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ABSTRACT

Genotypes and phenotypes are fundamental to many areas of the life sciences. Biomed-
ical and animal model databases contain a wealth of information about genetics,
genomics, embryonic development, phenotypes, and diseases, presenting biomedical
researchers the opportunity to uncover human disease mechanisms. Currently, how-
ever, investigators lack suitable informatics tools to effectively meet the challenge of
traversing these rich datasets, synthesizing the biology described therein, and iden-
tifying gaps in our knowledge that need further research. In this study, I address
the question of how a visual analytics tool can help scientists investigate these im-
portant biological relationships. I developed a prototype of a tool that enables users
to visually explore connections between human and animal model data rendered as
a network graph. Two iterations of a prototype were produced, including mockups
and a functional software-based application. A small group of users was recruited to
provide feedback, identify needs, and evaluate the prototype’s usability. With dif-
ferent user interface design and evaluation approaches from which to choose and a
brief time frame in which to conduct the study, I employed a user-centered design

philosophy, qualitative “discount” evaluation methods, and software libraries well-

vil



suited to making a visually appealing and highly responsive interface. The study
generated abundant high-quality user feedback, a generally usable early software pro-
totype, and a comprehensive set of recommendations for subsequent tool development

— confirming the effectiveness of these choices.
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1. INTRODUCTION

1.1 The animal model data landscape

Genotypes and phenotypes are fundamental to many areas of the life sciences. Seeking
biological insights into the relationship and distinction between organisms’ observable
traits of above the molecular level — phenotypes — and the genetic makeup that they
inherited from their parents — genotypes — has long been a key goal of research [1, 2].
Today, a vast and growing wealth of information about genetics, genomics, pheno-
types, embryonic development, and environmental interactions populates biomedical
and model organism databases. These data present biomedical researchers the oppor-
tunity to uncover human disease mechanisms and drive discovery of new therapies,
provided they are able to make sense of massive quantities of information. Currently,
investigators lack suitable bioinformatics tools to effectively meet this challenge.
Animal model systems are the backbone of our understanding of biological pro-
cesses and the testing of gene-based disease hypotheses [3]. Model organism databases
such as those for the laboratory mouse, zebrafish, and the fly Drosophila contain an

enormous amount of genetic, genomic, and phenotypic data [4, 5|. Their web inter-



faces tend to be primarily text-based, which allows biologists to inspect and evaluate
data in exquisite detail but may require them to click through many tabs or pages
to synthesize information and discern complex relationships. An example from the
mouse informatics database is shown in Figure 1.

The interconnectivity of different types of biological data can be quite complex
and daunting from the standpoint of creating a resource for querying and exploring
information in a scientifically productive and efficient way. To visualize this, Figure 2
integrates, in the form of a graph, some human and mouse data about a disease and
its related genotypes and phenotypes. Graphs are mathematical models of network
structures, a collection of nodes and edges, or relationships, that represent how en-
tities — represented as nodes — relate to each other and the world [6]. Remember,
the information presented in the figure amounts only to partial information about
one disease, and it is merely a sliver of all the data that reside in model organism

databases.

1.2 Biomedical data visualization

1.2.1 Graph-structured data

In data visualization, information is pictorially displayed for the purposes of sense-
making, analysis, and communication [7]. As stated by Few (2014), “Important
stories live in our data and data visualization is a powerful means to discover and

understand these stories, and then to present them to others.” [7].



Figure 2 hints that graph structures might be one promising motif for visualiza-
tions that involve many types of information [8]. How can they help us make sense
of biomedical data? Figure 3 illustrates a problem into which my study attempts to
gain some insight. Imagine that you have a potential path (a sequence of two or more
nodes that are connected by edges) from a phenotype of interest to a disease of inter-
est that is incomplete — and it is a path that would be complete if there were a known
biological relationship between two particular human genes. It may be the case that
the two genes are known to be in the same genetic or protein interaction pathway or
that the mouse orthologs of the human genes exhibit similar mutant phenotypes or
gene expression patterns. If scientists have the ability to picture the data in this way
and within these contexts, this can potentially lead them to formulate the hypothesis
that some critical functional relationship between the two human genes exists. In
other words, this may lead them to start synthesizing and explaining the biology and
developing a scientific narrative. This sort of functionality may be especially relevant
to the study of rare and undiagnosed diseases, for which available data may be limited
to phenotype descriptions and various candidate genomic variations [9)].

This class of diseases is a major focus of the Monarch Initiative, a collaboration
of groups at Oregon Health & Science University, the University of Pittsburgh, and
several other institutions, which plans to deploy a web application featuring seman-
tic and statistical model based tools for users to navigate, manipulate, and interpret
model organism research data [10]. Their visual analytics environment will enable
exploration of biomedical data that is organized in a graph database. HitWalker

provides a more clinically oriented local example of a network visualization initia-



tive. It integrates genomic information with complementary functional analyses in
order to prioritize sequence variants in cancer, and match specific therapies with pa-
tients [11]. Its visualization component is based on protein-protein networks overlaid
with relevant metadata. Outside of OHSU, one can find graph-based tools like the
gene function explorer GeneMANIA, which has a layout superficially similar to the
prototype I present in this report [12]. They often use force directed layouts in which
nodes are spaced about a central node with all of the edges being of equal length. As
becomes evident in this study, the choice of layout is important because of its impact

on the graph’s interpretability.

1.2.2 The state of current tools

Current bioinformatics tools provide good support for querying and classifying rela-
tionships, but scientists might benefit greatly from future tools that facilitate more
robust biological model-building and hypotheses generation — i.e., scientific “story-
telling” [13]. In a study that concentrated on protein-protein interaction network
tools, Mirel (2009) found that while tools did a decent job of supporting tasks related
to finding relationships of interest (i.e., exploratory analysis), they were less adept at
supporting tasks that let researchers gain “causal insights in systems biology anal-
yses” (explanatory analysis) [13]. She identified potential features in bioinformatics
visualizations, in terms of content, interactivity, and workspaces, that might enable
investigators to do so [13]. They include several that might be found in graph-like in-

terfaces and that informed some of the work in this study (viz. Section 2.3). Examples



include:

Updated interactions across overlaid networks.

Color-coding.

Zooming, filtering, and node expansion or contraction.

Inferences of significant sets of relationships based on other interactions.

Weighted edges in a graph.

Overlays of different interactions and associations.

Indications of functional distinctions between types of entities.

Nodes or edges that are statistically encoded.

It is also poorly understood how scientists use such tools to engage in “sense mak-

ing,” the iterative development of mental models based on the information that they

have extracted [14, 15]. While exploring gene expression data from high throughput

experiments for the purpose of uncovering functional relationships relevant to disease

mechanisms, scientists were found by Mirel and Gorg (2014) to:

use interactive data visualizations and read deeply in the research liter-
ature. Little is known, however, about the actual flow of reasoning and
behaviors (sense making) that scientists enact in this analysis, end-to-end.
Understanding this flow is important because if bioinformatics tools are

to be truly useful they must support it [15].



These shortcomings provide some fertile ground for exploring how well certain
user interface elements in a visual analytics tool can facilitate explanatory analysis,
gaining insight into users’ mental processes as they use it, and — a vital outcome of
this study, as discussed in Section 4.2 — locking down the interface requirements that

a visual analytics tool must meet to be useful.

1.3 The study

1.3.1 Purpose and philosophy

The immediate purpose of this study is to assess how a visual analytics tool — i.e.,
an interactive visual interface that facilitates analytical reasoning [16] — can help
biomedical scientists investigate the web of data and relationships centered on genes,
genotypes, phenotypes, and diseases. Its broader purpose is to inform the bioin-
formatics community on productive processes and useful resources for making better
tools in general. What philosophy should be pursued for the interface design process?
Which software tools and templates are best suited to designing and implementing
these tools? What are the evaluation methods that work, especially in situations
where designers have limited time and resources to bring to bear?

This study led me to emphasize the user and elicit rich feedback from the kinds
of scientists and students to whom the application will be geared. The study fol-
lows users’ experiences and perceptions of two iterations of a prototype application.

Manually constructed sketches and mockups were designed to indicate what the sys-



tem can do, while freely encouraging discussion and fresh ideas about how it can
best facilitate scientists’ needs. A functional software-based prototype served several
purposes: 1) enabling a thorough usability evaluation of an early prototype based
on time-tested methods; 2) investigating and adapting software libraries that would
make the prototype visually appealing and responsive; and 3) providing a dynamic
environment in which users can learn what they can or will be able to accomplish
with the system, while encouraging further ideas and refining requirements for the

eventual implementation of a tool beyond the conclusion of the study.

1.3.2 Discount usability and user-centered design

Discount usability engineering offered a promising approach for getting this study
off the ground because of its “cheap, fast, and early focus on usability” [17, 18].
It consists of flexible, agile, easy-to-learn methods for assessing interface designs —
centering on only a handful of test users who can be recruited in a short time — such

as [17, 19, 20, 21, 22]:

Storyboarding and sketches of use scenarios (viz. Sections 2.2.1 and 3.2.1).

Narrowed-down prototypes containing a subset of features (viz. Section 2.3).

Think-aloud usability evaluations (viz. Sections 2.7 and 3.3.2).

“Quick and dirty” usability surveys (viz. Sections 2.7 and 3.3.2).

Heuristic evaluation (viz. Section 2.7).



Application prototypes can vary in sophistication, from low-fidelity mockups pro-
duced by hand on paper or using drawing software (viz. Section 2.3.1) to a high-fidelity
one consisting of a software application that is functional to some degree (viz. Sec-
tion 2.3.2) [23]. Discount usability methods typically involve paper prototypes, but
because the emphasis of this study is on interactive tools, it was desirable to create
a functional prototype at some point and leverage these methods to evaluate it.

Ideas in contextual and scenario-based design give the proposed development and
evaluation approaches a sturdy, user-centered framework. In the bioinformatics world,
the Zebrafish Information Network — which today is one of many sources of animal
model data in the Monarch system — was a pioneer of user-centered design and has
shown that this approach can result in an accessible tool for widely-distributed re-
search scientists [24].

In scenario-based design,

Narrative descriptions of envisioned usage episodes are ... employed in a
variety of ways to guide the development of the system that will enable
these use experiences. Like other user-centered approaches, scenario-based
design changes the focus of design work from defining system operations
(i.e., functional specification) to describing how people will use a system to
accomplish work tasks and other activities. However, unlike approaches
that consider human behavior and experience through formal analysis
and modeling of well-specified tasks, scenario-based design is a relatively

lightweight method for envisioning future use possibilities [25].



This approach benefits the design process by emphasizing people and their ex-
periences, directing “attention to the use-appropriateness of design ideas” and dis-
couraging system designers from making premature commitments to early design
ideas [25]. The relatively crude mockups developed for the first part of this study
(viz. Section 3.2) were designed to avoid that trap.

In contextual design, user-centered design is composed of three primary layers,
which dovetail nicely with storyboards, rough mockups, and iterative prototype de-
velopment [22]. In Section 2.2.1 of the Methods, I specifically identify which parts of

the present study correspond to these layers:

e Practice design — How does the user move through the system in the course of
their activity? Use cases and use scenarios are developed to explore tasks and

activities. Storyboards lend coherence to the user’s experience.

o Interaction design — What is the layout of the screen and users’ basic interaction
with it? What is the design of the content being presented? Users can make

sense of a structure that is clean and consistent.

e Visual design — What are the graphical elements, colors, animations, and the de-
tails of interaction? Good aesthetic design contributes to the user’s experience.

It should reinforce the purpose and structure of the system.

In the course of this report, I describe how the various discount engineering meth-
ods were applied to a genotype-phenotype visual analytics tool and assess the extent

to which user-centered approaches helpfully informed development of the prototypes.



2. METHODS

2.1 Overview

To examine how an interactive visual analytics tool can help biomedical scientists
investigate genotype-phenotype relationships, I designed a qualitative usability study
consisting of user-centered design and evaluation of two iterations of a prototype
application. Figure 4 shows the flow of the work in the study. I first developed
biological use cases that would provide inspiration for a small dataset involving typical
biological connections between genotypes and phenotypes. I created a series of tasks
for users to simulate using low-fidelity mockups of a visualization tool and then drew
by hand a simple interface that illustrates possible outcomes of the tasks. Six test
users were recruited for the study. After obtaining their feedback on the mockups, I
developed a second-iteration, high-fidelity prototype application incorporating a set
of interactive features supported by several open-source software libraries. A new set
of user tasks was created for a usability evaluation. I met with the same six users to
obtain their assessment of the prototype and elucidate future needs and requirements

for a fully-developed application.

10
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In short, these methods incorporate the user-centered, discount engineering ap-
proaches that I discussed in the Introduction. In this section, I lay out in detail the
design and evaluation strategy involving the low- and high-fidelity iterations of the
visual analytics tool (the “mockups” and “prototype,” respectively). I then specify
the users’ characteristics and their tasks, present illustrations of the mockups and
prototype, describe briefly the biological background for the use cases, describe data
sources and software, and finally delineate the usability evaluation methods that were

applied to the second-iteration prototype.

2.2 Design and evaluation strategy

2.2.1 [Iterative design

I developed two iterations of a visual analytics tool for investigating and explor-
ing genetic, phenotypic, and disease relationships in data provided by the Monarch
Initiative. The user interface’s visualization element consists of nodes and edges rep-
resenting a biomedical knowledge graph. In order to finish the prototypes within the
study’s proposed three-month time frame, I employed a small subset of data, which
is based on two general use cases, and several — but not all — of the relationship types
supported by Monarch.

This iterative interface design and evaluation process is spelled out in detail in
Table 1. For the first iteration, I created a preliminary set of manually constructed,

low-fidelity mockups focusing on a few application features and met with users to



12

discuss, sketch, and refine use scenarios. These designs include simple searches for
genes and diseases, a graph layout containing biological entities, and tabbed panels
containing textual details about the entities. The mockups and tasks were designed
to encourage discussion and do not focus on the functional specifics of how users per-
form actions in the interface. They essentially encompass the practice and interaction
components of the contextual design process outlined in the Introduction, with the
goal of creating a cohesive interface structure and user experience. For the second
iteration, I developed a functional, interactive, web application — a high-fidelity pro-
totype — based on the input acquired from the first round of user sessions and on
recommendations from Monarch personnel, created concrete use cases for usability
evaluation, and met again with users to assess the interface. The functional prototype
was designed with a formal usability evaluation in mind, to assess the system’s ease
of use and its intuitiveness, and to further drive the formation of ideas and needs
for future iterations and full implementation of the system. It touches heavily on
the visual component of the contextual design process and it opened an avenue to
try out software packages that might give the application visual appeal and high

responsiveness to user actions.

2.2.2 Users and user sessions

Six users were recruited for the study:

e Two medical clinicians.

e T'wo biomedical students.
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e T'wo biomedical researchers.

The users were volunteers who comprised a convenience sample; i.e., they were
convenient to identify and recruit given limited available time and resources and they
were chosen based on subjective criteria [26]. This quantity of users is appropriate
given that the study focuses on an early stage of development, is qualitative in nature,
and would not have benefited from a large number of users identifying the same
problems over and over [23]. Although no firm consensus exists of the minimum
number of users needed for an evaluation such as this, I initially aimed for a minimum
of five and exceeded that by one [23].

I selected and invited these particular users because they constitute what I be-
lieved to be a typical cross-section of primary users, meaning users who will use this
application directly (in contrast to secondary users or stakeholders, such as princi-
pal investigators, who might benefit from the system but not interact directly with
it) [23]. I sought individuals whose profiles include at least an introductory college-
level biology and genetics background, ample experience and competence in computer
use, and the motivation to try out any available resources for exploring biomedical
information of interest.

Visits with users typically lasted 50-60 minutes and consisted of oral discussion
and a short written questionnaire. Discussions were recorded via note-taking and were
not audio- or video-recorded. I met with each user individually. The two rounds of
user sessions, corresponding to the two iterations of interface design and prototyping,

occurred approximately one month apart.
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I began my first visit with each user by giving a brief overview of the Monarch
system and the data that it contains, explaining that it integrates information about
genes, genotypes, animal models, phenotypes, and diseases. I asked users how they
might look for information in such a system, without suggesting any specifics about
visual presentation, sketching on paper some possibilities when necessary to drive the
conversation.

Throughout the sessions, I sought to obtain from users their responses to several
questions, via discussion before, during, and after their hands-on use of the interface
and via a written questionnaire. They are centered on user requirements; user tasks

and work; and simple usability rules, or heuristics (Table 2).

2.3 Mockups, prototype, and user tasks

2.3.1 First iteration

For the low-fidelity mockups, three user tasks (Tasks A-C, below) served as the basis
of discussion and brainstorming. Users were instructed to interpret how they would
carry out the activities outlined in Table 1, part I.

The Monarch system supports a multitude of relationship (edge) types. To reduce

complexity and save time, I defined a limited set that would appear in the mockups:
e Gene-variant.
e Variant-genotype.

e Genotype-phenotype.
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Gene-disease.

Phenotype-disease.

Genetic interactions.

Gene homology.

Task A The initial task is a simple one that begins with a zebrafish phenotype of
interest and requires the user to interpret information about related zebrafish genes
in a graph layout (Figures 5 to 10). The user can see information about the strength
and type of evidence linking the phenotype to several genes. She can also apply a
filter that displays only that gene node which has the strongest association with the
phenotype, which in this case is based on how many publications report the link.
The user is also encouraged to think of other ways in which she might wish to filter
the nodes (for example, by gene family or by choosing more specific phenotypes).
This series of mockups also introduces an interface element that would prove to be
an important component of the functional prototype later: a contextual details panel
occupying the right part of the display. Clicking on a node causes the panel to
dynamically display information about related nodes (Figure 5) and a description
(Figure 6). Clicking on an edge results in the panel showing the components of the
relationship (Figure 7) and evidence (Figure 8). This panel provides ample space
to display information about a graph element that does not legibly fit in the graph

component itself.
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Task B The next task involves making sense of different relationship types as users
explore mouse Plexin family genes and try to discover links to cancer in humans
(Figures 11 to 17). The concept of a metanode — a single node representing more
than one node of the same type — comes into play as an attempt to prevent the
graph display from becoming too cluttered (see Figure 12). The contextual details
panel now contains controls for revealing related nodes of certain types in the graph
display, including the option to place them in view as a single metanode (Figure 14).
Figures 15 and 16 illustrate how this may be helpful. The PLXND1 gene has five
genetic interactants, four of which are related to different diseases. Rather than
painstakingly revealing each PLXND1 interactant one-by-one and then revealing its
related disease, the user could take two quick actions to accomplish the same thing,
first by placing a metanode representing the five interactants on the display and then
commanding the interface to show all diseases related to any of those interactants.
Once she identifies a disease of interest, she can then unveil paths back to the PLXND1
gene that might contain more entities of interest, such as a responsible genetic variant
(Figure 17). In the course of this task, the user is encouraged to identify other kinds of
information that would be helpful for deciding where to explore next in the graph (for
example, a visual indication of how many nodes must be traversed in a potential path
before reaching some data type of interest, such as a human disease). Furthermore,
the tasks up to this point suggest that data will be visualized as a graph. The user

is asked to consider alternative approaches to presenting the data.
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Task C The final task involves making sense of different relationship types as users
explore the human NF2 (a.k.a. MERLIN) gene and related variants and diseases —
with the goal of identifying cancers related to these genes and forming ideas about
underlying gene functions. The task begins in the same vein as the exploration of
genetic interactants and diseases in the previous task, but this time resulting in the
user uncovering a genetic variant related to a disease called neurofibromatosis, type
2 (Figure 18). Figures 19 to 21 illustrate subsequent exploration of related animal
model phenotypes, a second gene (PAK1), and two types of cancer. The user is
encouraged to infer information from the picture that has finally emerged. She is told
that neurofibromatosis manifests itself as a number of tumor types. Based on that
information as well as her own domain knowledge and the names of the diseases and
phenotypes that she sees in the display, is it possible to discern some sort of biological
connection between NF2 and PAK1? Is it helpful to explore animal genotypes and
phenotypes like this, or does she prefer to focus on human genes and variants? Is

there anything else that she wants to explore?

2.3.2 Second iteration

The high-fidelity prototype is a web application, viewable in a typical browser, that
lets users explore data in a force-directed graph and view contextual information
shown in a panel on the right side of the page. It thus mimics the general layout of
the original mockups. The z and y coordinates of the nodes in the graph have no

significance and can change from session to session. (For clarity’s sake, the graph I
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refer to in the prototype description means the visible collection of nodes and edges
in the display, not the underlying knowledge graph or database.) The prototype may
be freely downloaded from GitHub [27].

The prototype supports the data and relationship types summarized in Table 3.

At the top of the display, users can click icons to open a help dialog window
(Figure 22), a legend for the graph visualization (Figure 23), and an application
configuration box (not shown). The prototype does not include a fully featured
search function, instead providing two canned queries that users can access from a
drop-down menu. Figure 24 shows the prototype after a search for Plexin genes has
been performed and Figure 25 shows contextual details for a gene which the user
has clicked on and pinned to the display. In Figure 26, a right-click popup presents
options for expanding the graph. Figure 27 shows contextual details for an edge.
In Figures 28 and 29, the user has added individual nodes by clicking on them in
the hierarchical view in the details panel. Figure 29 gives examples of every data
type represented in the small dataset that fuels the prototype. Near the top of the
interface users can find a “History” menu and a “Show only pinned” button, which
enables the user to clear from the display any unpinned nodes.

Some features are partially implemented. A history of visited nodes, or bread-
crumbs, is available, but no user actions can yet be performed on them. Users can
drag and reposition nodes on the display, but only one at a time. The aforementioned
hierarchical view is currently a stub; in a fully developed application, users would be
able to drill down the hierarchy using the + icons next to each item. Edge strength

is based only on number of curated publications, as it is in the original mockups; in
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the Monarch system, edge type and weight determinations may be considerably more
complex.

All told, the prototype supports concrete use cases that provided the basis for three
user tasks (Tasks A-C, below) performed during the think-aloud usability evaluation
(Section 2.7, below). All six users — the same individuals from the earlier sessions —
were shown the exact same prototype; no modifications or improvements were made to
the prototype or the planned tasks between one user session and the next, regardless
of any feedback that was received. Users were directed to carry out the activities

outlined in Table 1, part II, in the order presented below.

Preliminary task The user finds the help button and opens it. The system displays

a help modal window.

Task A

1. The user finds the search menu and selects the first item, “plxnd1.” The system

initializes a force-directed graph consisting of two gene nodes and one edge.

2. The user pins the mouse Plxndl gene on the graphical display. The system
applies a red outline to the node and displays gene information in a selection

details panel.

3. The user opens a popup menu on the Plxnd1 node and chooses to display related
genetic variants. The system adds all related genetic variant nodes and edges

to the graph.
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4. The user selects one of the edges (lines linking the gene and variants). The
system displays relationship information and sources in the selection details

panel.

5. The user opens one of the publications that are provided as sources. The system

launches an outside webpage containing the publication.

6. The user elects to remove all of the variants from the display. The system

removes all of the variant nodes from the graph.

7. The user elects to add to the display only the variant that has the most addi-
tional items related to it in the database. The system adds the variant to the

graph.

Task B

1. The user reloads the display and repeats Task A steps 1 and 2, but this time

pins the human PLXND1 gene on the display.

2. The user repeats Task A step 7, but this time sequentially adds the following
to the display: a) a disease related to PLXND1, b) a phenotype related to
the disease, c) a gene related to the disease, d) a mouse phenotype that is the
equivalent of the human one, e) a genotype related to the mouse phenotype, and
f) a variant related to the genotype. At the end of this user action sequence,

the system displays a cyclic graph consisting of several nodes and edges.

3. The user continues to explore the data in undirected fashion, time permitting.
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Task C

1. The user finds the configuration button and opens it. The system displays a

configuration modal window.

2. The user elects to have descriptions of selected nodes appear in a contextual
popup instead of the selection details panel. He or she closes the configura-
tion window and opens a popup menu on any node. The system displays the

description in the popup.

3. The user reloads the display, opens the configuration window, and elects to
apply a color scale to edges in the graphical display. He or she closes the
configuration window and displays variants related to the mouse Plxndl gene.
The system varies the colors of the edges from black to red according to the

number of sources supporting the relationship (i.e., the edge widths).

2.4 Biological use cases

The use cases explore two general classes of phenotypes that are associated with
the hallmarks of cancer: induction of angiogenesis and proliferative signaling [28].
Semaphorins are axon guidance molecules that interact with Plexins and Neuropilins;
they have been found to have a crucial role in the regulation of cancer progression
and tumor angiogenesis [29]. Semaphorins are also involved in blood vessel defects
such as truncus arteriosus [30]. Mutations in the NF2 gene (also known as MERLIN)

have been implicated in thyroid cancer, mesothelioma, and melanoma, suggesting
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that the normal gene functions as a tumor suppressor in many cell types; NF2 is a

linker between transmembrane proteins and the actin cytoskeleton [31].

2.5 Data sources

The prototypes display subsets of the biomedical data found in the Monarch sys-
tem. To create the knowledge graph, data were obtained with the Monarch Initia-
tive’s Dipper package, a data ingestion pipeline which generates Resource Description

Framework (RDF) triples from public scientific resources, including [32]:

e NCBI Gene (gene descriptions) [33].

Online Mendelian Inheritance in Man (human genes, phenotypes, and dis-

eases) [34].

ClinVar (human genomic variants) [35].

BioGrid (genetic interactions) [36].

PANTHER (gene orthology) [37].

Human Phenotype Ontology [38].

Mouse Genome Informatics (laboratory mouse genotypes and phenotypes) [4].

Zebrafish Information Network (zebrafish genotypes and phenotypes) [5].

For the functional prototype, mouse gene descriptions were queried and manu-
ally curated from the Mouse Genome Informatics website [39]; human phenotype

descriptions were curated from the Human Phenotype Ontology website [40].
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2.6 Software

Storyboards and mockups were crafted in Balsamiq, a rapid wireframing software
tool that mimics sketching on a whiteboard [41].

The prototype Genotype-Phenotype Explorer web application was built with sev-
eral open-source JavaScript libraries: AngularJS, which provides the prototype with
a model-view-controller architecture [42]; Data-Driven Documents (D3), for data vi-
sualization [43]; jQuery, for client-side scripting [44]; and Bootstrap, which provides
templates for interface panels and buttons [45]. Data for the knowledge graph were
obtained August 15-17, 2015, and were extracted from downloaded files via Sparql
(SPARQL Protocol and RDF Query Language) queries and manual curation. Node
colors in the visualization component were chosen from a color-blind palette [46]. The
prototype has been tested and is functional in Chrome, Firefox, and Safari browsers
running on Mac OS X 10.8 and later, and in Firefox on Microsoft Windows 7. To
properly view it in Chrome, it must be served from a local web host. All application

code and data are publicly available on GitHub [27].

2.7 Evaluation methods

Think-aloud usability study FEach user navigated the functional prototype in a
web browser while continuously “thinking out loud” — that is, verbalizing his or her
thoughts during the process of carrying out certain tasks in the user interface. This

protocol was designed to encourage users to describe the actions that they are taking
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and to explain or interpret their actions.

Semi-structured interview This method comprised a short written survey and
an oral debriefing interview with each user. General measures of the functional pro-
totype’s usability were taken with a standard usability questionnaire, the System
Usability Scale (SUS), a ten-item Likert scale that provides a “global view of sub-
jective assessments of usability” (Figure 30) [21]. The questionnaire was issued only
after users had an opportunity to use the prototypes in the course of the think-aloud
session, and users were prompted to record their immediate responses rather than
taking a prolonged time to answer the questions. They were able to write additional

comments on the form if they so wished.

Heuristic evaluation This method consists of broad rules of thumb that informed
the questions in Table 2. It involves examining the interface and judging whether
it is in compliance with recognized principles, and spotting usability problems that
can be addressed during the iterative design process [20]. Nielsen (1995) identified 10

such heuristics [47]:

1. Visibility of system status.

2. Match between system and the real world.

3. User control and freedom.

4. Consistency and standards.

5. Error prevention.
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Recognition rather than recall.

Flexibility and efficiency of use.

Aesthetic and minimalist design.

Help users recognize, diagnose, and recover from errors.

Help and documentation.
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3. RESULTS

3.1 Overview

In this section, I present the feedback and evaluation results from the two rounds
of user sessions focusing on two iterations of a genotype-phenotype exploration tool.
I break down the positive and negative critiques of the first-iteration mockups and
list the interface features that users expressed their desire to have in a functional
application. I then provide an overview of candidate features for the interactive
prototype — which was coded after the first round of user sessions — based both on
the users’ feedback and on Monarch project recommendations. Finally, I once again
break down the critiques and recommendations emanating from users’ evaluation of
the second-iteration prototype and present usability scores for the user interface. The
results coming out of this study should inform subsequent development of a visual
analytics tool, as I explain in the Discussion section later. Detailed results are shown

in Tables 4 to 9.
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3.2 The mockups

3.2.1 Scenario development and interface features

Before embarking on this study, I discussed with Monarch project personnel (M.
Haendel, H. Hochheiser, N. Washington, pers. comm., April 23, 2015) interesting
potential features that could be well integrated in some prototypes. Altogether, it
was desirable to achieve a visualization environment consisting of nodes and edges
that users would be able to explore. At a high level, interactive features should enable
users to start at a node of interest, reveal related nodes as they explore the graph,
and filter nodes based on data or relationship types. Users should be able to anchor
or “pin” nodes to the display and have access to a history of their actions.

Another significant feature to consider was the use of edges’ visual properties to
indicate the strength of association between nodes. Users should be able to filter
related nodes accordingly in the course of exploration. The main types of edges in
the Monarch system are directly asserted edges based on curated data and inferred
edges based on similarity algorithms.

Before meeting with users, I created a series of mockups (Figures 5 to 21), covering
three tasks, that would enable a preliminary evaluation of these features and that
would encourage general discussion and brainstorming about the central question of
this study: how an interactive visual tool can help biomedical scientists investigate
and analyze the aforementioned relationships. The mockups rest on the simplest sorts

of search scenarios which I anticipated users would want to carry out: identifying a
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phenotype or gene of interest and placing that piece of information in the visualization
environment. The use cases in general involve starting with a phenotype or gene and
then exploring connections to human sequence variants and cancer.

Before reviewing the mockups, I gave each user a brief description of the Monarch
system and sought some insight into how they would begin using such a system if
they had come across it for the first time. Users thought that the following would be

desirable ways to start finding information:

e Starting with one piece of information of interest and inspecting related pieces

information.

e Starting with two pieces of information of interest and exploring all of the

possible links between the two.

These simple scenarios are sketched in Figure 31. The mockups and prototype

generally enable users to perform the first of these two scenarios.

3.2.2 User feedback and requests

Upon introduction to the mockups, users attempted to do the three tasks which were
described in the Methods section (Table 1, “Iteration I”). User feedback is summarized
in Table 4; the various user comments and responses are grouped thematically and
roughly in the order in which they arose in the discussion, and each is color-coded
as either a favorable or unfavorable critique. The table indicates which individual
users — the two clinicians, two students, and two researchers — provided each piece of

feedback; several critiques were repeated by multiple users.
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Overall, there is little apparent difference in responses between the clinician, stu-
dent, and researcher groups, although the sample size of each is admittedly tiny.

A few notable observations:

Users immediately grasped what the nodes and edges mean and found such an
interface to be intuitive. They grasped the relationship between the graph display
and the accompanying contextual detail panel. They also expressed concerns that
the display would quickly become overwhelming and unreadable as new nodes are
added. Most had some trouble interpreting text labels in the mockups that may
have used verbiage that was too jargonish or technical (e.g., human and mouse gene
abbreviations).

When shown the simple metric for strength of evidence based on the number of
curated publications, users made sense of it and liked it. There was, however, less
interest in — and less understanding of — being able to differentiate between different
kinds of evidence (e.g., asserted vs. curated, or electronic vs. curated) and having a
way to favor one over the others in the course of exploring data.

Several users offered quite detailed ideas on alternate ways to display entities and

relationships. These include:

Different shapes for different species.

Different colors for different species (shapes might be difficult to distinguish).

Different colors for different phenotypes.

Different edge styles (dotted, dashed, etc.) for different species.
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e A color scale indicating “hotness” that is applied to edges to indicate strength

of association (varying widths alone might be difficult to distinguish).

e Variations in node textures and borders to convey information.

The last of the three tasks (Figures 18 to 21) attempted to prompt users to make
biological inferences concerning gaps in the data. Only one user correctly interpreted
that the human NF2 and PAK1 genes interact; the other users did not perceive the
interface as being helpful in this regard.

In addition to their critiques of the interface, users chimed in often about features
that they would like to see in a functional application. These are listed in Table 5
and include several interactive features as well as configurability options. The stu-
dent group in particular favored robust configurability of how nodes and edges are
displayed, perhaps even including alternatives to the force-directed graph layout itself.

One student sketched alternatives layouts which he felt would be desirable avenues

for inspecting relationships. They are reproduced in Figure 32:

e A rigid tree view of nodes and edges that can be expanded left-to-right or top-

to-bottom from a single node.

e A treemap view, in which squares representing entities are nested in one another

and can be clicked to zoom in and out of the data.

e A hierarchical view, in which an element in a breadcrumb trail can be inspected

by drilling down into its child or related entities.
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Three users said that a text-based hierarchical or ontological tree should appear
side-by-side with the graph-based layout, perhaps in the right-side panel, giving users
two complementary and connected ways of viewing. Users could then drill down the
hierarchy or ontology and then jump from a node within it to a graph view of the
node. This would be especially useful in cases where a node is linked to a great many
nodes of some type, such as gene interactants or sequence variants. Perhaps users
could see a single metanode representing a batch of interactants or variants in the
graph display, while an accompanying panel would list the interactants or variants
individually and provide immediate access to useful data. This piece of feedback

would evolve later into a vital component of the functional prototype.

3.3 The functional prototype

3.3.1 Feature selection

After the first round of user sessions was complete, I considered the feedback and
decided which interactive and visual features could be built into a functional web-
based prototype in the one month period before the second round of evaluations was
scheduled to begin. I also pared down slightly the set of data and relationship types
that the prototype would support (Table 3). All candidate interface features are
shown in Table 6 along with an indication of whether they ultimately were included
in the prototype (Figures 24 to 29). It is important to point out that these decisions

should not be taken as endorsements or the lack thereof of a particular feature; several
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crucial and enormously desirable application elements were left out or exist only
as stubs in the prototype because of their complexity and the unfeasibility of fully

implementing them in a brief time frame.

3.3.2 Usability evaluation

Think-aloud study Upon opening the prototype application in a web browser,
users attempted to perform the three tasks which were described in the Methods
section (Table 1, “Iteration II”). Users were prompted to talk aloud as they navi-
gated the interface and carried out tasks. Their feedback provides insight into the
application’s usability in its current state as well as their needs and desires for future
iterations and, eventually, a full-fledged bioinformatics tool. Feedback is summarized
in Table 7; it is organized the same way as in the earlier user feedback table.

Some general key observations:

e Users were eager to try out the application’s features without much prompting.
e They tended to remember how to do tasks based on what they had done earlier.

e The integration between the graph visualization and the details panel was ob-

vious to them.
e Users liked the use and choice of colors to represent different relationship types.

e They quickly grasped how to add nodes to the display, using either the graph’s

interactive elements or the details panel.
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e Information about relationships (edges) was not as intuitive as contextual in-

formation concerning nodes.

e Users had little trouble finding links to outside resources (i.e., the Monarch site

and PubMed).

e They were unenthusiastic about the configuration options (viz. Task C).

e Although users skimmed the help dialog at the start, they tended not to go

back to it if they got stuck.

On a higher level, users liked the clear biological connections that they saw and
enjoyed being able to trace a path. While some users envisioned this application
primarily as a solid learning and reference tool, others believed that having such clear
biological connections and the ability to visually trace a path through them would help
researchers talk out scenarios and solve problems. They provided a significant set of
ideas and requirements, listed in Table 8, for subsequent iterations of the application.
Some of these items reiterate feature requests that came out of the earlier mockup

evaluations, emphasizing their importance for future inclusion.

System Usability Scale Each user filled out a System Usability Scale (SUS) ques-
tionnaire following the think-aloud evaluation. Individual responses to all questions
are shown in Table 9. Following are the average qualitative responses to the ten
questions on a scale of “strongly disagree” to “strongly agree”; for all but the final

question, the mean response was slightly or generally favorable.

1. T think that I would like to use this system frequently: slightly agree.
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2. I found the system unnecessarily complex: disagree.

3. I thought the system was easy to use: agree.

4. T think that I would need the support of a technical person to be able to use

this system: disagree.

5. I found the various functions in this system were well integrated: agree.

6. I thought there was too much inconsistency in this system: slightly disagree.

7. I would imagine that most people would learn to use this system very quickly:

agree.

8. I found the system very cumbersome to use: slightly disagree.

9. I felt very confident using the system: agree.

10. I needed to learn a lot of things before I could get going with this system:

slightly agree.

Overall scores for the ten questions were converted to a scale of 0 to 100. The
average score for the six respondents was 72, ranging from 60 to 82.5. A score above

68 is considered an above average usability score (Figure 33) [48].



4. DISCUSSION

4.1 User-centered discount methods in practice

User-centered interface design and evaluation is an elaborate, multistep process in-
volving identification of stakeholders and users, requirements analysis, conceptual
design, the choice of software components, integration of those components, and us-
ability evaluation — and many of these steps, especially integration, evaluation, and
the refinement of requirements, can churn through many iterations before achieving a
satisfactory result [23]. Furthermore, these steps can be undertaken with a variety of
methods from which to choose. This study’s central challenge was to compress many
of these development phases into a time frame that realistically allowed only two
iterations of a prototype and brief evaluation sessions that could fit into biomedical
students’ and researchers’ busy schedules. Nevertheless, this study’s central outcome
was achieved: it provides insight into how an interactive visual analytics tool can help
scientists investigate interconnected biomedical data and it should meaningfully in-
form future iterations of the application and its eventual integration into the Monarch

system.
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The strategy of developing two prototype iterations — one low-fidelity and one
high-fidelity — and the application of discount evaluation techniques all proved quite
effective. All six users were comfortable offering critiques and recommendations and
they provided, for the most part, a remarkable amount of feedback on the system.
Low-fidelity mockups seemed to enhance their comfort. Users could see that manually
drawn layouts did not require countless hours of coding work to prepare, which might
have made them reticent to criticize something — a pitfall that lightweight scenario-
based design is indeed designed to avoid [25].

The second prototype offered enough interactivity and visual appeal to imme-
diately engage users. System Usability Scale assessments affirmed that the system,
despite being just the first software-based version of the application, meets an ac-
ceptable usability standard. Most users agreed that at the least, the application has
promise as a biomedical learning and reference resource. Two of them went a step fur-
ther and concluded that a fully developed tool would indeed help researchers talk out
biological scenarios, solve problems, and identify gaps in knowledge needing further
investigation.

One stubborn shortcoming of the study is that it generated a rather perfunctory
and vague sense of how users would query information in the system when first en-
countering it and not knowing much about it. Some brief sketches and storyboarding
helped (viz. Figure 31) but did not generate a lot of concrete ideas. With meeting
times short, [ moved quickly to the pre-prepared mockups, which essentially amounted
to advanced storyboards, and these rapidly spurred a great deal of discussion. In the

course of the tool’s future development, it will be necessary to think of ways to im-
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mediately engage new cohorts of users and evaluators and rapidly convey the benefits

of the system.

4.2 Future requirements

This study produced a rich set of requirements for future iterations and eventual
implementation of a genotype-phenotype exploration tool. The early mockups gen-
erated a lot of ideas, some of which were tested in the functional prototype and some
not. A few key feature requests were made repeatedly by users throughout the study
but were too complex to fully or even partially implement. In my view, however, they

are essential:

Search The functional prototype lacks a proper search interface. Users should be
able to seed the visualization with one or more nodes — found via a typical search box
and auto-suggest function — and any links between them. This should be coordinated
with user-defined filters that can restrict the display to certain data and relationship

types and specific edge strength thresholds.

Hierarchy and path navigation An expandable, text-based hierarchical or on-
tological display of Monarch entities should complement and be tightly knit with the
interface’s visualization component. This need was completely unanticipated before
the first round of user sessions. Even though it was implemented only as a stub in the
functional prototype, users were immediately drawn to it and several used it as the

primary means for adding nodes to the graph. The hierarchy and graph components



38

should both contain powerful and consistent visual indications of the richness of data

that a user would find when exploring in a given direction.

Configurability The Monarch knowledge base contains more data types and in-
formation about far more species than the functional prototype supports (five and
two, respectively), which puts limits on adapting the prototype’s relatively simple
node shapes and color palette to a full-scale tool. Rather than arbitrarily assigning
a plethora of shapes and colors to data elements, the tool may better serve users by
applying a few basic default shapes and colors to graphical elements and allowing
users to tailor these to their liking. For example, all nodes could appear as circles
by default, while users can access a configuration panel to render human entities as
triangles and mouse entities as squares, or alternatively to distinguish particular data
types by shape. Colors could be assigned to particular combinations of species and
data types using color-palette widgets. Applying different textures may be another
option. Edges in the graph may be configured to appear with various line styles

(dotted, dashed, etc.) and in various colors, as well.

Alternate visualizations Based on my observations of users and my own experi-
ence using the prototype, the force-directed graph layout of the visualization compo-
nent has clear benefits: it is aesthetically pleasing and extremely versatile in allowing
users to drag, pin, and organize nodes however they like in the display. This is crucial
for users who, as envisioned, will be using the system to formulate literal pictures

of biological connections and reveal gaps in knowledge. One drawback is that node
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text labels quickly tend to overlap other visual elements, a particular problem with
biomedical data because of the extremely long names of some items (typical is the
mouse genotype officially called “Plxnd1™!-1Tmi /Plxnd1t™!-1Tmi: Tg(Tek-cre)1Ywa,/0
[involves: 129S/SvEv * 12954/SvJaeSor * C57BL/6 * SJL]”). Therefore, the tool
could offer configurable alternatives to the force-directed graph layout, as sketched
in Figure 32, in which labels might render more legibly. D3 templates are avail-

able for promising options like cluster and zoomable partition layouts (Figures 34

and 35) [49, 50].

4.3 Future considerations

In addition to the essential requirements, a few aspects of the tool merit special

consideration before marching onward with future iterations:

Edge strength The prototypes use a very simple metric to determine “strength
of association” between nodes, and most users were comfortable with it. One user,
interestingly, interpreted edge width between a gene and variants as the biological
impact of the mutation, i.e., the relative severity of the resulting phenotype. There
is a need to probe deeper into how edge widths can meaningfully inform and guide

users in their exploration.

Phenotype and disease representation A few users recognized the unique chal-
lenge in traversing the abundance of concepts in phenotype and disease ontologies and

their super- and subclasses while avoiding a spaghetti-like tangle of terms. For this
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task, a future prototype might explore the benefits of treemaps (the middle “nested
rectangle” sketch in Figure 32), using colors or size to indicate the richness of data
associated with a concept [51]. Whatever the approach, great care must be taken not

to overwhelm users with phenotype information.

Speed and performance Application performance was not evaluated in the func-
tional prototype. Because of time constraints, no attempt was made to undergird
the application with a proper graph data store and query language such as Neo4]j
and Cypher [52, 53]. Upon loading into a browser, the prototype’s complete dataset,
comprising only 67 entities and 92 relationships, is read into the application from
curated JSON (JavaScript Object Notation) files. The small amount of data is no
hindrance to performance and the system responded to users’ input instantaneously.
Scaling the application to the Monarch system’s vast data store will require robust
graph query performance that allows the application to maximally benefit from the

responsiveness, efficiency, and low latency of D3 visualization [54].

4.4 The takeaways

What important lessons for the bioinformatics community have come from this study?
First, it validated several user interface features (viz. Section 1.2.2) which have
been proposed to enhance explanatory analysis of highly interconnected biomedical
data [13]. Some of the features listed in the Mirel (2009) article evolved into essential

core elements of my functional, interactive prototype: color coding of nodes, filtering
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and node expansion, and weighted edges. User feedback alluded to others in the list
at least tangentially: overlaying networks or other biological information, inferring
or displaying alternate pathways and associations, and statistically encoding the vi-
sual properties of nodes and edges. Bringing to life certain coordinated features that
scientists have long desired in bioinformatics tools has produced encouraging results.

Crucially, this study also demonstrated that user-centered design and evaluation
is a productive approach — and, I believe, still an under-appreciated and underused
one — and for this tool it was a better alternative to creating a tool that forced
users to adapt to it rather than the other way around. Second, I did not fully
appreciate at the outset the sheer number of software libraries and templates that are
freely available and that allow one to quickly piece together interactive tools that are
visually appealing and instantaneously responsive to user actions. That latter point
is a key to making software that is enjoyable to use and that users will come back to
use again. The choices I made for constructing the prototype — D3 and AngularJS in
particular — are proven libraries that should allow the application to be scaled up to
a full-blown informatics tool. Finally, the discount usability methods were extremely
effective in evaluating the prototype and eliciting needs and priorities for subsequent
development. I recommend them for those of us who lack the time and resources
to carry out exhaustive, detailed usability studies or who find such a task rather
intimidating. With these in our arsenal, we can realize the potential of our tools to

benefit scientists.



5. CONCLUSION

Bioinformatics visualization tools abound. Developing one that can immediately
engage users and succeed as a bona fide research tool rather than merely being another
face in the crowd is a stiff challenge. This study has rested on the belief that a
profound emphasis on user-centered design and evaluation is a fruitful way to meet it.
Early prototypes and user scenarios were built with flexibility and freedom in mind,
and they succeeded overall in spurring users to brainstorm ideas in great quantity
and with considerable quality, articulate their needs as researchers and clinicians,
and suggest sometimes unorthodox approaches to improving the application. There
is little doubt that this tool for investigating genotypes, phenotypes, and diseases can
be a very good reference and learning tool, but subsequent work is needed to scale up
the prototype to a fully functional tool with robust user configurability and a variety
of ways to visualize biological relationships. Its future as a problem-solving visual
analytics tool depends on the ongoing commitment to embracing as many users with

as diverse a biomedical background as possible at the heart of the creative process.
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Figure 1: Some sequence and phenotype data on a typical Mouse Genome Informatics
gene page [55].
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Figure 2: A graph that integrates partial human and animal model data about a dis-
ease (ALS) and related genotypes and phenotypes [39, 56]. Human data are indicated
by light blue nodes, mouse data by yellow nodes, and mammalian (human or mouse)
data by green nodes. Multiple paths are possible between the human and mouse phe-
notypes (near top) and the human genotype (bottom). Boxes bound by dotted lines
contain groups of similar nodes, or metanodes. Arrows indicate how each relationship
should be read from one node to the other (e.g., “The BCL gene is expressed in the
nervous system” ).
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Figure 3: A graph that highlights gaps in knowledge. Given the membership of two
human genes (light blue nodes) in the same genetic or protein interaction pathway,
as well as mutant phenotype and gene expression data about mouse orthologs (yellow
nodes), visualization strategies could guide users to formulate the hypothesis that
some critical interaction between the human genes exists.
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Figure 4: An overview of the study. Use cases and user tasks were developed for
first-iteration low-fidelity mockups of a biomedical visual analytics tool. A biological
dataset relevant to the use cases was obtained. Six test users were recruited for the
study. After obtaining user feedback on the mockups, a second-iteration high-fidelity
prototype was developed with a set of interactive features supported by several open-
source software libraries. A new set of user tasks was created for a qualitative usability
evaluation. The same six users participated in the evaluation.
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Figure 5: The first in a series of mockups of an interactive genotype-phenotype ex-
ploration interface. A graph comprising nodes and edges is displayed at left and
a contextual details panel at right. A zebrafish angiogenesis phenotype (red fill) is
linked to nine genes.

plxnd1 |Related !lnformation\
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PROCESS:

The extension of new blood vessels from
capillaries into avascular tissues resulting from
proliferation of blood vessel endothelial cells.

sprouting angiogenesis abnormal PHENOTYPE: abnormal
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mtp

Figure 6: The “Information” tab contains a description of the node selected by the
user (red fill).
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Figure 7: The “Relationship” tab contains a description of the selected edge (red
stroke).
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Figure 8: The “Evidence” tab contains a list of sources supporting the relationship
between the linked nodes.
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Figure 9: A slider in the panel enables the user to apply a filter on related nodes based
on the strength of evidence for their associations, which is indicated by differences in

edge width.
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Figure 10: Moving the slider to the right hides all but the one node with the strongest

association with the selected node.
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Figure 11: A family of mouse Plexin genes is shown.
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Figure 12: The Plxnd1 gene is selected and related nodes of varying types are added
to the display. The ten alleles (variants) associated with the gene are grouped as a
metanode, which is larger than the nodes representing single entities.
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Figure 13: The human ortholog of Plxnd1 is selected.
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Figure 14: The display is cleared of all but the selected human gene, PLXND1. A box
next to “Human interactants” in the “Related” tab is checked, and buttons enable
users to add to the display all such items either as single nodes (“Expand all”) or as
one metanode (“Group these”).
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PLXNDA

5 interactants

Figure 15: At left, PLXND1’s five genetic interactants are displayed individually
(only one, SEMA4A, is labeled), and a disease related to SEMA4A is added to the
display. At right, the five interactants are displayed alternatively as one metanode.

PLXND1 O
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Figure 16: All diseases related to any of PLXND1’s genetic interactants are added to

the display.
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PLXND1
SEMA3E

endomedtrioid ovary carcinoma

Figure 17: A specific disease is selected and the path linking it back to the original
gene is visualized, revealing the specific interactant that is implicated in the disease.

NF2
NF2 NM_000268.3(NF2):c.1387G>T (p.Glud63Ter)

20 variants neurofibromatosis, type 2

Figure 18: At left, the human NF2 gene is shown with its related variants, visualized
as a metanode. At right, a disease and the path linking it back to the original gene
are shown, revealing the specific variant that is implicated in the disease.

body bent

nf2b-

NF2 NM_000268.3(NF2):c.1387G>T (p.Glu463Ter)

neurofibromatosis, type 2

Figure 19: Exploration reveals zebrafish entities related to NF2. A mutation of the
nf2b ortholog and its related “bent body” phenotype are added to the display.
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Figure 20: A similar zebrafish phenotype is added to the display (linked by a dashed
line) along with a related mutation and human ortholog, PAKI.
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Figure 21: Subsequent expansion of the graph reveals diseases related to PAKI.
Descriptions of the various diseases (not shown) and the nature of the zebrafish phe-

notypes may suggest to the user that some genetic alteration affecting an interaction
between NF2 and PAK1 is involved.
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Explore human and mouse genes, genotypes, variants, phenotype, and diseases and
their relationships.

The graph

Biological relationships are represented in a graph comprising nodes (entities) and
edges (relationships).

A node's color indicates the type of data it represents, and its shape indicates the
species.

An edge's width increases with the number of sources that provide evidence for the
relationship. Use the configuration / parel to also apply a black-red color scale to the
edges; edges with larger amounts of sources will appear redder.

Selection details

When you click on a node or edge, information about your selection appears in the panel
at right.

To view items related to a selected node, click on a section heading to expand it, and use
the © and @ icons to expand or contract the hierarchy. Click on the name of an item to
add it to the graph. The [IThie 4 following an item's name indicates how many more
items are related to it.

To view publications or other evidence for a selected edge, click on the Sources section
heading.

Manipulating the graph
Single-click on a node to pin and drag it. A red outline . will appear around it.
Double-click on a node to unpin it.

Right-click on a node to view a popup listing the type and number of nodes related to it.
You can choose to display all related nodes, click on a data type to reveal any such
nodes that are not yet displayed, or remove the node that you are on.

Nodes that you have clicked on are listed in the History dropdown menu at upper left. To
remove all unpinned nodes from the display, click the Show only pinned button.

Use the configuration / panel to make item descriptions appear in the popup instead of
the selection details panel.

Figure 22: The functional prototype’s help dialog window.

LEceEND () Homo sapiens [ Mus musculus o]

Figure 23: An expandable legend defining the node shapes and colors in the graph.
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1. I think that | would like to
use this system frequently

2. | found the system unnecessarily
complex

3. | thought the system was easy
to use

4. | think that | would need the
support of a technical person to
be able to use this system

5. | found the various functions in
this system were well integrated

6. | thought there was too much
inconsistency in this system

7. | would imagine that most people
would learn to use this system
very quickly

8. | found the system very
cumbersome to use

9. | felt very confident using the
system

10. | needed to learn a lot of
things before | could get going
with this system

Strongly
disagree

74

Strongly
agree

b

(%]

[&]

(%]

Figure 30: The System Usability Scale, developed by the Digital Equipment Corpo-

ration [21].
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Figure 31: Sketches of two simple user search scenarios. At left, the user searches for a
gene, aided by an auto-complete menu, and places a node on the display that provides
a starting point for exploring related items. At right, she alternatively queries genes
and diseases, placing two nodes on the display, with all possible paths between the
two being revealed.
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leaf

History links are explored root to leaf

Figure 32: Sketches of alternative graph-based views: a tree view of entities and
relationships (top), a treemap consisting of nested rectangles the relative areas of
which let users compare values (middle), and a breadcrumb trail allowing the user to
inspect each visited link from root to leaf.
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100
90 90.1 — Best imaginable
85.5 — Excellent
80
72.0 — Mean score (present study)
70 71.4 — Good
60
50 50.9-0K
40
35.7 — Poor
30
20 1 20.3 — Awful
10 - 12.5 — Worst imaginable
0 -

Quartiles Adjective Rating

Figure 33: Quartiles for System Usability Scale study mean scores (/3500 sur-
veys in 273 studies) and a corresponding adjective scale developed by Bangor, et
al. (2009) [48]. The mean score (6 surveys) obtained from the present study is shown
in red.
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Table 1: Iterative interface design and usability evaluation plan.

Iteration

Activities

I. Mockups.

Scenario building,
brainstorming, requirements
gathering, and informal
evaluation of low-fidelity

prototypes.

One hour session with each of
six users, working

individually.

Introduction — 10 min. Brief overview of Monarch

Initiative. Simple storyboarding.

Task A — 15 min. Angiogenesis cancer phenotype
general use case. Several nodes of the same data type
are linked to a node of interest (e.g., zebrafish genes
related to a zebrafish phenotype) and the user wishes
to filter them. She sees the type and strength of
evidence for these associations and applies a filter

based on this information.

Task B — 15 min. Angiogenesis cancer phenotype
general use case. The user has found a few zebrafish
or laboratory mouse genes of interest. Many different
types of nodes are linked to them (i.e., there are
several different relationship types) and she needs to
decide which path through the knowledge graph to
explore next. She selects a node and sees the number
of linked nodes for each relationship type. She applies
a filter based on relationship type, and opts to show

nodes of a particular related type as a metanode.

Task C — 15 min. Cell proliferation phenotype
general use case. The user sees that a single gene of
interest is linked to many diseases. She wishes to
gain insight into how the gene is associated with one
of those diseases. For example, the gene may have
many interactants, and mutations in these
interactants may be pathological. The user explores
the various links between genes, interactants, genetic

variants, and diseases.

Debriefing — 5 min. Follow-up remarks.

Continued on next page
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Iteration

Activities

II. Functional prototype.

Formal evaluation of
interactive web-based
high-fidelity prototype;
requirements gathering for
future iterations of a

Monarch application.

50 min. sessions with each of
the same six users, working

individually.

Think-aloud evaluation — 30 min. Concrete use case
involving angiogenesis genes, genotypes, phenotypes,

and diseases.

Task A — The user starts with a small set of human
and mouse genes and displays genetic mutations
linked to one of them. She finds out the extent to
which each variant has been studied and reported in
the scientific literature. She follows a reference to one
of the publications and then returns to the knowledge
graph. She finds out how many nodes (of any type)
are linked to each of the variant nodes. She wishes to
backtrack and remove the variants from view. She
then views only the variant which has the most

additional nodes linked to it in the knowledge graph.

Task B — Starting with a human gene, the user
explores the knowledge graph, selectively visualizing
related diseases, phenotypes, genes, and genotypes in

humans and mice.

Task C — The user configures how the interface
displays descriptions and indicates strength of

association between nodes.

Written evaluation — 10 min. Survey the user’s
experience with the System Usability Scale (SUS)
and collect additional remarks that he or she wishes
to add.

Debriefing — 10 min. Oral interview. Follow up on
SUS questions. Discuss needs for future iterations of

the tool (beyond the present study).




Table 2: Questions for the users.
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Requirements

How do you want to use the system?

What kinds of queries do you want to perform?

Tasks and work

What are your thought processes as you navigate the interface?

Do you understand how various sections of the interface are related?

Are the interface’s visualization features intuitive?

Can you do the specific tasks that you are prompted to do?

Does the system effectively present and communicate biological information?
Are the relationships between different kinds of data meaningful?

Is it easy to access related biomedical resources that are outside the system?

Does the system enhance your ability to identify and solve biological problems?

Heuristics

Is the system engaging, enjoyable, and easy to learn?

Does the system follow real-world conventions?

Does the system tolerate errors and allow backtracking?

Is the system consistent and follow standards?

Can you recognize how to perform a task based on doing previous tasks?
Is the amount of time that it takes to accomplish a task satisfactory?

Is the system visually appealing?

Is the system’s content appropriate for your knowledge and training?

Can you easily find the system’s help resource and is it useful?




Table 3: Data and relationship types supported by the functional prototype.

Data type Species Relationship Related to
Gene human, mouse | in orthologous relationship to | gene

has allele variant

has phenotype phenotype

is associated with disease
Genotype mouse has part variant

has phenotype phenotype
Variant human, mouse | is allele of gene

is part of genotype

is associated with disease
Phenotype human, mouse | is associated with gene

is associated with genotype

is similar to phenotype

is associated with disease
Disease human is associated with gene

is associated with variant

is associated with

phenotype

84



Table 4: User feedback on the mockups.
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User
The user... Cl C2 S1 S2 R1 R2
Understood the meaning of nodes. ® & 6 ¢ o o
Understood the meaning of metanodes. ®* & ¢ o o
e Was unsure of the meaning of metanodes. 2
Understood the meaning of edges. ® & 6 ¢ o o
Interpreted edge width as indicative of evidence. * o L 4 2
e Was misled by varying edge widths. * * & o *
Understood organization of the panel. ® & 6 ¢ o o
Understood connections between graph and panel. L 4 * & o L 2
e Was uncertain of graph-panel connections. 2
Grasped concept of filtering nodes with sliders. ® 6 O o o
e Was unsure of how sliders would be used. L 2
e Was confused by some text labels. * ®* & o o
e Thought data in the graph lacked provenance. L 2
Made biological interpretation of gaps in data. 4
e Was uncertain how to interpret gaps in data. 2 2

Key:
Favorable response.

e Unfavorable or critical response.

All tables:
C1 and C2 are individual clinicians.
S1 and S2 are individual students.

R1 and R2 are individual researchers.



Table 5: Feature requests emanating from discussion of the mockups.
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User

Interface feature

Cl1 C2

S1 S2

R1 R2

Filtering on one or more node types.

Simplified panel layout.

Clearer, more detailed contextual information.

Breadcrumbs/history of visited nodes.

L 4

L 4

L 2

Grouping/clustering nodes.

2

Hiding or removing unwanted nodes.

Contextual popup on right-click or hover.

Hierarchical /ontological supplemental display.

Configurable node shapes.

L NI NI ZNIR 2RI 4

Configurable node textures.

*

Configurable node colors.

2

Configurable edge styles.

Configurable edge colors.

L K K B K BK 4

Configurable evidence types in edges.

Configuring interface to focus on select species.

Showing/hiding overlays of particular information.

Undoing an action.

Indicating richness of potential paths.

Genetic pathway information.

Alternatives to the force-directed graph layout.




Table 6: Candidate user interface features for graph visualization.

87

Interactive features Included?
Exploring related nodes. Yes.
Filtering related nodes by data/relationship type. Yes.
Manually adding nodes to the graph one at a time. Yes.
Pinning and unpinning nodes. Yes.
One-click removal of all unpinned nodes. Yes.
Breadcrumbs/history of visited nodes. Partially.
Dragging/repositioning nodes in the graph. Partially.
Contextual popup on right-click or hover. Partially.
Hierarchical/ontological supplemental display. Partially.
User configuration or preferences panel. Partially.
Filtering related nodes by strength of association. No.
Collapsing nodes; dragging and dropping one node into another. No.
Automated grouping of similar nodes, e.g. by species. No.
Applying filters to all displayed nodes. No.
Advanced filtering widgets, e.g. sliders. No.
Showing/hiding overlays of particular information, e.g. species. No.
Zooming and panning. No.
Undoing an action. No.
Saving the visualization and interaction history. No.
Visual/content features Included?
Contextual information about selected node or edge. Yes.
Distinguishing different data types and species. Yes.
Relative strength of association between nodes. Partially.
Indicating richness of potential paths. Partially.
Displaying multiple nodes as a metanode. No.
Suggesting alternative paths between two nodes. No.
Genetic pathway information. No.
Tree and balloon views as alternatives to force-directed graph. No.




Table 7: User feedback on the functional prototype.
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User
User response Cl C2 S1 S2 Rl R2
e Search strategies need to be better understood. *
e Legend misleadingly appeared to be interactive. ® 6 o6 o o L 2
e Nodes need more contextual information. L 2 L 4
Meaning of edge width was intuitive. * O o
e Edge width had multiple interpretations. L 2 L 2 L 2
Relationships between data types easy to discern. ®* & ¢ o o 2
Data connections and paths were informative. * L 4
Contextual information and links were easy to find. | ¢ @ L 4
e Graph-panel connections were unintuitive. 2 *
e Relationship information in panel was unintuitive. 2 L 2
e Item counts in hierarchical list were unintuitive. L 2 L 2
e Publication lists lacked organization. * o 2
Adding/removing nodes was generally intuitive. ® 6 6 ¢ o o
The right-click node popup was intuitive. 4 L 4
e Popup and panel functions were inconsistent. 2 *
e Mouse-click conventions were unintuitive. ¢ o L 4
e Feedback necessary to prevent repeat user actions. L 2 2
e Interface needs to use tooltips more liberally. * *

Key:
Favorable response.

e Unfavorable or critical response.



Table 8: Feature requests emanating from prototype evaluation.
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User

Interface feature Cl C2 S1 S2 R1 R2
o Video/animation in the help resource. * & o o *
o A robust search interface. L 4 ¢ o
e Fully functional breadcrumbs/history. * o o
e Undoing an action. * o * o
o Zooming and panning. 2 L 2
o Saving the visualization and interaction history. 2 L 2
e More robust user configuration. L 4
o Suggesting alternate paths through the graph. L 4
o Listing of the knowledge graph’s non-visible nodes. L 4
e Alternatives to the force-directed graph layout. L 4

Key:
o New request.

e Repeats a request from earlier user sessions.



Table 9: System Usability Scale scores.

User

Statement | C1 C2 S1 S2 R1 R2 | Mean
1 5 4 4 2 4 4 3.4
2 2 2 1 1 1 3 o 1.7
3 4 5 4 4 4 4 e 4.0
4 2 1 3 1 1 2 e 2.0
) 4 5 4 4 5 4 e 4.4
6 1 2 3 2 1 3 2.6
7 4 5 3 4 3 3 e 4.1
8 2 1 2 3 1 2 2.7
9 3 4 3 4 2 4 e 4.1
10 3 2 2 1 2 4 e 3.4

Key:

e Clearly favorable mean response.
Slightly favorable mean response.

e Slightly unfavorable mean response.



