cerebellar Vermis
Structure. Finding repeated indirect relations through different intermedi-
ate topics increases the credibility of the indirect relation.”

• Usefulness of exploring the indirect relation between the brain region Cere-
bellar Vermis Structure and the brain disease Anxiety Disorders via LITAF Gene
(Representative Task 2)

All nine participants found the indirect relation between Cerebellar Vermis Struc-
ture and Anxiety Disorders via LITAF Gene useful for their research (Q8 in Fig. 4.14
on p. 111). The median rating for the usefulness of this representative task is Ex-
cellent, with responses ranging from Good to Best Imaginable (Q8 in Fig. 4.14 on
p. 111). P5 reported, “In the Topic Model, I could find a direct relation between
Cerebellar Vermis Structure and Depressive Disorder. I observe that Anxiety Dis-
orders is positioned close to Depressive Disorder, which makes sense to me given
the similarity in their meanings and matches my knowledge. However, Anxiety
Disorders has an indirect relation with Cerebellar Vermis Structure. This inspired
my interest, as two similar diseases show different types of relations - one direct
and one indirect - prompting me to explore the indirect relation further.”

– Choose another specific intermediate topic to explore the indirect rela-
tions between the brain region Cerebellar Vermis Structure and brain dis-
eases

P3 notes (in response to IQ15, Table 4.4 on p. 107), “I select Eye Movements
as an intermediate topic to explore indirect relations between Cerebellar
Vermis Structure and all brain diseases. The brain disease list inspires me.
I can read through the diseases, observe on the left side the co-occurrence
count between Cerebellar Vermis Structure and each brain disease, and on
the right side, find the co-occurrences between Eye Movements and each
brain disease. The green histogram on the right helps me identify indirect
relations directly. I find that Miller-Fisher Syndrome has an indirect relation
with the Cerebellar Vermis Structure via Eye Movements, which is useful for
my research. I have written a publication on Miller-Fisher Syndrome and
know it is related to eye movements. Currently, I could find an indirect
relation between Miller-Fisher Syndrome and the Cerebellar Vermis Struc-
ture via Eye Movements, which could provide new insight into regulating
the Cerebellar Vermis Structure for the disease treatment.

• Three additional potentially useful hypotheses via the Specific Intermediate
Topic Explorer

Three participants shared three potentially useful hypotheses through the Spe-
cific Intermediate Topic Explorer (in response to IQ17, Table 4.4 on p. 107).

– Finding repeatedly identified indirect relations

P10 reported, “I am interested in exploring Anxiety Disorders. I select Stress
as an intermediate topic to find the indirect relations between the CA1 field
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of Hippocampus and Anxiety Disorders. I then select Fear as another inter-
mediate topic and find that the CA1 field of Hippocampus also has indirect
relations with Anxiety Disorders. The repeated identification of an indirect
relation between CA1 field of Hippocampus and Anxiety Disorders catches
my attention, suggesting that there may be a useful and overlooked con-
nection between CA1 field and Anxiety Disorders.”

– Finding similar brain diseases with different relation types

P11 noted, “I want to explore which brain diseases have indirect relations
with the brain region Thalamic Structure. I select CAT Gene as the interme-
diate topic and find an indirect relation between Thalamic Structure and
the brain disease Spastic Syndrome. I observe that diseases, such as Motor
Disorder and Dystonia Disorders, are located near Spastic Syndrome in the
Topic Model and have direct relations with Thalamic Structure. Therefore,
the indirect relation between Thalamic Structure and Spastic Syndrome may
become a direct relation in the future.”

– Finding specific brain regions in the same grouped brain region with dif-
ferent relation types

P7 pointed out, “I hope to find insights on exploring which brain regions
have indirect relations with Parkinson Disease to expand my knowledge. I
select Behavior, a common topic connected to Parkinson Disease, and dis-
cover an indirect relation between Parkinson Disease and Intralaminar Par-
afascicular Thalamus via Behavior. While observing this, I note that Sub-
thalamic Nucleus, Olfactory Thalamus, and Pre-motor Thalamus all have
direct relations with Parkinson Disease. Since the Intralaminar Parafas-
cicular Thalamus is part of Thalamus, it may indeed have potentially useful
relations with Parkinson Disease, which could be a useful direction for fur-
ther investigation.”

4.7. Discussion

We discuss reflections on the Specific Intermediate Topic Explorer visualisation (Sec. 4.7.1),
the Specific Intermediate Topic Explorer functionality (Sec. 4.7.2), and the user task of
exploring indirect relations via a specific intermediate topic (Sec. 4.7.3).

4.7.1. Reflections on the Specific Intermediate Topic Explorer Visualisa-
tion (RQ3)

The Specific Intermediate Topic Explorer visualisation is suitable for presenting indirect
relations via a specific intermediate topic, as indicated by the positive responses from
all nine participants (Sec. 4.6.1).

The suitability of the Specific Intermediate Topic Explorer visualisation is demon-
strated through the following aspects:

1. The clear differentiation of relation types using colour (pink for direct and green
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for indirect) within a single visualisation enables neuroscientists to intuitively
distinguish which connections are explored in the literature and which are indir-
ect (Figs. 4.9 and 4.10 on pp. 94 and 95).

2. The grouped list of specific intermediate topics helps neuroscientists select a
gene, protein, or mental process beyond their familiar topics. Such cross-topic
selection can help reveal potentially overlooked indirect relations (Fig. 4.11 on
p. 100).

3. The use of histograms to display the number of direct relations assists neur-
oscientists in selecting intermediate topics with higher direct relation counts,
which increases the possibility of discovering an indirect relation (Fig. 4.11 on
p. 100).

While the results clearly indicate that the visualisation is suitable, the readability of
long lists of intermediate topics in the AR environment remains a concern. Given that
the lists of specific intermediate topics (genes, proteins, and mental processes) could
exceed the users’ view in the AR environment (Sec. 4.6.1), a potential solution would be
to add scroll bars or page navigation buttons to the three intermediate topics lists. This
improvement would enable users to navigate longer lists more easily, ensuring that all
intermediate topics remain accessible even when the lists extend beyond the visible
area. A horizontal layout could also be considered to compare which arrangement,
vertical or horizontal, better supports users in selecting a topic from the list within the
AR environment.

Additionally, given that the Brain Regions Visualisation currently displays 3D brain
structures through multiple spheres, such as three spheres representing Cerebellar Ver-
mis Structure (Fig. 4.9 on p. 94), participants indicated that they could only understand
the 3D brain region structures by reading the short names of brain regions and rely-
ing on their own knowledge. Participants suggested adding a grouped brain regions
visualisation. Grouping brain regions using anatomical categories could improve the
clarity of the 3D brain visualisation and facilitate a better understanding of the spatial
representation of 3D brain structures.

4.7.2. Reflections on the Specific Intermediate Topic Explorer Function-
ality (RQ2)

The Specific Intermediate Topic Explorer functionality is usable for exploring indirect
relations via a specific intermediate topic, as indicated by the positive responses from
all nine participants (Sec. 4.6.2). The usability of the Specific Intermediate Topic Ex-
plorer functionality is demonstrated through the following aspects:

1. The functionality to select a specific intermediate topic helps neuroscientists
preliminarily determine whether they can find a useful indirect relation that aligns
with basic biological mechanisms.

2. The interaction procedure for exploring indirect relations via a specific interme-
diate topic is understood by neuroscientists, who were able to clearly describe
the step-by-step exploration process. This indicates that the functionality aligns
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with neuroscientists’ mental model of identifying indirect relations through a
specific intermediate topic.

3. The willingness of neuroscientists to use the Specific Intermediate Topic Explorer
in their research suggests that it provides a practical functionality for identifying
potentially useful indirect relations.

Additionally, the number of both sets of direct relations (indicating an indirect relation)
may help neuroscientists identify the priority of the usefulness of identified indirect re-
lations, participants suggested separating the Direct Relations Count List from the Spe-
cific Intermediate Topic Explorer12. Due to the limited field of view in the AR environ-
ment and the need to avoid overwhelming users with excess information, making the
Direct Relations Count List (Figs. 4.9 and 4.10 on pp. 94 and 95) a standalone function-
ality allows users to focus on one set of information at a time. This approach enables
participants to first select a potentially useful specific intermediate topic for identifying
indirect relations, and then review the count of both sets of direct relations associated
with the intermediate topic to further determine which indirect relation could be used
to inform the design of an experiment.

4.7.3. Reflections on Exploring Indirect Relations via a Specific Interme-
diate Topic (RQ1)

Exploring indirect relations via a specific intermediate topic is useful for identifying
indirect relations that can support the design of a potentially useful experiment, as in-
dicated by the positive responses from all nine participants (Sec. 4.6.3). Neuroscience
participants identified two additional hypotheses related to representative tasks and
three further hypotheses, making a total of five new hypotheses that could potentially
inform the design of useful experiments (reported in Sec. 4.6.3). We highlight two novel
exploration methods based on our results:

1. Specific intermediate topics are perceived as helpful for understanding the un-
derlying mechanisms of indirect relations. By focusing on the intermediate top-
ics, participants can more effectively assess whether the identified indirect re-
lations are relevant and useful to their specific research questions. For example,
the LITAF Gene is the bridge between the brain region Cerebellar Vermis Structure
and the brain disease Anxiety Disorders (Sec. 4.6.3). Conducting gene-focused
experiments can help understand how certain genetic markers may influence
these less obvious connections.

2. Cross-topic selection of an intermediate topic provides inspiration for experi-
mental design. Neuroscientists found it useful when an indirect relation could
be identified via more than one intermediate topic, especially when those inter-
mediate topics spanned different types. For example, one neuroscientist noted
that the same indirect relation could be discovered via either a gene or a mental
process (Sec. 4.6.3). While they typically focus on genes as experimental vari-
ables, the appearance of a mental process as an alternative pathway inspired

12We explored the usefulness of direct relation counts for neuroscientists in literature exploration tasks in a
bachelor’s thesis.
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them to consider incorporating it into their experiment. Identifying intermedi-
ate topics across different topic types enables researchers to potentially uncover
additional experimental variables.

4.8. Limitations

The current Knowledge Graph of Brain Science (KGBS) analyses co-occurrences between
neuroscience topics in publications from January 1, 2010, to February 3, 2022 (Sec. 4.2.3).
This analysis supports our exploratory studies. To enhance its utility for real neuros-
cience tasks, we would need to update the repository with recent literature.

Additionally, we received useful comments on the user interface design of the 3D
AR prototype during evaluation, including suggestions to:

• present full names of brain regions to avoid misunderstandings caused by the
current use of short names.

• filter the presentation of topic names to address the problem of occlusion.

The goal of our work is to understand the potential benefits that exploring indirect rela-
tions via a specific intermediate topic may have for neuroscientists. After this has been
established through early design work such as this, the next step should be to improve
the user interface design and clean the underlying data to better support neuroscient-
ists’ literature exploration needs.

4.9. Conclusions and Future Work

The user task of exploring indirect relations via a specific intermediate gene, protein,
or mental process helps neuroscientists understand the underlying biological and cog-
nitive mechanisms used to identify these indirect relations, enabling them to evaluate
whether the identified indirect relations are useful and worthy of further investigation.
This process, in turn, informs the design of potentially useful experiments (Sec. 4.6.3).
A direction for future work is to assess the usefulness of the 3D AR prototype in the con-
text of daily neuroscience literature research by closely following the research interests
of a neuroscientist and incorporating their feedback and experiences to refine the pro-
totype’s functionalities and visualisations. By systematically observing their daily use
of the 3D AR prototype for literature exploration, its effectiveness in supporting the
identification of potentially useful experiments can be evaluated. This approach will
ensure that our topic-based literature exploration tasks remain closely aligned with the
practical needs of researchers. We view this study as helping neuroscientists identify
potentially useful indirect relations within tens of thousands of publications, thereby
supporting the complex task of designing potentially useful experiments.
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Discussion and Conclusion

In the preceding chapters, we investigated support for neuroscientists in reviewing lit-
erature to inform the design of a potentially useful experiment before committing to a
costly and lengthy implementation. We identified three literature exploration studies
that are useful for informing experimental design. In the following sections, we outline
the limitations (Sec. 5.1), discuss future work (Sec. 5.2), and reflect on the implications
of our research (Sec. 5.3).

5.1. Limitations

We describe some limitations of our research and propose potential solutions.

• Recruitment of Diverse Participants

One of the major challenges we faced was recruiting neuroscientists with spe-
cialised backgrounds relevant to our research. Although three studies engaged a
total of 25 participants, most of them were from two neuroscience teams at UMC
Utrecht, which limited the diversity of insights collected. While we made efforts
to attend neuroscience seminars, we were unable to connect with senior neur-
oscience researchers. To address this issue, we could engage with neuroscience-
focused institutes and attend specialist conferences. These approaches could
help recruit participants with more specific expertise in relevant areas such as
cognitive neuroscience, neuropathology, and neuroinformatics. Participants from
diverse neuroscience backgrounds enabled us to obtain different perspectives
on the use of indirect relations for finding a useful experiment.

• Brain Region Naming Convention

The names of brain regions used in the Brain Regions Visualisation (Fig. 1.3 on
p. 12) were sourced from the Scalable Brain Atlas (SBA), which provides stand-
ardised 3D anatomical representations based on Magnetic Resonance Imaging
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(MRI). The SBA highlights the precise location and name of each specific brain
region and is primarily used in professional medical topics.

In contrast, the brain region names identified from publications in the KBGS
(Sec. 1.1.1) are derived from terms in the Unified Medical Language System (UM-
LS), which helps a wider range of researchers retrieve biomedical information
from PubMed. For example, a researcher finds the term “dorsolateral prefrontal
cortex” in biomedical literature in PubMed; however, the SBA represents this re-
gion as “parietal area PEa”.

A complete mapping of brain regions in the Brain Regions Visualisation (Fig. 1.3
on p. 12) was not feasible due to differences in the terminology of brain regions
between the SBA and UMLS. This meant that for some relations, there was no
visible brain region in the Brain Regions Visualisation. For our studies on as-
sessing the feasibility of the functionality and visualisation this is not a problem.
For neuroscientists to use the prototype for longer periods of time for their re-
search, further investment in both the dataset and the brain region mappings is
required.

5.2. Future Work

Based on discussions with participating neuroscientists in our three studies, we iden-
tified three tasks for further investigation:

• An Extended Period of Evaluation of the DatAR Prototype

As an initial phase of understanding the usefulness of the tasks we identified
in our different studies, participants used the DatAR prototype only during the
evaluation sessions. This did not allow neuroscience researchers to use the pro-
totype for an extended period at the crucial stage in their own research of ex-
ploring the literature to identify a useful experiment. A useful next step in our
research would be to make the DatAR prototype and headset available for an ex-
tended period to give a researcher sufficient time for exploring the literature and
investigating multiple potential hypotheses until they reach their own conclu-
sions.

• Using Large Language Models to Help Identify Potentially Useful Hypotheses

Large Language Models (LLMs) are now widely used across domains for a variety
of tasks. While their widespread adoption raises concerns about accuracy and
the sources of knowledge, they also offer benefits in generating summaries and
answering specific questions efficiently [73]. A potential benefit of LLMs is to un-
cover previously unobserved indirect relations between topics by responding to
well-scoped questions. However, LLMs may sometimes hallucinate connections
or overlook useful intermediate topics [43]. We propose that the generative cap-
abilities of LLMs could be integrated with DatAR’s 3D AR visualisation, thereby
combining the efficiency of LLMs with the spatial visualisation of brain regions
supported by DatAR.
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For example, neuroscientists could first use LLMs for specific tasks, such as gen-
erating candidate intermediate topics that may indicate indirect relations between
Alzheimer’s Disease and brain regions. These LLM-generated suggestions can
then serve as entry points for exploring potentially useful indirect relations. Neur-
oscientists could then use the DatAR prototype to select a potentially useful in-
termediate topic and visualise which brain regions may be indirectly affected
by Alzheimer’s Disease via the intermediate topic. The spatial representation of
brain regions in DatAR helps neuroscientists understand indirect relations.

• A Comparative Study Investigating the Outcomes of Using DatAR Versus LLMs

Another direction for future work is to conduct a comparative study investig-
ating the outcomes of using DatAR versus LLMs alone to identify useful hypo-
theses. This would help assess which approach provides neuroscientists with
greater confidence in designing a useful experiment.

5.3. Reflections on the Implications of Our Research

We collaborated closely with neuroscientists to conduct three studies that explored
and evaluated the usefulness of identifying indirect relations between topics in neur-
oscience literature. The visualisations we implemented provide an intuitive way to ex-
plore both direct and indirect relations, helping researchers better understand which
brain regions are directly and indirectly affected by a brain disease. We reflect on the
implications of our research for the fields of neuroscience, Human-Computer Interac-
tion (HCI) and other domains with multiple interconnected topics.

• For Neuroscience Research

Neuroscientists often require months or sometimes even years to evaluate the
usefulness of a hypothesis through an experiment. Before committing to a spe-
cific experiment, neuroscientists need to identify a hypothesis with the highest
potential to yield useful contributions. We have investigated three novel explora-
tion methods that can support neuroscientists in identifying useful hypotheses:

(1) Exploring indirect relations between topics can save significant time in the
early stages of hypothesis generation.

In Chapter 2, participating neuroscientists indicated that the identified indir-
ect relations could serve as useful hypotheses to inform experimental design
(Sec. 2.6.3). Using the DatAR prototype, neuroscientists only need to select an in-
termediate topic type, such as genes, after which the indirect relations between
brain regions and brain diseases via the intermediate topic are visualised. This
process saves time in the early stages of hypothesis generation, allowing neuros-
cientists to quickly find potentially useful research directions to investigate.

(2) Exploring the evolution of indirect to direct relations can enhance confid-
ence in the potential of current indirect relations.

In Chapter 3, participating neuroscientists indicated that the timeline helped
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them identify historical indirect relations that had become current direct rela-
tions, reinforcing that current indirect relations could evolve into direct ones in
future investigations (Sec. 3.7.3). This insight increases neuroscientists’ confid-
ence in exploring indirect relations to design a useful experiment.

(3) Exploring indirect relations via a specific intermediate topic can increase
the amount of evidence for designing a useful experiment.

In Chapter 4, participating neuroscientists indicated that specific intermediate
topics were helpful for understanding the underlying mechanisms of indirect re-
lations (Sec. 4.6.3). The specific intermediate topic and the two direct relations
that indicate an indirect relation provide neuroscientists with evidence to assess
the usefulness of the indirect relations. This evidence increases neuroscientists’
trust when designing a useful experiment.

• For Human-Computer Interaction (HCI)

Our work has demonstrated the usefulness of topic-based literature exploration,
rather than individual publications, in informing the design of a useful experi-
ment through early-stage design work. We encourage the HCI community to en-
gage with the challenge of designing functionalities and visualisations for topic-
based literature exploration and further investigate potential improvements to
the user interface.

• For Domains with Multiple Interconnected Topics

Although our research has not been applied to other fields, it provides a con-
crete case study that may inspire topic-based literature exploration in other re-
search domains. Neuroscience serves as a compelling example, as it involves the
interaction of multiple interconnected topics, such as brain regions, brain dis-
eases, proteins, and genes, where uncovering indirect relations across sub-fields
can lead to useful insights. This conceptual complexity is not unique to neuros-
cience. Other domains, such as drug discovery and cancer treatment, also face
similar challenges. In drug discovery, for example, identifying indirect relations
between molecular targets and disease phenotypes can support the reposition-
ing of existing drugs or the development of treatments. In cancer treatment, for
example, identifying indirect relations between biomarkers and treatment re-
sponses can provide insights into disease mechanisms and inform the design
of useful intervention strategies.

We hope that our research can facilitate neuroscience researchers by (1) enabling the
exploration of hundreds of thousands of publications simultaneously, and (2) support-
ing the creation of useful hypotheses for designing a useful experiment. Specifically,
our research serves as a complementary step in the early phases of designing a useful
experiment, bridging the gap between conducting a large-scale literature exploration
and informing the design of a useful experiment. By presenting an interactive visual-
isation, our prototype enables researchers to intuitively discover less observed, some-
times previously unnoticed, relations among topics that are not easily visible through
traditional literature exploration.
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A
Appendix: Exploring Indirect

Relations Between Topics

Indirect Relations Study Informed Consent Form

Research project:
We have created the extended DatAR prototype in Augmented Reality (AR) environ-
ment to support neuroscientists exploring the relations between topics in scientific lit-
erature. Our goal is to understand how neuroscientists can identify relations between
topics and find indirect connections between them in order to satisfy their information
exploration goals.

Please read the following carefully:

• I have been provided with information on the purpose of this project.

• I have been given the opportunity to ask questions about the project and my
participation.

• I voluntarily agree to participate in the research project.

• I agree that I will not be paid for my participation.

• I understand that my participation in the research project involves being inter-
viewed.

• I understand I can withdraw at any time without giving any reason and that I will
not be penalised for withdrawing.

• I understand that my operation in the AR environment will be recorded.

• I agree that the interviews will be audio-recorded and transcribed.
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• I understand the explanations on the use of the data in research, publications,
sharing and archiving.

• I understand that my participation and that of my organisation will remain an-
onymous.

• I am aware that using AR can cause nausea and other discomforts and that if I
experience any discomfort, I will take a break or stop the experiment completely.

If you agree with all the above statements then please sign below:

Participant:

Researcher:

We very much appreciate your time in conducting our study,

Boyu Xu
On behalf of the DatAR Team

The Process of Exploring Indirect Relations Between Top-
ics

We described the process of exploring direct and indirect relations between brain re-
gions and brain diseases during the evaluation procedure (Sec. 2.5.2). This process
consists of six parts1:

• Select the Specific Brain Region or Brain Disease

Participants can find the specific topic in the list of brain regions and brain dis-
eases using the Brain Region or Brain Disease Retriever, Fig. 2.1 6⃝ on p. 25. For
example, select the specific brain region Hippocampus and the specific brain dis-
ease Bipolar Disorder.

• Construct the Brain Disease Topic Model or the Brain Regions Visualisation

The Brain Disease Topic Model is visualised by integrating the brain diseases
topic into the receptacle (the dark blue sphere) of the Topic Model, Fig. 2.4 1⃝
on p. 30. The Brain Regions Visualisation is visualised by dragging the relevant
widget, Fig. 2.5 2⃝ on p. 31.

• Query Direct Relations between Brain Regions and Brain Diseases

There are two receptacles on the Direct Relations Explorer, Figs. 2.4 and 2.5 3⃝ on
pp. 30 and 31. Put the specific brain region or the specific brain disease on the
concept receptacle (the light blue sphere), correspondingly, put the brain dis-
eases topic or the brain regions topic (the dark blue sphere) on another topic
receptacle. Then, the direct relations between the specific brain region Hippo-
campus and multiple brain diseases or the specific brain disease Bipolar Disorder
and multiple brain regions are queried.

1See also the video of exploring indirect relations between topics: https://youtu.be/uOiMSwJ5AAQ

https://youtu.be/uOiMSwJ5AAQ
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• Visualise Direct Relations between Brain Regions and Brain Diseases

Participants connect the Direct Relations Explorer with the Brain Disease Topic
Model (Fig. 2.4 on p. 30) or the Brain Regions Visualisation (Fig. 2.5 on p. 31) to
output the direct relations in the repository by the highlighted spheres of pink
colours.

• Query Indirect Relations between Brain Regions and Brain Diseases

Participants select mental processes, genes or proteins as the intermediate top-
ics in the Indirect Relations Explorer to query indirect relations between brain
regions and brain diseases, Figs. 2.4 and 2.5 4⃝ on pp. 30 and 31.

• Visualise Indirect Relations between Brain Regions and Brain Diseases

The querying results of indirect relations are output by connecting the Indirect
Relations Explorer with the Direct Relations Explorer. The indirect relations are
visualised by green spheres in the Brain Disease Topic Model and the Brain Re-
gions Visualisation. Participants can distinguish the direct and indirect relations
between brain regions and brain diseases by a set of strongly contrasting colours
of spheres, Figs. 2.4 and 2.5 on pp. 30 and 31.

The Unity-based code for exploring indirect relations is open-source and available
on GitHub:

https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/IndirectRelations-
Project

https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/IndirectRelations-Project
https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/IndirectRelations-Project




B
Appendix: Exploring the

Evolution of Indirect to Direct
Relations

Timeline Study Informed Consent Form

Research project:
We have developed the extended DatAR prototype in an Augmented Reality (AR) en-
vironment to assist neuroscientists in exploring the relations between topics in sci-
entific literature. We define a co-occurrence of two topics when they, for example, a
brain region and a brain disease, are found in the same sentence of a publication’s
title or abstract. This co-occurrence implies a direct relation between the brain region
and the brain disease. An indirect relation between a brain region and a brain disease
means there are no direct co-occurrences between them in the existing publications.
However, other topics, such as genes or proteins, may have direct co-occurrences with
brain regions or brain diseases. By identifying an intermediary topic, such as a gene
or a protein, that co-occurs with both a brain region and a brain disease, an indirect
relation between them is established. Our goal is to determine the utility of exploring
publication-date dependent direct and indirect relations for neuroscientists in identi-
fying fruitful experiments.

Privacy Information:
Your privacy is a priority in our research project. By participating, you acknowledge
that the purpose is to evaluate the DatAR prototype for exploring neuroscience liter-
ature. Participation is voluntary, and you can withdraw at any time without penalty.
For your contribution, you will receive a 15€ gift card. The process involves audio-
recorded interviews and we will ensure your anonymity during analysis. Your ques-
tions and concerns are welcome, and your decision to participate remains confiden-
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tial. Additionally, we want to assure you that the audio-recorded interviews collected
and the answers you provide to a number of questions will be used only for research
purposes. The audio-recorded interviews will be archived for scientific integrity but
your anonymity will be strictly maintained. Your trust in our analysis and storage of
your information is crucial to our study.

Please read the following carefully:

• I have been provided with information on the purpose of this project.

• I have been given the opportunity to ask questions about the project and my
participation.

• I voluntarily agree to participate in this study.

• I agree that I will be paid a 15€ gift card for my participation.

• I understand that my participation in the research project involves being inter-
viewed.

• I understand I can withdraw at any time without giving any reason and that I will
not be penalized for withdrawing.

• I agree to the interviews being audio-recorded and transcribed.

• I understand the explanations on the use of the data in research, publications,
sharing, and archiving.

• I understand that my participation will remain anonymous.

If you agree with all the above statements then please choose "I consent, begin the
study" below:

We very much appreciate your time in conducting our study,

Boyu Xu, Department of Information and Computing Sciences, Utrecht University
On behalf of the DatAR Team

Please write your full name:

Please write your email address:

Please write your participant number:

Please write your research field(s):

Please write your academic qualification, such as a second year PhD student:
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Please rate the following statements. “Literature exploration” includes both informal
exploration and systematic literature review.

Strongly
dis-
agree

Disagree Somewhat
dis-
agree

Neither
agree
nor dis-
agree

Somewhat
agree

Agree Strongly
agree

I have a lot of
experience per-
forming literature
exploration

◦ ◦ ◦ ◦ ◦ ◦ ◦

I find literature ex-
ploration an enjoy-
able activity

◦ ◦ ◦ ◦ ◦ ◦ ◦

I find literature ex-
ploration a challen-
ging activity

◦ ◦ ◦ ◦ ◦ ◦ ◦

I consider myself
knowledgeable in
neuroscience

◦ ◦ ◦ ◦ ◦ ◦ ◦

I have experience
using Virtual Real-
ity applications

◦ ◦ ◦ ◦ ◦ ◦ ◦

I have experience
using Augmented
Reality applications

◦ ◦ ◦ ◦ ◦ ◦ ◦

The Process of Exploring the Evolution of Indirect to Direct
Relations

We described the process of exploring the evolution of indirect to direct relations between
brain regions and brain diseases during the evaluation procedure (Sec. 3.6.2). This pro-
cess consists of nine parts1:

• Construct the Brain Regions Visualisation or the Brain Disease Topic Model

The Brain Regions Visualisation is presented by dragging the relevant widget,
Figs. 3.8, 3.9 and 3.10 on pp. 56–58. The Brain Disease Topic Model is visualised
by dragging the relevant widget, Figs. 3.11, 3.12 and 3.13 on pp. 59–61.

• Query Direct Relations between Brain Regions and Brain Diseases

There are two receptacles on the Direct Relations Explorer, Figs. 3.8, 3.9, 3.10,
3.11, 3.12 and 3.13 on pp. 56–61. Put the specific brain disease or the specific
brain region on the concept receptacle (the light blue sphere), correspondingly,
put the brain regions topic or the brain diseases topic (the dark blue sphere) on

1See also the video of exploring the evolution of indirect to direct relations: https://youtu.be/VPAbhcqDTlk

https://youtu.be/VPAbhcqDTlk
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another topic receptacle. Then, the direct relations between the brain disease
Depressive Disorder and multiple brain regions, Figs. 3.8, 3.9 and 3.10 on pp. 56–
58, or the brain region Cerebellar Vermis Structure and multiple brain diseases
are queried, Figs. 3.11, 3.12 and 3.13 on pp. 59–61.

• Visualise Direct Relations between Brain Regions and Brain Diseases

Participants connect the Direct Relations Explorer with the Brain Regions Visual-
isation or the Brain Disease Topic Model to output the direct relations in the re-
pository by the highlighted spheres of pink colours, Figs. 3.8, 3.9, 3.10, 3.11, 3.12
and 3.13 on pp. 56–61.

• Query Indirect Relations between Brain Regions and Brain Diseases

Participants select genes as the intermediate topics in the Indirect Relations Ex-
plorer to query indirect relations between brain regions and brain diseases, Figs.
3.8, 3.9, 3.10, 3.11, 3.12 and 3.13 on pp. 56–61.

• Visualise Indirect Relations between Brain Regions and Brain Diseases

The querying results of indirect relations are output by connecting the Indirect
Relations Explorer with the Direct Relations Explorer. The indirect relations are
visualised by green spheres in the Brain Regions Visualisation and the Brain Dis-
ease Topic Model, Figs. 3.8, 3.9, 3.10, 3.11, 3.12 and 3.13 on pp. 56–61.

• Constructing the Timeline Bar

The timeline bar is presented by dragging the Timeline Selector, Figs. 3.8, 3.9, 3.10,
3.11, 3.12 and 3.13 on pp. 56–61.

• Visualise the Evolution of Indirect to Direct Relations

Participants drag the Timeline Selector to connect the Direct Relations Explorer
with the Brain Regions Visualisation or the Brain Disease Topic Model.

• Visualise PMIDs

Participants drag the Publications Viewer, Figs. 3.8, 3.9, 3.10, 3.11, 3.12 and 3.13
on pp. 56–61, to connect it with the Timeline Selector to display the PMIDs indic-
ating indirect and direct relations.

• Explore the Evolution of Indirect to Direct Relations

Participants grab and drag the two handles of the Timeline Selector to select a
specific time range, querying indirect and direct relations and also having access
to the PMIDs indicating these relations within the selected time range, Figs. 3.8,
3.9, 3.10, 3.11, 3.12 and 3.13 on pp. 56–61.

The Unity-based code for exploring the evolution of indirect to direct relations is
open-source and available on GitHub:

https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/Timelines-project

https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/Timelines-project
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Appendix: Exploring Indirect

Relations via a Specific
Intermediate Topic

Specific Intermediate Topic Study Informed Consent Form

Research project:
We have developed the extended DatAR prototype in an Augmented Reality (AR) envir-
onment to assist neuroscientists in exploring the relations between topics in scientific
literature. We define a co-occurrence of two topics when they, for example, a brain
region and a brain disease, are found in the same sentence of a publication’s title or
abstract. This co-occurrence implies a direct relation between the brain region and the
brain disease. An indirect relation between a brain region and a brain disease means
there are no direct co-occurrences between them in the existing publications. How-
ever, other topics, such as genes or mental processes, may have direct co-occurrences
with brain regions or brain diseases. By identifying an intermediary topic, such as a
gene or a mental process, that co-occurs with both a brain region and a brain disease,
an indirect relation between them is established. Our goal is to determine whether ex-
ploring the specific intermediate topics in indirect relations is useful for designing a
useful experiment.

Privacy Information:
Your privacy is a priority in our research project. By participating, you acknowledge
that the purpose is to evaluate the DatAR prototype for exploring neuroscience liter-
ature. Participation is voluntary, and you can withdraw at any time without penalty.
For your contribution, you will receive a 15€ gift card. The process involves audio-
recorded interviews and we will ensure your anonymity during analysis. Your ques-
tions and concerns are welcome, and your decision to participate remains confiden-
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tial. Additionally, we want to assure you that the audio-recorded interviews collected
and the answers you provide to a number of questions will be used only for research
purposes. The audio-recorded interviews will be archived for scientific integrity but
your anonymity will be strictly maintained. Your trust in our analysis and storage of
your information is crucial to our study.

Please read the following carefully:

• I have been provided with information on the purpose of this project.

• I have been given the opportunity to ask questions about the project and my
participation.

• I voluntarily agree to participate in this study.

• I agree that I will be paid a 15€ gift card for my participation.

• I understand that my participation in the research project involves being inter-
viewed.

• I understand I can withdraw at any time without giving any reason and that I will
not be penalized for withdrawing.

• I agree to the interviews being audio-recorded and transcribed.

• I understand the explanations on the use of the data in research, publications,
sharing, and archiving.

• I understand that my participation will remain anonymous.

If you agree with all the above statements then please choose "I consent, begin the
study" below:

We very much appreciate your time in conducting our study,

Boyu Xu, Department of Information and Computing Sciences, Utrecht University
On behalf of the DatAR Team

Please write your full name:

Please write your email address:

Please write your participant number:

Please write your research field(s):

Please write your academic qualification, such as a second year PhD student:
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Please rate the following statements. “Literature exploration” includes both informal
exploration and systematic literature review.

Strongly
dis-
agree

Disagree Somewhat
dis-
agree

Neither
agree
nor dis-
agree

Somewhat
agree

Agree Strongly
agree

I have a lot of
experience per-
forming literature
exploration

◦ ◦ ◦ ◦ ◦ ◦ ◦

I find literature ex-
ploration an enjoy-
able activity

◦ ◦ ◦ ◦ ◦ ◦ ◦

I find literature ex-
ploration a challen-
ging activity

◦ ◦ ◦ ◦ ◦ ◦ ◦

I consider myself
knowledgeable in
neuroscience

◦ ◦ ◦ ◦ ◦ ◦ ◦

I have experience
using Virtual Real-
ity applications

◦ ◦ ◦ ◦ ◦ ◦ ◦

I have experience
using Augmented
Reality applications

◦ ◦ ◦ ◦ ◦ ◦ ◦

The Process of Exploring Indirect Relations via a Specific In-
termediate Topic

We described the process of exploring indirect relations via specific intermediate top-
ics to participants during the evaluation procedure (Sec. 4.5.2). This process consists
of four parts:

• Construct the Brain Regions Visualisation or the Brain Disease Topic Model

The Brain Regions Visualisation is displayed by dragging the relevant widget (Fig.
4.9 on p. 94). The Brain Disease Topic Model is visualised by dragging the corres-
ponding widget (Fig. 4.10 on p. 95).

• Query Direct Relations between a Selected Brain Disease or Brain Region and
Genes, Proteins, and Mental Processes

There are three receptacles on the Specific Intermediate Topic Explorer (Figs. 4.9
and 4.10 on pp. 94 and 95). Place the selected brain disease or brain region on the
middle receptacle (the light blue sphere), and correspondingly, place the brain
region topic or brain disease topic (the dark blue sphere) on the left receptacle.



142 Appendix C: Exploring Indirect Relations via a Specific Intermediate Topic

This triggers a query of the direct relations between the brain disease Alzheimer’s
Disease and genes, proteins, and mental processes (Fig. 4.9 on p. 94), or between
the brain region Cerebellar Vermis Structure and genes, proteins, and mental pro-
cesses (Fig. 4.10 on p. 95).

• Select a Specific Intermediate Topic

Participants can select an intermediate topic of interest, a gene, protein, or men-
tal process, and place it on the right receptacle of the Specific Intermediate Topic
Explorer (Figs. 4.9 and 4.10 on pp. 94 and 95). For example, selecting the Mental
Process Communication Response queries indirect relations between Alzheimer’s
Disease and all brain regions (Fig. 4.9 on p. 94), and selecting the gene LITAF Gene
queries indirect relations between Cerebellar Vermis Structure and all brain dis-
eases (Fig. 4.10 on p. 95).

• Visualise Direct and Indirect Relations between Brain Regions and Brain Dis-
eases via a Specific Intermediate Topic

Participants connect the Specific Intermediate Topic Explorer with the Brain Re-
gions Visualisation or the Brain Disease Topic Model to output the direct and
indirect relations. Direct and indirect relations are shown as highlighted pink
spheres (direct relations) and green spheres (indirect relations), respectively, Figs.
4.9 and 4.10 on pp. 94 and 95.

The Unity-based code for exploring indirect relations via a specific intermediate
topic is open-source and available on GitHub:

https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/SpecificIntermediate
Topics-project

https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/SpecificIntermediateTopics-project
https://github.com/Boyu-Xu-projects/DatAR-prototype/tree/SpecificIntermediateTopics-project


D
Appendix: Visualisation

Improvements in the DatAR
Prototype

Suggestions for improving the visual representations in the Brain Regions Visualisation
and the Brain Disease Topic Model are not a main part of exploring indirect relations in
our research. Once the usefulness of topic-based literature exploration, rather than in-
dividual publications, in informing the design of a useful experiment is demonstrated
through early-stage design work such as this research, we can investigate potential im-
provements to the user interface.

• Filtering names of brain regions and brain diseases

Overlapping labels on spheres cause readability issues in both the Brain Regions
Visualisation and the Brain Disease Topic Model (Figs. 1.3 and 1.4 on pp. 12 and 13).
Participants proposed a potential solution, matching the label colours with those
of the spheres and implementing a filter to display only labels related to direct
and indirect relations, thus improving the readability of labels.

• Grouping brain regions in the Brain Regions Visualisation

Given that the Brain Regions Visualisation currently displays 3D brain structures
through multiple spheres, such as two spheres representing the Hippocampus
(Fig. 1.3 on p. 12), participants indicated that they could only understand the
3D brain region structures by reading the short names of brain regions and re-
lying on their own knowledge. Participants suggested adding a grouped brain
regions visualisation. Grouping brain regions using anatomical categories could
improve the clarity of the 3D brain visualisation and facilitate a better under-
standing of the spatial representation of 3D brain structures.

• Using the full names of brain regions in the Brain Regions Visualisation
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While participants were able to clearly see the short names of brain regions in
the visualisation, they found some unfamiliar abbreviations difficult to interpret.
For example, short names like “Cb_Vermis” were harder to understand, whereas
“Amyg_L” was easier due to participants’ familiarity with the term “Amygdala”.
Participants suggested displaying full region names, at least for less common
brain regions, to improve clarity.

• Trying different colour sets for direct and indirect relations

The current colours used in the DatAR prototype to represent direct and indir-
ect relations (pink and green, respectively) are not suitable for users with col-
our vision deficiency. Although this colour scheme works reasonably well in the
HoloLens 2 AR headset, participants suggested conducting a small experiment
to explore and evaluate alternative colour sets. For example, testing two distinct
yet visually similar colours for direct and indirect relations.
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