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This paper explores narrative techniques combined with medical visualizations to tell
data-driven stories about diseases for a general audience. The field of medical illus-
tration uses narrative visualization through hand-crafted techniques to promote health
literacy. However, data-driven narrative visualization has rarely been applied to med-
ical data. We derived a template for creating stories about diseases and applied it to
three selected diseases to demonstrate how narrative techniques could support visual
communication and facilitate understanding of medical data. One of our main consid-
erations is how interactive 3D anatomical models can be integrated into the story and
whether this leads to compelling stories in which the users feel involved. A between-
subject study with 90 participants suggests that the combination of a carefully designed
narrative structure, the constant involvement of a specific patient, high-qualitative vi-
sualizations combined with easy-to-use interactions, are critical for an understandable
story about diseases that would be remembered by participants.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Medical visualization research to date has focused primarily
on supporting physicians in diagnosis and treatment and—to a
lesser extent—medical students, particularly for anatomy edu-
cation. Medical data and research, however, is also interesting
to non-experts who lack detailed medical knowledge [1]]. They
may be interested in associations between lifestyle and diseases,
in understanding diseases, and in (new) treatment options. Non-
expert audiences require different design and narrative choices
to craft a clear, approachable, and understandable message [2].

*Corresponding author: Tel.: +49-391-675 2759; fax: +49-391-671 1164;
e-mail: example@email.com (Monique Meuschke),
meuschke@isg.cs.uni-magdeburg.de (Monique Meuschke)

Interactive medical visualization aiming at this type of audi-
ence requires easier-to-understand representations [3] than ex-
pert systems such as radiology workstations.

Narrative visualization combines storytelling techniques
with interactive graphics to communicate scientific results to
a general audience [4]. The data should be presented in a
traceable progression that is both memorable and straightfor-
ward [3} 6] to prevent misinforming. Ynnerman et al. [7]] coined
the term exploranation for merging exploratory visualizations
that are traditionally made for experts with explanatory visual-
ization techniques. While exploranation supports visual knowl-
edge acquisition for non-experts, it requires more guidance and
automatically-generated content.

Data-driven storytelling involves a narrative that is either
based on or contains data [8]]. Often, the story includes visual
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data representations which are enriched by memorable illustra-
tions and highlighting techniques [4]. While data-driven story
telling has already been applied to the visualization of astron-
omy data [9]], climate data [3]], molecular data [10] and cell bi-
ology data [11], the same has not been true for medical data.
Exceptions include epidemiological data, e.g., the COVID-19
dashboard by the New York Timeﬂ

In this work, we combine interactive exploration of medical
disease data, focusing on 3D models of human anatomy, with
narrative visualization techniques for a general audience. In our
initial concept for medical story telling [12]], we identified three
public subgroups: Patients with a direct link to a specific dis-
ease, relatives of a patient, and people interested in medicine.
Since patient-specific communication poses special challenges
w.r.t. data preparation and visual presentation, we focus on pre-
senting interactive stories to people interested in medical topics.
Our goal was to present a first approach to the construction of
data-driven medical stories about diseases, where we focus on
structural and design-specific decisions and challenges in this
process. Second, we aim to provide initial insights into the
extent to which such stories increase the memorability of as-
pects shown, whether users feel involved in these stories, and
whether this could have a positive impact on their own lifestyle.
Third, this work aims to provide a basis for future investigation
of more detailed storytelling and visualization aspects with re-
gard to medical data communication.

To reach these goals, we present and evaluate a narrative tem-
plate to communicate disease information in a compelling and
understandable way, following an asynchronous storytelling ap-
proach, i.e., one without a narrator [[13]. We focus on the suit-
ability and arrangement of narrative techniques to tell stories
about three common diseases that have preventable risk factors
and thus are well-suited to improve health literacy. We con-
ducted a between-subject study to compare our interactive data
stories in a web-based implementation against a traditional web
blog design. The results show that interactive medical stories
increase the memorability of the presented content. In addition,
participants enjoyed exploring the 3D visualizations and indi-
cated that they learned something new. We used these insights
to derive a research agenda for narrative medical visualiza-
tion which is our main contribution. In addition we make the
following more specific contributions:

e A seven stage template to structure medical disease stories.

e Storyboards for three diseases that are enriched with inter-
active medical data visualization.

e A user study underlining the value of narrative medical
visualization in terms of memorability and engagement.

2. Narrative Visualization

A general audience includes people without domain-specific
background knowledge who differ in terms of age and cul-
ture [3]]. Bringing scientific results to a general audience is chal-
lenging, as it ““[...] is quite a different matter to compel attention

"https://www.nytimes.com/interactive/2021/us/covid-cases.html

and understanding in a diverse, hurried, skeptical population of
readers than to communicate with an eager, familiar group of
associates” [14]].

Results from cognitive science show that embedding data in
a narrative makes the data more exciting and memorable [9].
For this purpose, complex scientific results need to be reduced,
summarized and generalized by means of simplified and un-
derstandable visualizations. Compromises have to be made in
terms of accuracy and completeness, since showing too many
details makes it difficult to convey a clear message [3]. While
numerous works combine narrative techniques and information
visualization [[15}16], there is little research on combining sci-
entific visualization with narratives [9]. An early attempt is de-
scribed by Hohne [[17]], who pioneered the interactive explo-
ration of volume data for a museum exhibition. We explain the
basic ingredients of a data-driven story in Sect.[2.T|and summa-
rize existing tools to author data-driven stories in Sect.

2.1. Ingredients of a Data-driven Story

In general, a visual data story consists of four basic ingre-
dients [18]]. First, the content of the story must be defined by
establishing a series of specific facts, called story pieces, that
are supported by data [13]. These story pieces are visualized
to convey important messages to the audience. Visualizations
are complemented by additional communication and highlight-
ing techniques, called story elements, such as labels, arrows,
motion, audio, and textual explanations to clearly emphasize
these messages and to avoid ambiguity [[19, 20]]. The interplay
between story elements is best understood when they are con-
nected. Stolper et al. [21]] found three methods to connect story
elements: interaction, consistent colors, and animations. Ani-
mations accompanied with speech are valuable to communicate
complex data, especially to present health information to people
with low health literacy [22]].

Second, one or more narrative characters have to be de-
fined that articulate the goal of the story. These can either be
real people or objects, e.g., anatomical structures or diseases, in
medical story telling.

Third, the story needs a conflict that describes the challenges
that the main characters must solve to achieve their goals. Re-
garding medical data, a conflict could be that the person has a
disease but wants to recover.

Fourth, the story needs a structure. Typically, a story is di-
vided into three or five acts that are framed within Aristotle’s
tension arc [23]] which defines the full progression of the story.
The story starts with a relatively quiet opening that introduces
the main characters and the conflict. This is followed by a mid-
dle section where tension, conflict between characters, and nar-
rative momentum build to a climactic peak. The last act is a
denouement, where the conflict is resolved with the characters
either succeeding or failing in achieving their goals.

Each act is divided into scenes, where transitions are needed
between the scenes without disorienting the user [4]. The
story pieces and scenes are typically arranged in a meaningful
genre [4], e.g., a slideshow or annotated chart. The choice of
genre depends on the data complexity, as well as the intended
audience and medium. Moreover, a story path is needed de-
scribing the order of scenes. In addition to a strict path (linear


https://www.nytimes.com/interactive/2021/us/covid-cases.html

Preprint Submitted for review / Computers & Graphics (2022) 3

story), there is the possibility to provide the user with several
paths to choose from (elastic story) [4].

Hullman and Diakopoulos [20] examined how framing ef-
fects in narrative visualization are used to influence audience
opinion. These framing effects group into rhetorical categories
that affect different aspects of the visualization (data, visual rep-
resentation, annotation, interactivity). Moreover, a story can
be told in different ways, e.g., engaging or emotional, depend-
ing on author intent and audience. Bach et al. [24] described
eighteen narrative design patterns for telling data stories. These
works led to Edmond and Bednarz’s categorical classification
of narrative visualization based on the strength and persistence
of traditional narrative structures [25]].

2.2. Authoring Tools for Narrative Visualization

With the increasing popularity and accessibility of narra-
tive visualization through interactive authoring tools, Stolper
et al. [21] have identified several common visual components
in existing stories. In addition, Wohlfart and Hauser have de-
veloped authoring tools for generating interactive medical sto-
ries based on volume data [26]. However, medical data also in-
cludes other data types, e.g., non-spatial data, clinical images,
3D models, and flow data.

Creating a scientific story based on rich multimedia sources
that include spatial and non-spatial data is often limited in
scope. Existing authoring tools require familiarity and train-
ing in several different software applications. For non-spatial
data visualization with standard charts, Amini et al. [27] ex-
plored data videos to design better tools for telling data stories
using motion graphics. This research led to DataClips [28], a
tool to author data-driven videos composed of information vi-
sualizations. While the authoring process should be supported
by flexibility, iteration, and non-linear story creation, many au-
thoring tools, such as Ellipsis [[29], Data Comics [30], Timeline
Storyteller [31]], and Calliope [32]], focus on manual workflows
and are limited to non-spatial, often linear stories.

3. Narrative Medical Visualization Concept

While there are many artistic media, e.g., cinematic videos
and hand painted illustrations, used to communicate medical
topics, our aim is to mainly present real data. Using real data
enables also non-artists, such as researchers doing science com-
munication, to create narrative visualizations. However, there
is a lack of a sound understanding of how to communicate real
medical data encoding anatomical relationships and diseases to
a lay audience. Two main aspects of story telling are to engage
the audience into the story and to maintain their interest. Since
the use of 2D static visualization may be considered less en-
gaging, interactive 3D models should be integrated [[10]. How-
ever, the integration and usefulness of interactive 3D anatomical
models in a medical data-driven story remain unexplored.

Therefore, we outline a concept for the enrichment of 2D and
3D interactive medical visualizations by narrative techniques
so that users are able to easily understand, absorb, and interact
with the underlying medical data. Our intended communica-
tion goal is to inform people interested in medicine about

a disease with a focus on avoidable risk factors. These peo-
ple come typically into contact with medical data either in mu-
seums or science centers or through Internet research or TV
programs at home, where no specific doctor-patient connection
exists. Like the Visualization Center in Norrkoping [33]], asyn-
chronous storytelling, based on a touch display, could be used
to interactively inform the user about diseases. While users at
home would more likely use a tablet or their phone, larger in-
teractive displays could be used in a science center or museum.

To demonstrate the potential of narrative medical visualiza-
tion as a means to engage the general public, we first derive a
template comprising potential stages of disease stories, as de-
tailed in Sect. [3.1] To illustrate this template in practice, we
selected three common diseases for story generation, discussed
in Sect.[3.2] We subsequently explain the production of our sto-
ryboards in Sect. We present these three medical stories in
Sect. Finally, we provide details about the realization of
the interactive web-based disease stories in Sect.

3.1. A Template for Narrative Disease Visualization

Many university hospitals, scientific institutes or online en-
cyclopedias offer freely-accessible web blogs to inform a gen-
eral audience about the development, diagnosis and treatment
of various diseases. We analyzed a total of 30 freely-accessible
web blogs for three selected diseases: Liver cancer' =19, brain
aneurysm''=2 and pelvic fracture?' 3° according to their basic
structure, as we have the same communication goal and want to
address the same audience.

The majority of these blogs follow a similar structure. First,
a short and understandable disease definition is provided, and
statistical aspects, such as the annual incidence and age-related
distribution between men and women, are described. Next,
an anatomical overview, consisting of schematic illustrations,
shows the location and function of the structures affected by
the disease. This provides the baseline for understanding what
is normal before introducing the disease itself. Next, typical
symptoms are explained, usually as textual enumeration. Af-
terwards, the diagnosis is explained. This includes the expla-
nation of frequently-used examination methods, e.g., MRI, as
well as their reliability. Each diagnostic method is briefly sum-
marized and possible implications for the patient are explained.
The diagnosis is typically followed by an overview of possi-
ble treatment options. Therapeutic procedures are summa-
rized, including treatment risks, and the associated chance of
cure is estimated. Typically, 5-year prognoses are provided.

lwww.medicalnewstoday.com/articles/172408

"https://my.clevelandclinic.org/health/diseases/9418-1iver—cancer
3www.mayoclinic.org/diseases-conditions/liver-cancer/
symptoms-causes/syc-20353659/
www.healthline.com/health/liver-cancer/

www .webmd . com/cancer/understanding-liver-cancer-basic-information/
www . cancer.org/cancer/liver-cancer/,

www.cdc.gov/cancer/liver/index.htm/

OIS

www.liverfoundation.org/for-patients/about-the-liver/

diseases-of-the-liver/liver-cancer/

9www.cancerresearchuk.org/about-cancer/liver—cancer/

0w . cancer. gov/types/liver/
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https://my.clevelandclinic.org/health/diseases/9418-liver-cancer
www.mayoclinic.org/diseases-conditions/liver-cancer/symptoms-causes/syc-20353659/
www.mayoclinic.org/diseases-conditions/liver-cancer/symptoms-causes/syc-20353659/
www.healthline.com/health/liver-cancer/
www.webmd.com/cancer/understanding-liver-cancer-basic-information/
www.cancer.org/cancer/liver-cancer/
www.cdc.gov/cancer/liver/index.htm/
www.liverfoundation.org/for-patients/about-the-liver/diseases-of-the-liver/liver-cancer/
www.liverfoundation.org/for-patients/about-the-liver/diseases-of-the-liver/liver-cancer/
www.cancerresearchuk.org/about-cancer/liver-cancer/
www.cancer.gov/types/liver/
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Definition Anatomy Symptoms Diagnosis Treatment Prognosis Prevention
Define the Explain healthy Explain disease Explain disease Explain treatment Show disease Explain risk
disease anatomy symptoms diagnosis options prognosis factors

Fig. 1. Seven-stage template for narrative medical visualization of disease data.

Finally, disease prevention summarizes risk factors for the de-
velopment. A distinction is usually made between avoidable
and congenital/genetic risk factors. This concluding considera-
tion serves as a call-to-action, and clarification that one’s own
behavior has an strong influence on the development of life-
threatening disease. The reader should be encouraged to think
about their own habits and to positively adapt their lifestyle.
Based on this analysis, we derived a sequence of seven stages
forming a template (see Figure [1)) that can be used as a basic
structure for applying narrative techniques to disease data.

3.2. Selected Disease Examples

In selecting the example diseases, we have been guided by
the basic structures of the human body which are visible in ra-
diological image data: organs, vessels, and bones. We selected
a disease for each structure that has avoidable risk factors to
build up motivation within the story to change one’s lifestyle to
prevent the respective disease as best as possible. Furthermore,
producing an understandable visualization of these diseases is
challenging due to their anatomical complexity. For each dis-
ease, an anonymized patient data set was used, comprising dif-
ferent radiological data types, such as ultrasound, MRI, and CT
images. Below, we outline our motivation for selecting these
diseases and necessary data pre-processing.

ww. aans . org/en/Patients/Neurosurgical-Conditions-and-Treatments/

Cerebral-Aneurysm/

Zwww.mayoclinic.org/diseases-conditions/brain-aneurysm/

symptoms-causes/syc-20361483/

Bwww.hopkinsmedicine.org/health/conditions-and-diseases/

cerebral-aneurysm/

“www.med . unc . edu/neurosurgery/services/aneurysms-treatment/

Swww.urmc . rochester . edu/encyclopedia/content . aspx?ContentTypeID=85&
ContentID=P08772
www.hopkinsmedicine.org/neurology_neurosurgery/centers_clinics/

cerebrovascular/conditions/aneurysms.html/

16

Twww . uptodate . com/contents/unruptured-intracranial-aneurysms/

!8www . msdmanuals. com/professional/neurologic-disorders/stroke/

brain-aneurysms/
]gwww.rch.org.au/kidsinfo/fact_sheets/Cerebral_Aneurysm/
2https://medlineplus.gov/brainaneurysm.html
21https://orthoinfo.aaos.org/en/diseases—-conditions/

pelvic-fractures/

22ywww.physio-pedia.com/Pelvic_Fractures/

23www.renoortho.com/specialties/center—for—fracture—trauma/

pelvis-fracture/

24www . msdmanuals . com/home/injuries-and-poisoning/fractures/

pelvic-fractures

https://radiopaedia.org/articles/pelvic-fractures
20yww . amboss . com/us/knowledge/Pelvic_fracture
27https://patient.info/bones-joints—muscles/

pelvic-fractures-leaflet

28www.hss.edu/conditions_pelvic-fractures-acetabular-fractures.asp

www.aftertrauma.org/injuries-to-the-pelvis/injuries-to-the-pelvis

3www.winchesterhospital.org/health-library/article?id=100262

Liver Cancer. We selected liver cancer as an organ disease.
The number of liver cancer cases has doubled in the last 35
years [34]. Public interest in learning more about this disease
is therefore likely to increase. Furthermore, a comprehensible
visualization of liver cancer is challenging due to the necessary
depiction of numerous surrounding structures, such as other or-
gans and vessels, as well as the simultaneous representation of
embedded surfaces, such as liver and tumors.

We used a data set of a patient with a stage 1 liver carcinoma
provided by our clinical partners. Small and medium-sized
tumors without lymph node involvement and metastases were
discovered in the liver using ultrasound and CT Angiography
(CTA). Due to the good general condition of the patient and the
early stage of the tumors, they should be surgically removed.
Based on the CTA data, the liver, the tumors, and surround-
ing structures, such as the heart and ribs, were segmented and
transformed to 3D models using the software HepaVision [35].
Brain Aneurysms. For vessel diseases, we selected dilations
of the brain vessels, called brain aneurysms, which bear the risk
of rupture. From a visualization point of view, aneurysms are
interesting because a rather small and often irregularly shaped
object (aneurysm) has to be represented in a comprehensible
way in a large confusing context (vascular tree in the brain).

We used a data set from Berg et al. [36], where a brain
aneurysm was incidentally found during CTA. The vasculature
was segmented using the pipeline by Ménch et al. [37] and con-
verted into a volume grid. Computational fluid dynamics (CFD)
simulations were used to calculate the blood flow [36]]. The
blood flow is depicted by particles traced in the flow field.
Pelvic Fracture. For bone-related diseases, we used pelvic
fractures, which is a break in any of the bones that form the
ring of bones at hip-level [38]. A pelvic fracture can result from
a high-energy trauma, such as a car accident, or in elderly pa-
tients, from a minor trauma, such as a fall. The visualization
of hip fractures is interesting because many surrounding struc-
tures must be clearly displayed based on volume data for which
a suitable transfer function must be found.

We used a CT data set of a woman with a pelvic fracture in-
cluding pre-operative and post-operative scans from the Osirix
Dicom Image Libaryﬂ Using direct volume rendering (DVR),
we generate videos and images to support our story. In addition,
we provide interactive 3D scenes based on the Virtual Surgical
Pelvis (VSP) model [39]], which is in use as a virtual educa-
tional tool to teach pelvic anatomy [40]. The VSP consists of
anatomical surface models based on expert segmentation of a
cryosection data set. Selected VSP structures were embedded
as interactive 3D models.

2https://www.osirix-viewer.com/resources/dicom-image-library/
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3.3. Generating Medical Storyboards

Once we had decided on which diseases to treat in the nar-
rative visualization, and after we had prepared the material as
described in the previous paragraph, we developed a storyboard
for each disease. A storyboard is the essential basis for the im-
plementation of the story, specifying the sequence of the story
as well as the layout of text, images and other visual elements.
Therefore, a storyboard enables dialogue in the team (and with
stakeholders) and outlines the next steps in production. We
used PowerPoint 365 MSO to create the storyboards, as it of-
fers all functionalities to design a prototypical data-driven med-
ical story. PowerPoint is widely-used and broadly accessible
and can be regarded a low-threshold software that requires little
expert knowledge. If offers tools for layout, animation and tran-
sition and supports a multitude of file formats, such as images,
videos and even 3D models.

3.4. Medical Story Design

The stages shown in Fig. |1| serve as the basic structure for
designing all three medical stories. Thus, some scenes for the
three diseases are very similar. To avoid redundancy, we use the
example of liver cancer to demonstrate a complete design of a
medical story. For the two remaining diseases, we focus our
discussion on illustrating disease-specific aspects. We attached
all created stories as supplemental material.

In each story, we extracted from the source data set only the

necessary structures to tell our intended story, because broad
audiences need visuals that are clear, easy to read, and infor-
mative, which involves a fair degree of simplification, i.e., ab-
straction from the raw source data [2]. Following the framing
by hiding data pattern [24], e.g., within the 3D models only the
most important structures are depicted while irrelevant struc-
tures are excluded, e.g., other abdominal organs in the liver sce-
nario. Moreover, aesthetics are valuable for non-experts, as the
visual appeal of an asset draws interest and attention [2]. We
consider this aspect in the coloring of our models, and use of
graphical elements and annotations to the models to draw at-
tention to important facts and pieces of the story.
Story Ingredients. A visual data story consists of four basic
ingredients: content, characters, conflict, and structure (recall
Sect.[2). The content of our stories comprises the development,
diagnosis and treatment of selected diseases, where the main
character is a patient. Following Bottinger et al. [41] to make
scenes “as simple as possible without risking scientific credi-
bility,” we extract as much information as possible from real
medical image data to generate data-driven stories. Besides vi-
sual abstraction, easy-to-use interaction techniques that do not
jeopardize scientific credibility are also necessary for creating
clearly understandable scenes [2,/42]]. For enabling touch-based
interaction, we use interaction types that do not require a high
degree of accuracy. These include single-touch gestures, e.g.,
rotation around a predefined axis, and familiar multi-touch ges-
tures, such as panning and zooming. Such interactions take ad-
vantage of user familiarity with everyday objects such as smart-
phones and tablet PCs. In addition, the whole content is read
aloud as a voice over [22].

The conflict in our stories is described by a sick person whose
goal is to become healthy. For the structure, we used Aristotle’s
tension arc, which divides the story into five acts, called Frey-
tag’s Pyramid: exposition, rising action, climax, falling action,
denouement [23]]. We chose a linear path as each stage builds
on information introduced previously, which makes it easy to
keep track of presented information. Since we want an inter-
active and multi-media environment for our stories, slideshows
seemed most appropriate as the basic narrative genre to visually
present a sequence of scenes. In principle, we could also use an-
other genre for the story or parts of the story, such as comics.
However, comics are heavily symbolic and abstracted from the
data and this would, in our opinion, weaken the degree of real-
ity of the data too much. Within the scenes, we often combine
2D/3D representations with textual descriptions arranged in the
partitioned poster style to explain disease stages in a short and
memorable way. Following the structuring by revealing data
pattern [24], elements within a scene are revealed sequentially
to avoid visual overload for the user.

For each stage, one or multiple slides are prepared as scenes.
Within the scenes, other narrative genres such as the flow chart
and the partitioned poster genre are used, where long-form tex-
tual description with highlighted keywords provides more de-
tails. Smooth transitions are defined between scenes, with the
timeline of stages visible in each scene to let the users know
where they are in the story. Below, we provide details for acts
and scenes of the story.

Narrative paradox. While the narrative storytelling approach
means that a story is a message, interactive storytelling gives the
user more control to tell a story that fits them. This interactive
approach may feel more exciting, but is also harder to control.
This fact of mutual influence on the story, on the part of the au-
thor through the storyboard and on the part of the user through
interaction, describes the narrative paradox [43]]. However, this
is key to the idea of patient-centered medicine and giving peo-
ple a way to learn what interests them about a particular medical
condition. Maybe a user has extensive knowledge of anatomy,
but does not understand the mechanism of a disease. They can
jump to the part of the story that is relevant to them, and explore
the 3D space in detail through interactive mechanisms. Alterna-
tively, they can follow the planned narrative without additional
exploration and still learn something valuable. However, then
they cannot adapt the content of the story to their own needs
and prior knowledge.

The key is to decide for each situation who has control over
the story and to balance the degree of freedom the user is al-
lowed to ensure a meaningful flow of the story [44]. Wohlfart
and Hauser [26] proposed two interaction schemes to address
this issue. Either (1) the visualization is fully controlled by the
author or the user or (2) the control is shared between the two
parties involved (e.g., the author controls the rendering styles
and the user controls the camera movement). In our stories, we
integrated both schemes. On the one hand the author has full
story control in many scenes but on the other hand the user is
encouraged to interact with certain story ingredients, e.g., to ex-
plore 3D models. Here the user controls the camera, but the the
main rendering parameters are specified by the author.
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3.4.1. First Act: Exposition

In the exposition, the fictive patient is introduced to motivate
the audience to watch and interact with the story, as well as to
make the story relatable. This is followed by a short definition
of the disease modeling the conflict. To capture the user’s atten-
tion, we start with a fundamental question related to the disease,
e.g., "Liver Cancer: How to get back to life?”.

Patient Description. To protect the privacy of personal data,
any introductory patient information is fictitious but still repre-
sents the profile of someone who might receive this diagnosis.
The patient description is the first scene of each story and con-
sists of an image and a long-form textual description of the pa-
tient case, see Fig.[2|(A1). The patient image was chosen from
Google image search results, where we selected an image rep-
resenting a common demographic for the decease in question
which was freely available under a permissive Creative Com-
mons license.

Disease Definition. To model the conflict of having a disease,
we introduce the affected patient’s anatomy by an interactive
3D model, see Fig.[2| (B1). We exclude visual representations
of the disease at this act, e.g, 3D models of the tumors or unnec-
essary surrounding anatomy, to avoid overwhelming the user.
Inspired by Garcia [43]], statistical parameters of the disease are
depicted as information graphics with icons to aid recognition
and memorability. Via voice narration, the user is encouraged
to rotate the model. Since free rotation of 3D objects is difficult
to handle, we limit rotation around a vertical axis with a finger
movement from left to right. We apply similar concepts to the
other two stories.

3.4.2. Second Act: Rising Action

During the second act, the tension is heightened through in-
teractive 3D models of healthy anatomy and the visual repre-
sentation of symptoms via icons, which lead to the diagnosis.
Anatomy. Within the anatomy scenes, we describe the relevant
anatomical background for understanding disease development.
These facts include the location, importance, and function of the
key anatomical structure(s), see Fig.|2|(C1, D1, and A2). First,
an automatic rotation of the 3D liver model gives an overview
of its anatomical shape. Following familiar objects and object
continuity concepts, the story transitions to show anatomical
context around the liver: labeled 3D models of the ribs, heart,
and vasculature. Finally, we introduce the disease by super- or
juxtaposing the pathology on the normal anatomy with a cross-
fade transition. For the liver cancer story, the surrounding struc-
tures fade away and the fully-opaque liver becomes translucent
to reveal tumors within, see Fig. E] (A2).

A unique characteristic of the pelvis fracture story is the com-
plex anatomy of the pelvis. In addition, we have pre- and post-
operative data available, which makes it possible to show treat-
ment effects on real data. To communicate these anatomical
peculiarities and the treatment process, we combine hotspots
(markings of anatomically interesting positions), 3D models,
and DVR, see Fig.[3] The user can interactively explore anatom-
ical structures by clicking on the hotspots (A) by highlighting
the corresponding anatomical name in the text description or
clicking on a structure of interest.

Symptoms. Using the partitioned poster genre, a visual
overview of typical symptoms is provided. For each symptom,
we create an icon, see Fig.[2(B2). The use of icons as a graphic
representation of the term, as opposed to purely text-based list-
ings, aims to increase memorability [46].

In the aneurysm story, we differ from our general approach

in a few points, as the focus lies on accidentally-detected
aneurysms without symptoms. Treatment bears considerable
risks, which can exceed natural rupture risk. Therefore, the
aneurysm story communicates how rupture-prone aneurysms
can be detected as shown in Fig. |4l The first scene shows a 3D
aneurysm model representing an incidental finding (see Fig.
(A)). An illustrative superimposed magnifying glass helps the
user to quickly see the aneurysm in the complex vascular tree.
Next, aneurysm rupture is shown illustratively (see Fig. | (B)),
because there is no data available that encodes the rupture event.
Using information graphics, it should be made clear that a rup-
ture occurs very rarely but is very dangerous. The information
graphics are only indicated by a placeholder, as these would be
similar to the graphics of the liver definition stage.
Diagnosis. This stage provides information about the diag-
nostic process comprising diagnostic questions and imaging
modalities. Important questions for liver cancer include, e.g.,
the size and location of tumors as well as the exact tumor type.
For this purpose, the 3D translucent liver model including the
tumors is shown. The renderings of the tumors are enriched by
icons to visually communicate the main aspect of each related
question (see Fig. [2] (C2-B3)). Simple and clean illustrations
subsequently describe diagnostic procedures, e.g., liver biopsy
to determine the tumor type (see Fig. 2] (C3)). Procedures with
anatomical views include a rotating 3D navigator model of the
organ that helps the user to maintain the orientation.

The size and location of aneurysms in the brain is also a crit-
ical diagnostic question, which we handle slightly differently
since here a (branching) vascular tree represents the anatom-
ical context instead of a large compact organ (see Fig. 4| (C)).
This entails beginning with a localizing overall view of the brain
vessels with the translucent surrounding skull before a zoom
and rotation transformation focuses the camera tightly on the
aneurysm to emphasize its location and shape. Panning and
zooming allows the user to get even closer to the aneurysm, a
detail view is shown in the form of a 3D aneurysm model, with
blood flow suggested by animated particles, see Fig.[d] (D).

Additional scenes show diagnostic imaging modalities used.
For each modality, a real image is incorporated as an example,
e.g., ultrasound, CT, and MRI in liver cancer, where in each the
tumors are highlighted by contours, see Fig.[2](D3).

3.4.3. Third Act: Climax

The diagnosis led to the questions whether and how the dis-
ease can be treated, which is the climax of the story. Here,
potential solutions for the conflict of being ill are presented, as
described at the beginning of the story.
Treatment. This stage answers the question whether treatment
is possible and explains therapy options and key aspects that
influence treatment decisions. Rarely-performed treatments are
not considered to avoid an excessive length of the story.
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The first treatment scene uses a flow chart in the form of a
directed graph, to describe the basic treatment approaches and
their key aspects. In liver cancer there are essentially two treat-
ment strategies: curative and palliative [47] (see Fig. 2] (A4)).
By clicking on one of the nodes, the user can start a slide show
about the selected treatment. Each curative treatment is shown
as a 2D illustration of its key moment to provide clarity (Fig.
(B4-D4)). We again use a navigator icon with labels to indi-
cate key aspects of the procedure. An exception to this are the
metal implants used in fracture treatment, such as in the pelvic
data (see Fig. 3] (D)). Similar to bones in a CT scan, these can
be easily visualized by DVR, where optimal views from differ-
ent perspectives can be shown. In case of palliative treatments
where the aim is to ensure symptom alleviation, we use icons
to create consistency and repetition between this stage and the
earlier symptom stage (see Fig.[2](AS)).

3.4.4. Fourth Act: Falling Action

In the fourth act, the tension decreases by discussing the
prognosis of treatment options as well as disease prevention fo-
cused on avoidable risk factors.
Prognosis. The prognosis of a disease includes several param-
eters related to the severity and the chosen treatment. Since
a detailed presentation of all dependencies and resulting pa-
rameters would overwhelm the user, we limit ourselves to the
most important parameters to give insight into the likelihood
of a cure. Based on the partitioned poster genre, we produce
an infographic-style illustration that makes use of color and
laddered text to aid in information absorption and memory re-
tention of key prognostic information (see Fig. [2| (B5)). We
use icons for men and women to convey that, unlike incidence,
there are no significant prognostic differences between men and
women. With this decision we follow the concretization and
personalization pattern recommended by Bach et al. [24].
Prevention. In this stage, we focus on illustrating avoidable
risk factors to give the user a sense of agency. Risk factors,
such as age or genetic factors that a person cannot influence,
are excluded since they are not actionable for the user. Simi-
lar to the symptoms, we use the partitioned poster genre and
utilize icons to better recognize and understand the presented
information, e.g., a martini glass for the recommendation to re-
duce alcohol consumption (Fig. 2] (C5)).

3.4.5. Fifth Act: Denouement

In the fifth act, the tension is resolved with a summary of the
outcome of the fictitious patient story.
Outcome of Patient Story. To round off the story, we resolve
the conflict. We once again show the visualization of the chosen
treatment method to outline a concrete solution for conflict. In
order to convey that liver cancer is not hopeless and one can
make active efforts to prevent the disease, we decided to end
the story on a positive note. For this purpose, we again show
an image of our fictional patient (see Fig. 2] (D5). Unlike at
the beginning of the story, the patient has a joyful expression
on his face and is exercising, which is an important preventive
measure for liver cancer. We also list the prevention options the
patient has taken to improve their lifestyle.

3.5. Realization of Storyboards

Due to technological advances, web-based applications to vi-
sualize medical data have become increasingly important in re-
cent years [48]. Web-based narratives can reach a wide audi-
ence easily. Therefore, we transformed the storyboard for liver
cancer into an interactive web-based story.

To implement the principal structure of the web-based story,
we used HTMLS and JavaScript. We used WebGL for interac-
tive rendering of the 3D models. In addition to the script files
for building the web interface, the GLTF files of the 3D mod-
els, the 2D illustrations as well as the sound files are stored on a
university internal web server. The web server that only allows
encrypted connections is managed by the university computer
center. In addition, all radiological images and extracted mod-
els on the server are anonymized. Within the web application,
JavaScript is used to read the GLTF files of the 3D models.

4. Evaluation

Our goal with this evaluation was to investigate if people in-
terested in medicine are able to understand and remember our
stories and whether they are engaged and motivated by them.
We also derived factors that contributed to the user’s engage-
ment and motivation from participant feedback. We conducted
a qualitative exploratory study in which we compared one of
the interactive stories to a classical web blog design we created
based on health website content such as WebMD and UpToDate.
Moreover, participants rated structural and visual elements of
our interactive story based on a questionnaire.

4.1. Study Design and Participants

We conducted a between-subject study by splitting the par-
ticipants into two groups, group 1 (G1) and group 2 (G2). Our
focus was on G1, which performed a comprehensive user study
based on the interactive story w.r.t. the narrative elements used.
G2 performed a shorter user study based on the classical web
blog design with only a subset of the questions GI1 received.
Since classical web blogs which inform about medical issues
usually do not follow a story path, we restricted this study to
assessing the memorability of the presented content. Both stud-
ies could be taken using different devices, e.g., a computer or
mobile devices such as smartphones or tablets, to facilitate ac-
cess to the study.

We used LimeSurvey to set up both studies. To recruit par-
ticipants, we shared the survey with colleagues and acquain-
tances. We also recruited participants through the abwork plat-
form, where the participants were compensated $3.00 for their
time. We did not set specific requirements for education, back-
ground, or gender to obtain a sample that represented a general
audience. In addition, the survey was completely anonymous
and answers regarding one’s own risk of disease are voluntary.
Furthermore, the questionnaire was reviewed and approved by
the responsible data protection officer of our university. To pro-
tect participant anonymity, the survey was sent to multiple par-
ticipants at a time.

In total, we recruited 90 participants, 45 for G1 (interac-
tive story) and 45 for G2 (standard web blog). Gl includes
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25 women and 20 men, while G2 includes 37 women and 8
men. Each participant was asked to select an age range, re-
sulting in the following distribution: G1/G2: 12/2 21-29 yr.,
17/13 30-39 yr., 3/18 40-49 yr., 6/10 50-59 yr., and 5/2 60-69
yr. The participants had different levels of education (G1/G2:
27/25 high school or some college, 15/16 with a bachelor’s de-
gree, and 3/4 with masters degree or beyond) as well as dif-
ferent levels of medical knowledge (G1/G2: 1/2 very com-
prehensive, 8/10 rather comprehensive, 11/25 moderate, 13/7
rather limited, 12/1 very limited). Regarding visualizations, the
majority of participants were very familiar with reading dia-
grams, e.g., bar chart or line chart (G1/G2: unknown for 0/0,
rather unknown for 3/1, parts/parts for 6/2, rather known for
9/11, and well known for 27/31). Moreover, many participants
were at least partially familiar with medical illustrations like in
a textbook (G1/G2: 0/2 unknown, 15/5 rather unknown, 5/16
parts/parts, 15/19 rather known, and 10/5 well known) as well
as medical images, such as MRI or CT images (G1/G2: 0/0
unknown, 11/6 rather unknown, 14/9 parts/parts, 12/20 rather
known, and 8/10 well known). In contrast, the majority were
barely familiar with 3D visualizations (G1/G2: 6/4 unknown,
17/12 rather unknown, 11/20 parts/parts, 6/6 rather known, and
5/3 well known) and had little experience interacting with them
(G1/G2: 7/8 unknown, 18/11 rather unknown, 9/17 parts/parts,
6/6 rather known, and 5/3 well known). Most participants of G1
used a PC/laptop without touch display for interacting with the
story (G1/G2: 29/12), followed by PC/laptop with touch display
(G1/G2: 8/3), as well as smartphone (G1/G2: 6/20) and tablet
(G1/G2: 2/10). The different distribution of devices between
both groups results from our recommendation to use a laptop or
PC for G1, as the interactive story is currently optimized for it.

The study began with an introduction page, including a short
greeting message, followed by descriptions on the purpose of
the study, its duration (about 20 minutes), and expectations
from the participants. For the interactive story group, we ex-
plained how to interact with the 3D visualizations. Participants
were then directed to a new page showing either the interac-
tive story or the web blog design. This page opened in a new
browser tab, which made it easier for participants to return to
the survey afterwards. After finishing the respective story, the
participants were asked to fill out a short demographic question-
naire. Moreover, the participants were asked to answer multiple
questions regarding nine main aspects of the story, using a five-
point Likert scale, ranging from (1) do not agree at all to (5)
fully agree. The following subsection describes the nine main
aspects in more detail.

4.2. Study Material and Measures

For conducting G1 (interactive story), we employed the in-
teractive liver cancer visualization, see Fig. |ZL and for G2 (stan-
dard web blog) we developed a prototypical website based on
the online-implementation of the liver cancer storyboard, see
Fig. 5] Similar to existing medical web blogs, this summary
combines text and 2D illustrations without voice over or other
story ingredients. Thus, we ensured that both studies contained
the same information.

Evaluation of narrative visualizations is a difficult task. The
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Fig. 5. Visual excerpts from the standard web blog design. A combination of text
and 2D illustrations without voice over or other story ingredients to present the same
content as in the interactive story.

basic idea is to evaluate design decisions made, techniques em-
ployed, and media used in terms of aspects such as comprehen-
sibility [49], memorability [5Q], and effectiveness in engaging
a general audience [51}52]. For the selection of the main fac-
tors, we were guided by Borkin et al. [50] who investigated
the memorability of visualizations, Dykes et al. [18]] who re-
searched the value of data credibility of narrative visualization,
Garrison et al. [2] who emphasized the importance of appealing
visualizations for non-experts, as well as, Amini et al. [52]] who
identified five factors of viewer engagement: cognitive and af-
fective involvement, enjoyment, focused attention, and aesthet-
ics. Moreover, we define risk perception as an important aspect
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for medical disease. The following main aspects were evaluated
based on a questionnaire:

1. Memorability is an important goal of storytelling [50],
which refers to the ability to preserve, maintain, or re-
vive the thought of past events. For example, we asked
participants which symptoms they remembered and which
gender was more frequently affected.

2. Cognitive involvement addresses the interest in learning
and reflecting on the information imparted. We asked the
participants, e.g., if they found the content shown easy to
understand and if they learned something new. The partic-
ipants were asked to summarize the key messages of the
story from their point of view.

3. Affective involvement describes the ability of the story to
evoke emotions and deep feelings in the participant. Cre-
ating emotional connections to the story helps to retain the
information [51]].

4. Enjoyment is defined as a pleasurable affective response
to a stimulus [52]]. Example questions in this part include
if the participants enjoyed watching the story and if they
would recommend their friends to experience the story.

5. Focused attention describes the level of effort to concen-
trate on the story without being distracted. It is important
that the story captures the attention of the participants so
that they are motivated to follow with the story.

6. Data credibility is an important aspect for narrative visu-
alization to convey to participants that the story is about
real problems or issues [18]]. With the currently increas-
ing amount of data and misinformation, it is important to
clearly communicate who the authors of a story are and
where the underlying data comes from.

7. Aesthetics includes questions on whether the visualiza-
tions are visually appealing and understandable. Aesthet-
ics is valuable for general audiences, as the visual appeal
of an image draws interest and attention [2].

8. Interaction refers to the ability to interact with 3D
anatomical models and if interaction in 3D helps to bet-
ter understand the story content.

9. Risk perception summarizes what people took away from
the story, in terms of their own risk for the disease pre-
sented. Participants were asked to voluntarily assess their
risk of disease and indicate whether they would be will-
ing to change their lifestyle. Increasing awareness of one’s
own risk factors is important to achieve the overall goal of
improved health literacy through storytelling.

While participants of G1 had to answer all questions, those of
G2 just had to answer the questions regarding the memorability.
The complete survey including all questions of each factor is
attached as supplemental material.

5. Results and Discussion

In this section, we discuss the results of the user study regard-
ing considered factors. Moreover, we discuss more general as-
pects of the medical story creation, such as template design and

story ingredients. We also highlight take-away lessons, which
we can conclude from the study results.

Memorability. We designed ten quiz questions to examine
which facts the participants remember. The interactive story
led to a higher number of correct answers compared to the
traditional web blog design, see Fig. [6l The difficulty of the
questions varied. For easier questions, e.g., “What disease was
presented?” (Q1) or “What are the yellow structures inside the
liver?” (Q2) (here, a screenshot was shown), the distribution
of correct and incorrect answers were very similar between G1
and G2. More difficult questions related to categorical or nu-
merical values presented in the story, e.g., “Who is more likely
to be affected by liver cancer, men or women?” (Q3) or “What is
the 5-year relative survival rate?” (Q9). For such questions, the
interactive story achieved much better results. Similarly, par-
ticipants of G1 could also recall more content, demonstrated in
such questions as “What symptoms do you remember?” (Q6).
Although participants of G2 named only one symptom (com-
pared to two for G1) that did not appear in the story, partici-
pants of G2 were able to recall on median only two of the seven
symptoms. Participants of G1 remembered a median of five
symptoms. The reason for this is probably increased memora-
bility by highlighting statistical facts through a combination of
sound, information graphics with icons, and textual designa-
tion. In contrast, these facts were only textually highlighted in
the web blog design, which seems to be quickly overlooked and
forgotten. Therefore, we conclude that encoding information
across multiple sensory channels seems to support memora-
bility. However, we cannot infer from the results so far whether,
e.g., the multi-sensory encoding, the interactive 3D models, or
the navigation within the story, makes it possible to better mem-
orize facts compared to the web blog layout.

Cognitive Involvement. The results regarding the cognitive in-
volvement (Fig. show that many participants felt engaged
in the story (Q11), where its structure (Q12) and content (Q13)
were clear and easy to understand. Elements such as the voice
over, short text descriptions, the menu bar, and the interac-
tive anatomical models were mentioned as influencing factors
for an understandable story. When asked if any terms remained
unclear after the story, only two participants of G1 indicated
that the word “ablation” remained unclear. Thus, we assume
that comprehensive storytelling benefits from a combination
of textual and verbal descriptions. Technical terms should
be introduced in a way that they are easy to understand and
to identify, e.g., they could be highlighted throughout the story,
offering a short dictionary-like explanation.

The majority of participants indicated that they learned some-
thing new through the story (Q15). In addition, two-thirds indi-
cated that they “thought about the content of the story” during
the viewing (Q14). Thus, we assume that the narrative visu-
alization was successful in binding the undivided attention of
the viewers. Concerning the key message, we can observe two
groups: The first and larger group (36) stated the key message
of the story was that a healthy lifestyle is important for the pre-
vention of liver cancer. The remainder considered the story as
an overview of liver cancer diagnosis. It is unclear if one of
these groups is more likely to actually put the learnings into ac-
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Fig. 6. Results of the quiz questions for both groups, G1 (interactive story) and G2
(traditional web design) with 45 participants for each group.

tion by implementing life-style changes. Still, we assume that
the story could be further expanded by a personal address. In
this way, the story could close with a drop-down-selection of
possible life-style changes, asking the participant to set an in-
tention, e.g., I will try to exercise more this week” or "I will
try to eat less meat for a week”.

Affective Involvement. While the beginning of the story with
the introduction of the patient motivated participants to con-
tinue with the story (Q16) (Fig. [7(b)), users should be more
involved in the story (Q18) to trigger more emotions (Q17),
which in turn could help them remember the content and recon-
sider their own behavior. To achieve this, the concrete patient
case should be included more in the story, e.g., by formula-
tions such as "Thomas is one of 6.000 men who develop liver
cancer”. Or with the symptoms as with most cases, Thomas’
cancer went unnoticed at first. Only over time symptoms, such
as abdominal pain, and weight loss developed.” A relatable pa-
tient story could stimulate the viewer’s sympathy for the pa-
tient’s personal fate and awaken interest in how the story ends.
Enjoyment. Many participants found the interactive story a
valuable way to learn about medical issues (Fig. and
would recommend the story to their friends (Q23). Some par-
ticipants missed explicit instructions that parts of the story can
be skipped if the content is already known (Q22). These re-

sults underline the importance of personalization: allowing
viewers to skip or watch parts of the story again accommodates
for prior knowledge or personal interests. While the majority
of participants found the story engaging, some indicated that
the story could become more entertaining by animations, e.g.,
a transition from the outer liver wall to its interior to reveal the
tumors (Q20). In conclusion, we cannot clearly deduce from
the current results which elements or combination of elements
contributed to the perception of the story as engaging. Individ-
ual participants gave verbal feedback, describing the interactive
3D models as particularly engaging. In the future, more spe-
cific user studies are needed to examine which elements make
a narrative visualization engaging.

Focused Attention. In general, participants had no trouble fo-
cusing on the story (Q26) (Fig.[7(d)). However, their feedback
included that the animations of the 3D models should be bet-
ter synchronized with the voice over. In addition, interaction
with the 3D models should not be possible during the expla-
nations to better focus on the content. Solving concrete tasks
could also help participants lose their sense of time (Q24) and
think less about other things (Q25).

Data credibility. To convey who the author of the story is and
where the data came from, we showed logos of the universi-
ties involved at the beginning of the story. However, this is not
enough to clearly show authorship and data origin (Fig. [8(a)).
Participants indicated that in some cases the origin of the data
(Q28) and who the author was (Q30) were not clear to them.
To improve this, the authors could be introduced at the be-
ginning or at the end. Furthermore, videos and interviews
with physicians could be included to disclose the origin of
the data. However, these aspects do not seem to have dimin-
ished confidence in the information conveyed. According to the
comments, the information shown seemed trustworthy to the
majority (Q29), which was mainly due to the clear structure
of the story and the visually appealing visualizations.

Aesthetics. Many of the participants found the depictions vi-
sually appealing and understandable, see Fig. [8(b)] Regarding
clinical image data, some participants with little prior experi-
ence with medical visualizations missed information on how
these data are acquired. This could have been presented in op-
tional story subpaths. Furthermore, interactions based on the
clinical images would increase their comprehensibility. Ac-
cordingly, an ablation, for example, could be more easily un-
derstood through animation. Regarding the 3D models, some
participants criticized their quality due to small segmentation
errors in the form of holes, which in turn negatively influenced
the rendering in some places. Also, during interaction, the text
may overlap with the 3D models, making the labeling difficult
to read. Thus, it is important to use high quality models and
smart labeling methods to avoid confusion and perception
problems. Moreover, some participants had perceptual prob-
lems when using a smartphone to view the story. The stories
should therefore be optimized for all devices and screen res-
olutions. Specific studies are needed in the future to investigate
the influence of animated 2D/3D illustrations as well as differ-
ent rendering styles, e.g., illustrative vs. photo-realistic, on the
understanding of the participants.
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Interaction. It seemed clear to many participants how to in-
teract with the 3D models (Q32) (Fig. B(c)). However, the
aforementioned quality issues and the lack of concrete tasks
to be performed with the 3D models meant that some partici-
pants did not know why they should interact in 3D (Q33) and
to what extent the interaction contributed to their understand-
ing (Q31). Nevertheless, the majority had fun interacting in 3D
(Q34). Moreover, while the majority enjoyed interacting in 3D,
we cannot clearly assess whether interactive 3D scenes had a
positive impact on story comprehension. This would have re-
quired clearly defined interaction tasks.

Risk perception. To test whether the story contributes to a
change in the perception of one’s own risk, we first asked which
of the shown risk factors applied to the participants. A total of
18 participants reported having at least one of these risk fac-
tors (no hepatitis B vaccination: 3, overweight: 7, smoking: 8).
Participants were also asked how high they considered their risk
of developing liver cancer to be (very low: 13, rather low: 16,
medium: 12, rather high: 3, very high: 0). Participants who
stated that they did not have any of these risk factors consis-
tently reported their risk as low to very low. In contrast, par-
ticipants with risk factors, except three people, rated their risk
as medium to rather high. Finally, we asked whether partici-
pants would change their lifestyle. Sixteen people who rated
their risk as medium to rather high were more likely to agree
that they would change their lifestyle. Several participants who
rated their risk as very or rather low also consider preventive
measures. While these results show a positive influence of nar-
rative representations on one’s risk perception and willingness
to adapt lifestyle, we cannot currently say which specific ele-
ments or content of the story lead to this positive influence.

Template design. Our presented template for the narrative pre-
sentation of disease data is based on layout and content struc-
ture of free health websites such as WebMD and UpToDate.
Content on these websites was created in cooperation with clin-
ical partners and is partly based on physician’s experience in
patient education. In the user study of the interactive story
(G1), the structure and content were rated as understandable.
However, we cannot deduce from the evaluation if the sequen-
tial structure of information is most appropriate for people in-
terested in medicine, or if there are other, possibly better, struc-
tures. Therefore, we encourage future user studies to validate
an optimal order depending on the audience. In addition, web
blogs with a stronger focus on patient education sometimes use
a finer distinction of the individual stages to show, e.g., the ef-
fects and consequences of early versus late treatment. Such sub-
levels could also be integrated into our template and presented
to the user on-demand.

Our template focuses on diseases which can be diagnosed us-
ing radiological images. The division into the seven stages can
also be applied to other diseases, e.g., respiratory and infectious
diseases, which are diagnosed by pulmonary function and blood
tests, respectively. However, the media used must be adapted.

Story Ingredients. The conflict in the stories is described by a
fictitious patient whose goal is to become healthy. However, we
cannot yet say whether involving a single patient is the best op-
tion to tell a compelling story. Inspired by interactive documen-
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Fig. 7. Study results regarding cognitive involvement, affective involvement, enjoy-
ment, and focused attention.

tary [53], multiple patients and physicians, e.g., in the form
of interviews, could be integrated into the story to familiarize
the user with the story. While most users felt included in the
story based on the conflict and Aristotle’s tension arc chosen,
the user study does not indicate whether other conflicts, e.g.,
an unknown present disease, as well as another tension arcs,
e.g., a staircase tension arc [54] used in case a mystery should
be solved, would be more appropriate. In addition to the main
arc, smaller secondary tension arcs could be superimposed to
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Fig. 8. Study results regarding data credibility, aesthetics, and interaction.

express, e.g., feelings of individual characters [53].

There are currently no guidelines on which genre is most
suitable for a given context. Since we used slideshows as the ba-
sic genre in all stories, we can currently not assess whether this
genre is the best choice to represent a sequence of scenes. In or-
der to evaluate genre influence, several variants of a story with
different genres would have to be compared. The same applies
to the use of design patterns [24]. While the design patterns
we employed, such as framing by hiding data and structuring
by revealing data as well as emotional (concretize, humans-
behind-the-dots) and engaging (call-to-action, exploration) pat-
terns seems to contribute to an engaging and memorable story,
the influence of individual patterns on the story was not eval-
uated. In general, a validation and derivation of guidelines of
contextual genre and design pattern recommendations is an im-
portant point for future research.

Narrative paradox. In the presented stories, both, the author
and the user, control certain parts of the story. The resulting
stories were perceived as engaging and understandable by the
users. However, we cannot say whether the inclusion of other
schemes, such as the Martini Glass structure [4]], with a stronger
focus on interaction, would have overwhelmed users or posi-
tively influenced comprehension.

6. Research Agenda

This section focuses on open research challenges in particu-
lar on the combination of narrative techniques and medical data.
Authoring tools for narrative medical visualization. In this
work the content production required significant manual effort.
We used several external tools, including Adobe lustrator’! to
produce icons and illustrations. In the future efficient authoring
tools tailored to medical imaging data will be essential.

Game engines, such as Unity [36] or Unreal [37]], offer a
broad modular feature set for medical visualizations. These
game engine modules could be extended with narrative modules
to generate scenes. Key features should be interaction tracking,
e.g., to create animations and the definition of which user in-
teractions should be provided. Thus, advanced labeling [58]]
and animation creation [39]] for medical data would need to be
integrated. Moreover, machine learning techniques should be
integrated to automatically arrange scene elements [60] and se-
quences of visualizations [61]] optimally. In addition, efficient
techniques are needed to generate medical illustrations. A so-
lution could be to adapt and train a neural network that takes
textual descriptions and a sketch of the desired output image as
input and outputs an image of the requested scene.

Templates for medical data. The design of dedicated tem-
plates to capture medical narratives helps authors to structure
their stories. In addition to our proposed template for disease
data, there are many other medical concepts, such as healthy
metabolic processes, pregnancy, and medical procedures. For
these concepts, templates should be derived to structure such
topics, possibly using our template as a starting point. More-
over, the templates should be programmable, which means that
the story author can assign content to each scene within the tem-
plate. This can be supported by an interactive story arc, where
the author can easily arrange acts as well as adding scenes.

Narrative medical visualization for patients. Patients could
also benefit from narrative medical visualization. They come
into contact with medical data through their physicians, who
explain planned procedures and diagnosed diseases as well as
their prognosis. The patient typically sees excerpts from imag-
ing data or schematic drawings on information sheets. How-
ever, since patients often have little medical knowledge, com-
munication difficulties can occur, which could lead to uncer-
tainty and fear. In a doctor-patient conversation, the patient
could instead be informed about their condition using more per-
sonalized visualizations. The basis for this would be a story
showing similar anatomical conditions to the patient, where the

3https://adobe. com/products/illustrator
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generation of representative example stories is feasible. Narra-
tive visualization could help the patient to understand diagnos-
tic and therapeutic procedures which would strengthen oppor-
tunities for participatory medicine.

Narrative medical visualization for experts. Narrative tech-
niques could help medical students to understand complex med-
ical data [62]]. Depending on the learning objective, expert
narratives can benefit from moderate abstraction regarding the
visualization and underlying model [2]]. An approach in this
direction was recently presented by Linden et al. [63]. Using
clustering and NLP approaches combined with time-line based
visualizations, the most important information of a patient is
extracted from electronic patient records. However, the visual
processing of complex relationships of 3D models has not yet
been considered. It would be interesting to further explore how
expert tools can be enriched with narrative techniques and what
impact this has on understanding.

Evaluation of narrative medical visualization. Beyond our
evaluation, there are many more design decisions that need to be
evaluated, e.g., genres, narrative patterns, and template design.
Moreover, there are different strategies to open a story, such as
using a metaphor or just an image. It would be important to
investigate which strategy works best in which case to open and
end a story. For this purpose, structured and empirical studies
are needed that compare different versions of a story.

Currently, we cannot say if the combination of our template
with the Freytag’s Pyramid is the best one to tell an exciting
story that engages the user the most. A different order of the
template stages would result in another story. It would be pos-
sible, e.g., to explain the patient’s symptoms at the beginning
and then reveal what disease the patient is suffering from and
how it can be treated. Similarly, we could combine each act
of the tension arc with one or more stages. At the moment, we
use seven stages for the content that are assigned to five acts, but
more or fewer stages per act would also be possible. We assume
that a suitable number and sequence of template stages and their
assignment to the acts depend on the narrative intent and target
audience. In the future, the engagement of different story ver-
sions based on a varying number and order of stages need to
be assessed. Between-subject studies could be conducted mea-
suring how much time participants spend in each scene of the
stories, how much they interact with the representations, and
how much optional story paths are taken.

Moreover, stylizing 3D models to simplify and focus the at-
tention on the important parts, needs to be evaluated. User
studies are needed that evaluate different shading techniques to
asses how accurate, informative, or useful they are. In addition,
the suitability of further interactions to explore 3D models, such
as setting cutting planes or windowing, need to be investigated.
Advanced media for narrative medical visualization. Multi-
touch displays have become very popular as they are intuitive,
easy to use, and allow a direct manipulation of the visual data
representation. Also, VR environments are increasingly being
developed for medical scenarios, such as surgical planning and
medical education [64]]. It would be interesting to investigate
how these media could be combined with narrative techniques
to communicate medical data to general audiences.

7. Conclusion

The use of narrative techniques represents an important re-
search focus with the goal of communicating complex scien-
tific data in an understandable way to a general audience with-
out specific expertise. To date, however, few approaches lever-
age narrative techniques for medical data, although the audi-
ence for this is large. Patients, relatives and people interested in
medicine can benefit from custom medical representations and
expand their knowledge. In addition, physicians and students
could benefit from the use of narrative techniques.

In this paper, we demonstrate how narrative techniques could
help explain diseases and treatment to a general audience. Our
main contributions are the discussion and application of narra-
tive design principles to different use cases to create interac-
tive medical stories about diseases. While our conducted user
study does not provide insight into which specific elements or
interactions over the course of the story lead to improved under-
standing and recall, we can show that data-driven narrative sto-
ries generally improve recall of medical facts and increase per-
sonal risk perception. For users, the inclusion of interactive 3D
anatomical models promotes entertainment, engagement and
understanding. Drawing from the results of this study, we for-
mulate a comprehensive research agenda. Important points for
future research are the development of appropriate authoring
tools and further evaluation of narrative medical stories.
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