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Abstract

Narrative visualization advantageously combines storytelling with new media formats and techniques, like interactivity, to cre-
ate improved learning experiences. In medicine, it has the potential to improve patient understanding of diagnostic procedures
and treatment options, promote confidence, reduce anxiety, and support informed decision-making. However; limited scientific
research has been conducted regarding the use of narrative visualization in medicine. To explore the value of narrative visual-
ization in this domain, we introduce a data-driven story to inform a broad audience about the usage of measured blood flow data
to diagnose and treat cardiovascular diseases. The focus of the story is on blood flow vortices in the aorta, with which imaging
technique they are examined, and why they can be dangerous. In an interdisciplinary team, we define the main contents of the
story and the resulting design questions. We sketch the iterative design process and implement the story based on two genres. In
a between-subject study, we evaluate the suitability and understandability of the story and the influence of different navigation
concepts on user experience. Finally, we discuss reusable concepts for further narrative medical visualization projects.

CCS Concepts

* Human-centered computing — Empirical studies in interaction design; Visualization design and evaluation methods;

1. Introduction

Storytelling to share knowledge is a powerful technique for com-
municating complex relationships and insights to a broad audi-
ence. Modern media enables the incorporation of data-driven sto-
rytelling with interactive graphics, which is described as narra-
tive visualization [SH10]. Narrative visualization is already used
in several scientific areas, such as astronomy [BAC*19], climate
research [BKVR*20], and cell biology [HSFT18] to communicate
scientific insights to broad audiences in a comprehensible manner.

Conveying information to broad audiences is crucial in
medicine. Patients and relatives want to be educated on conditions
and their understanding of procedures is vital for informed con-
sent. Consequently, media outlets, such as newspapers, TV chan-
nels and websites of health organizations provide information on
preventable risk factors, diagnostic approaches and treatment op-
tions for a wide range of diseases. Static or animated content is con-
tributed by medical illustrators to such media outlets. It describes
normal and pathological processes or treatments in the form of a
story to encourage engagement and empathy. While the use of nar-
rative visualization is common in such media outlets, research on
the use and value of medical narrative visualization is unexplored.

Recently, Meuschke et al. [MGS™*21] introduced concepts for de-
signing data-driven medical stories about diseases. Although they
created a storyboard about a vascular disease, cerebral aneurysms,
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it remained open how associated blood flow data and derived char-
acteristics could best be communicated to a broad audience. There
has also been no research on which genre and corresponding navi-
gation strategy are best suited for interactive medical stories.

In this paper, we discuss the design of data-driven stories about
blood flow on the example of measured data in the aorta. In collabo-
ration with the Heart Center Leipzig, we focus on the most common
congenital heart defect: the bicuspid aortic valve (BAV) [War(00]. In
BAYV, the morphology of the aortic valve is altered. This can cause
vortices in the aorta and lead to dangerous secondary diseases. A
key storytelling goal is to provide an understanding of blood flow
vortices as important indicators of the severity of a BAV and to ed-
ucate on potential dangers and possible treatments. We create two
versions of our storyboard comparing the Slideshow [SH10] and
Scrollytelling genre [SZ18], where navigation works via clicking
and scrolling, respectively. Our aim is to understand the influence
of different interaction methods with the story and related design
decisions. In summary, we make the following contributions:

e A storyboard to communicate blood flow data that is enriched
with interactive visualizations of medical data.

e Adaptive implementation of the storyboard with regard to two
genre types: Slideshow and Scrollytelling.

e A comparative user study to evaluate the suitability of these gen-
res, regarding the navigation and interaction.
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2. Related Work

This section discusses related work regarding visualization consid-
erations for broad audiences, narrative structure and strategies, and
narrative visualization for medicine.

Visualization for broad audiences. A broad audience includes
people without domain-specific background knowledge who differ
in terms of age and culture [BKVR*20]. Broad audiences require
design and narrative choices to convey a clear, engaging, and under-
standable message [GMF*21]. Cognitive studies show that broad
audiences find data more exciting and memorable when it is em-
bedded in a narrative [MLF*11], or when an appropriate degree of
interactions is provided [BKVR *20]. Therefore, complex scientific
relationships need to be summarized to essential findings that are
conveyed through comprehensible visualizations [BKVR*20].

Narrative structure. A visual data story consists of four essen-
tial components [Dyk19]: the content, narrative characters, such
as real or fictitious people leading through the story, a conflict de-
scribing the problems that the characters must solve, and a struc-
ture that controls the flow of the scenes and the interaction with the
story. The story content is composed of visualizations of the most
important facts to be communicated with data [LRIC15]. These vi-
sualizations are complemented by story elements such as labels,
arrows, motion, audio and textual explanations to emphasize the
facts [KM13,HD11]. A story can be structured into a series of acts
which are encompassed by a story arc defining the progression of
the story. Typically, three to seven acts are used, framed by the
Aristotle’s tension arc [Mad08]: (1) an introduction, (2) a climax,
and (3) a denouement. Each of these acts is divided into scenes,
where transitions (e.g., animation, interaction) are needed between
the scenes [SH10]. In addition, a story path describes the order of
scenes (e.g., linear or elastic, i.e., several paths to choose from).
Yang et al. [YXL*21] examined the use of the classical narrative
structure of Aristotle’s tension arc to narrative visualizations.

Narrative visualization strategies. Several genres exist to define
how the user is guided through the story. They are used to arrange
the story pieces and scenes. Segel and Heer [SH10] discriminate
seven genres: Magazine Style, Annotated Chart, Partitioned Poster,
Flow Chart, Comic Strip, Slideshow and Film/ Video/ Animation.
Those genres are not mutually exclusive and can be combined.
One of the two implementations of our storyboard is based on the
Slideshow. The frames of a Slideshow, the slides, can be static or
contain animations. Research on slideshow-like stories includes the
work by Hullman et al. [HDR*13] on the choice of sequencing in
narrative visualization. They describe how slides are ordered and
which types of transitions may connect them. Besides, Seyser and
Zeiller [SZ18] introduced the Scrollytelling genre, which is a long-
form article rich in images and multimedia that is common in on-
line journalism. In contrast to Slideshows, where the user navigates
through the story in a discrete manner by clicking, here, the user
navigates continuously through the story by scrolling.

Narrative visualizations can be author- or reader-driven [SH10].
An author-driven story, often intended for live presentations, com-
prises static visualizations with a linear ordering and no interac-
tivity. In contrast, reader-driven stories have no strict ordering and
exhibit extensive interactivity. Thus, it is debatable whether reader-
driven stories belong to narrative visualization, since the author

cannot ensure that a message is conveyed if the user has consid-
erable freedom in what to look at. Interactive visualizations lie be-
tween these two orientations, combining and balancing aspects of
both. A structured narrative is supported by limited interactive ele-
ments. Segel and Heer [SH10] defined an interactive Slideshow as
having an encompassing author-driven format with reader-driven
interaction in each slide. In addition, various hybrid orientations
have emerged such as the Martini Glass structure, which begins the
story author-driven and opens up later to reader-driven free explo-
ration. However, the author-driven beginning ensures that the user
looks at specific story content before free exploration begins.

In designing individual scenes and visualizations, Hullman and
Diakopoulos [HD11] proposed a framework to classify elements of
narrative visualizations. They differentiate multiple editorial lay-
ers, starting from the data and continuing up to user interactions.
Furthermore, they describe rhetoric techniques, including visual
metaphors, individualization, and filtering. Also, a story can be told
in different ways, such as compelling or emotional, depending on
the audience and the intent of the author. Bach et al. [BSB*18] in-
troduced eighteen narrative design patterns for telling data-driven
stories. Edmonds and Bednarz [EB21] most recently built on these
works to derive a categorical classification of narrative visualiza-
tions in terms of the strength and persistence of traditional narrative
structures, e.g., Aristotle’s tension arc.

Narrative visualization for medicine. While narrative visualiza-
tion has become popular and accessible for information visualiza-
tion [TRB*18,GPO01], there is little research on combining medical
visualization with narratives [MGS*21]. Hohne [H97] presented
a first approach for interactive exploration of volume data in the
context of a museum exhibition. Wohlfart and Hauser [WHO07] in-
troduced an authoring tool for generating interactive medical sto-
ries based on volume data. However, medical data includes many
other types of data, such as non-spatial data, 3D models, and flow
data that are of interest to a broad audience. Recently, Meuschke et
al. [MGS*21] discussed narrative visualization in medicine. They
proposed a template for the narrative visualization of disease data
and explored this template in three case studies. Our work builds on
the concepts proposed by Meuschke et al., using the same tension
arc as well as certain parts of the proposed template such as the
presentation of a patient and introduction of treatment methods. In
addition, we propose approaches to communicate blood flow infor-
mation in an understandable way. Furthermore, we investigate the
role of different genres for navigation in a comparative user study.

3. Medical Background

The number of deaths due to cardiovascular diseases (CVDs) is
steadily increasing [TAA*22]. Assessing individual patient risk and
the severity of their disease is important to provide timely and ap-
propriate treatment. To determine the severity of CVDs, such as
valve defects, physicians investigate the vessel morphology and in-
ternal blood flow [FSS*12, GMH*12].

Patient-specific blood flow information can be measured non-
invasively with four-dimensional phase-contrast magnetic reso-
nance imaging (4D PC-MRI) [MFK*12]. For every voxel, 4D PC-
MRI provides the flow direction and strength in three directions (x,
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v, and z) at different time steps during the cardiac cycle. The data
sets used in this work were acquired with 3T Siemens Magnetom
Verio MR scanner with a maximum expected velocity (Vgnc) of
1.5 m/s per dimension. The spatio-temporal resolution is 1.77 X
1.77 x 3.5 mm® \ 50 ms with a 132 x 192 grid for each of the 19
to 35 slices and 18 to 33 time steps.

CVDs lead to deformation of the vessel geometry, which
can cause quantitative and qualitative changes in blood
flow [KYM*93]. One pathology that 4D PC-MRI helps to
detect and characterize are aortic aneurysms, which are local
dilations of the vessel wall [HMW*07]. Aneurysms may rupture
and cause serious damage or death to the patient. This risk can
be reduced by preventive treatment of the patient. However, the
treatment carries also considerable risks. Therefore, an accurate
risk assessment for the individual patient is critical.

While a number of pathological conditions can cause an
aneurysm, our case study focuses on BAV. Where a healthy aor-
tic valve has three leaflets, in BAV, two of the leaflets are fused.
The fused leaflets alter the behavior of the aortic valve, often lead-
ing to vortices of blood flow in the ascending aorta. These vortices,
in turn, change the forces acting on the vessel wall, which can lead
to aneurysm formation [DSGTT*19]. Due to the higher risk of im-
paired heart function and aortic wall problems, patients with BAV
must be monitored regularly [BGB*05].

4. Generating Alex’s Blood Flow Story

Our goal was to develop a data-driven story that educates a broad
audience about aortic blood flow vortices, with which imaging
technique flow information are measured, and why vortices can be
dangerous. A major focus was to extract as much information as
possible from real patient data in order to minimize the manual ef-
fort required to create illustrations and thus provide a way for non-
artists, such as medical professionals, to inform a broad audience
about medical topics. Moreover, we want to assess different inter-
action techniques to navigate through the story w.r.t. the user expe-
rience. We chose a common heart disease, BAV, whose severity and
treatment success are related to the occurrence of vortices. For this
purpose, we worked closely with a radiologist at the Heart Center
Leipzig with the vision of providing the final story as an interactive
exhibit in the form of a touch display at the Heart Center. Thus, we
designed an asynchronous story without a narrator [LRIC15].

In the following, we first discuss our process for measuring and
preparing the blood flow data, see Sect. 4.1. We then summarize
how the major story ingredients were implemented with a list of
content priorities about which information is to be provided, see
Sect. 4.2. Afterwards, we explain major design decisions including
how designs of individual scenes were adapted during the iterative
design process, see Sect. 4.3. This results in the final blood flow
story, see Sect. 4.4, which was implemented based on two genres:
Slideshow and Scrollytelling, see Sect. 4.5.

4.1. Data Extraction and Preparation

We used the software Bloodline [KGGP19] to generate visualiza-
tions of the aorta and internal blood flow from 4D PC-MRI data
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before and after BAV treatment. Doing so requires several pre-
processing steps. Artifacts, in particular movements due to pulsatile
flow character, are corrected automatically. Subsequently, the tho-
racic aorta is segmented using the Graph Cut algorithm. From the
segmentation mask, a polygonal vessel surface is extracted using
Marching Cubes, which is post-processed by smoothing and re-
duction. Based on the 4D PC-MRI data, the complete flow is auto-
matically calculated within the aorta. Qualitative flow patterns, i.e.,
vortices are extracted to evaluate the heart function [KGP*13].

4.2. Story Ingredients

A visual data story consists of four basic ingredients: content, char-
acters, conflict, and structure (recall Sect. 2). The content of our
story includes the presentation and effect of blood flow vortices in
BAYV, where the main character is a patient, who we call Alex. We
introduce this character with a name to engage and generate empa-
thy between our fictional story character and the audience. Based
on discussions with our collaborating radiologist, the main points
of content that the story should convey are:

e Blood flow measurements: The story should introduce 4D PC-
MRI data. Moreover, the difference between CT and MRI should
be explained on-demand, since many people are not aware of this
difference and may be fearful of getting an MRI.

e Blood flow vortices: The story should convey what vortices in
blood flow are and why they can be dangerous. Here it should
become clear that both heart-healthy people and patients with
heart pathologies have vortices in the aorta, but they differ in
size and strength. It should be conveyed that vortices can lead to
diseases such as aneurysms, which can be dangerous.

e BAV: The story is intended to illustrate the construction of a
healthy aortic valve and how it is altered in the case of BAV. Op-
tionally, detailed information about a BAV, such as symptoms or
effects on the closing behavior of the valve, should be provided.

e BAV treatment: A novel promising treatment method in case
of BAV is the replacement of the diseased valve by an artificial
aortic valve. The user will be taught the essential steps of this
minimally-invasive treatment.

e Blood flow changes: To illustrate the positive effects of the
treatment, it will be shown how the strength of vortices changes
as a result of valve replacement.

e Further information: Additional information that might be
of interest includes pre-processing steps related to 4D PC-MRI
data, information about departments of the Heart Center Leipzig,
as well as information about the story authors.

Although we are aware that prior studies recommend incorporat-
ing voice over [MVWHS15] into story, we did not follow this sug-
gestion, since we intend to display the story primarily as an infor-
mational resource in a clinical waiting area. The inclusion of voice
could be perceived as disruptive by others in the waiting room.

The conflict is described by our patient, Alex, who has dan-
gerous vortices in the aorta and whose goal is to become healthy.
For the structure, we used the Freytag’s Pyramid an extension of
the Aristotle’s three-act model, which divides the story into five
acts: exposition, rising action, climax, falling action, and denoue-
ment [Mad08]. To motivate people, we place a hook in the form of
an interesting starting point at the beginning.






