
IEEE TRANSACTIONS ON VISUALIZATION AND COMPUTER GRAPHICS VOL. 23, NO. 1, JANUARY 2017 601

PROACT: Iterative Design of a Patient-Centered Visualization for
Effective Prostate Cancer Health Risk Communication

Anzu Hakone, Lane Harrison, Alvitta Ottley, Nathan Winters, Caitlin Gutheil, Paul K. J. Han, Remco Chang

Abstract—Prostate cancer is the most common cancer among men in the US, and yet most cases represent localized cancer for
which the optimal treatment is unclear. Accumulating evidence suggests that the available treatment options, including surgery and
conservative treatment, result in a similar prognosis for most men with localized prostate cancer. However, approximately 90% of
patients choose surgery over conservative treatment, despite the risk of severe side effects like erectile dysfunction and incontinence.
Recent medical research suggests that a key reason is the lack of patient-centered tools that can effectively communicate person-
alized risk information and enable them to make better health decisions. In this paper, we report the iterative design process and
results of developing the PROgnosis Assessment for Conservative Treatment (PROACT) tool, a personalized health risk commu-
nication tool for localized prostate cancer patients. PROACT utilizes two published clinical prediction models to communicate the
patients’ personalized risk estimates and compare treatment options. In collaboration with the Maine Medical Center, we conducted
two rounds of evaluations with prostate cancer survivors and urologists to identify the design elements and narrative structure that
effectively facilitate patient comprehension under emotional distress. Our results indicate that visualization can be an effective means
to communicate complex risk information to patients with low numeracy and visual literacy. However, the visualizations need to be
carefully chosen to balance readability with ease of comprehension. In addition, due to patients’ charged emotional state, an intuitive
narrative structure that considers the patients’ information need is critical to aid the patients’ comprehension of their risk information.

Index Terms—Design studies; task and requirement analysis; presentation, production, and dissemination; medical visualization

1 INTRODUCTION

Prostate cancer is the most common male malignancy and the second
leading cause of cancer deaths in U.S. men. Approximately 80% of
newly diagnosed cases, however, involve clinically localized cancer
for which the optimal treatment is unclear [29, 46]. Accumulating
evidence suggests that the available treatment options, which include
active treatment (e.g., radical prostatectomy1 or radiation therapy) and
conservative treatment2, often have equivalent comparative effective-
ness in terms of mortality. The recent landmark Prostate Cancer In-
tervention Versus Observation Trial (PIVOT) study [5], for example,
showed no significant difference in all-cause and prostate-cancer mor-
tality for men who were randomized to either radical prostatectomy or
conservative treatment. Given the comparative effectiveness of con-
servative treatment with other forms of action, conservative treatment
warrants consideration by men with localized prostate cancer, espe-
cially when factoring in the substantial potential harms of active treat-
ments, such as incontinence and erectile dysfunction.

Despite the substantially elevated risks of side-effects and the near-
equivalent effectiveness of treatment options, only 10% of localized
prostate cancer patients in the U.S. choose conservative treatment [46].
There are several reasons for this pattern. One is the prevailing physi-
cian practice patterns. For example, a specialist in radiation therapy is
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1Radical prostatectomy refers to the surgical removal of the prostate gland.
2Conservative treatment, or conservative management, refers to active

surveillance or watchful waiting, where no active treatment is administered.
The patient’s condition is carefully monitored on a regular basis to detect if the
disease worsens (e.g., an increase in the prostate-specific antigen result).

more likely to suggest radiation over surgery. Other factors, however,
are patient-centered, which revolve around the fear of cancer and lack
of information. For example, a cancer diagnosis is often equated with a
death sentence, and there is often an overwhelming desire “to do some-
thing” rather than waiting and observing the cancer tumor [21, 46, 48].
As a result of these patterns, many patients choose treatments they do
not need or later regret, and others initiate conservative treatment but
eventually decide to pursue active treatment due to anxiety about the
cancer. Central to the underutilization of conservative treatment, how-
ever, is a lack of diffusion of the evidence regarding the comparative
effectiveness of active vs. conservative treatment.

The PIVOT findings regarding the comparative effectiveness of ac-
tive vs. conservative treatment are relatively new. However, even long-
established evidence on the comparable and favorable prognosis of lo-
calized prostate cancer patients following active vs. conservative treat-
ment has yet to spread into clinical practice. A growing number of
clinical prediction models (CPMs) have been developed to produce
evidence-based, individualized estimates of prognosis following ac-
tive vs. conservative treatment for localized prostate cancer [48]. If
individualized information from CPMs could be used to clarify the
comparable prognosis of localized prostate cancer following specific
treatments, patients would be better able to make informed decisions
among these treatment options.

Unfortunately, despite the value of these personalized CPMs, in a
2011 national survey, only 23% of U.S. prostate cancer specialists re-
ported using prediction tools with newly diagnosed prostate cancer
patients [33]. One possible reason is that these CPMs do not seam-
lessly fit into the current clinical practices [33]. Without integrating
these CPMs in a cohesive tool, the doctors find using them to be time-
consuming and cumbersome [33].

Furthermore, for the few risk communication tools that make use
of CPMs, a recent environmental scan [45] shows that most of these
tools are developed in a clinician- rather than patient-centered manner.
They do not consider factors such as deficits in the patients’ numer-
acy and visual literacy, or their psychological biases that make risk
information difficult to understand [21, 22, 51]. For example, a study
by Belkora et al. shows that breast cancer patients have poor under-
standing of estimates produced by Adjuvant! Online, a risk assessment
tool aimed at doctors and patients [4]. Similarly, studies by Han et al.
show that prostate cancer patients have equally poor understanding of
individualized risk information, specifically in tools that use text-only
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or horizontal bar graphs [21]. Taken together, these findings strongly
suggest that simply making the data available is insufficient. Instead,
health risk communication tools must become more patient-centered
in their content, function, and use.

In this paper, we report the results of the iterative process of de-
signing, developing, and evaluating a prostate cancer risk communi-
cation tool to address this need. The aim of the tool, named PROACT
(PROgnosis Assessment for Conservative Treatment), is to effectively
communicate active vs. conservative treatment options to patients with
localized prostate cancer and to generate personalized risk predictions
based on the patient’s own health data using two published and vali-
dated CPMs. Designed for use by patients alongside their doctors in
a clinical setting, PROACT serves two purposes: (1) empower the pa-
tient to better understand their own prostate cancer risk information,
and (2) guide the doctor in communicating the prognosis and the treat-
ment options, ensuring that all pertinent information is presented.

In collaboration with the Maine Medical Center, we conducted two
rounds of evaluations with prostate cancer survivors and urologists
to identify design elements and narrative structures that facilitate pa-
tients’ comprehension of their health information. Overall, the results
of the evaluations indicate that visualizations can be an effective means
to communicate complex health risk information to patients with low
numeracy and visual literacy. Both patients and doctors praised the
benefits of PROACT, suggesting that the availability of these tools
could increase the patients’ awareness of treatment options and risks.

However, feedback from these evaluation sessions also revealed de-
sign considerations that can significantly affect the utility of the tool.
For example, complex visualizations such as temporal area charts can
be difficult for patients to understand. Instead, multiple simple visu-
alizations such as pie charts that sample the temporal dimension are
much more effective in communicating changes over time. Surpris-
ingly, adding interactions to either simple or complex visualizations
had an adverse effect – most patients either did not know how to use
the interaction or not know how to effectively use it to explore the full
range of the data.

In addition to the choice of visualizations, we also found the narra-
tive structure of the tool to be critical. In particular, the patients in the
study reported that they experienced heightened emotional state and
increased anxiety upon receiving a positive prostate cancer diagnosis.
Subsequently, they were unable to focus or process additional infor-
mation from the doctor. As such, a key design component that we in-
corporated into the tool is to ensure that the most pertinent survival rate
information is delivered as soon as possible to calm the patient down
before presenting any additional information about treatment options.

In the rest of the paper, we present the two rounds of design, devel-
opment, and evaluation of the PROACT tool. Specifically, our work
makes the following contributions:

• Development of a prototype for a patient-centered online risk com-
munication tool (PROACT), intended to help patients with localized
prostate cancer understand and compare their expected prognosis
following active vs. conservative treatment.

• Two iterative evaluation studies of the PROACT prototype with
prostate cancer survivors and doctors. Usability and participant
comprehension were assessed through task-based user studies and
open-ended interviews following established methodologies in in-
formation visualization and human-computer interaction research.

• Design guidelines for choosing the appropriate visualizations for
prostate cancer patients with low numeracy and visual literacy lev-
els and for constructing effective narrative structures that account
for both patient comprehension given charged emotional states and
the doctor’s current clinical practices.

2 RELATED WORK

2.1 Visualizing Healthcare Information

Medical and healthcare information visualization has been an impor-
tant area of research for the visualization community. There have
been numerous advancements, systems, and even competitions involv-

ing such visualizations [1]. Examples of these systems include Life-
Lines [44], EventFlow [38], DecisionFlow [20], Outflow [52] and the
system by Zhang et al. based on the five W’s [53]. However, with few
exceptions, the focus of this line of research has predominately been
on visualizing large amounts of patient health information, in partic-
ular electronic health records (EHR). EHR data is very complex: it is
often voluminous, heterogeneous, and temporal. The goal of visual-
ization and visual analytics of EHR data is therefore to enable doctors,
researchers, administrators, and even patients to explore, analyze, and
make better decisions regarding the patient’s health [8].

Due to the temporal nature of health-related data, one common
technique for detecting trends and patterns is the use of temporal
visualizations (see the survey by Aigner et al. [2] for some exam-
ples). Beyond temporal visualizations, geospatial visualizations such
as John Snow’s map of cholera in 1854 London [49] and the U.S.
Health Map [28] have also been useful to researchers and adminis-
trators for performing population-level analyses. More recently, dash-
boards (e.g. [11]) and visualizations on handheld and wearable devices
(e.g. [10]) have become more widely adopted for physicians and pa-
tients to better monitor health information in real time. Throughout
these studies, a recurring topic is whether the data be aggregated to
fit into widely-familiar charts (e.g., bar and pie charts), or shown in a
more complex visualization (e.g., time-varying area chart). Some stud-
ies have found that more complex visualizations are beneficial [12],
while others show that patients misinterpret even the most basic charts
[25]. Given the complexity of health data and the well-documented
cognitive biases that follow it, more research is needed.

With the wide range of data, needs, and stakeholders in health, re-
searchers have begun to categorize opportunities for data visualization
in healthcare. A recent survey by Gotz et al. [19], for example, cat-
egorizes visual analytics of healthcare information into four groups:
for health research, for clinical workflow, for clinicians, and for pa-
tients. Our proposed work does not immediately fit under the cat-
egories proposed by Gotz et al. Although PROACT can be loosely
considered as enhancing “patient comprehension,” it differs in that
the goal is not about self-diagnosis (such as PatientsLikeMe3 and
WebMD4), self-monitoring (such as the Wellness Diary [37]), or the
quantified self [36]. Instead, the emphasis of our work lies in doctor-
patient communication of the patient’s health information and treat-
ment options. In particular, our work falls under an area of medical
research called “health (risk) communication,” where the goal is to
develop better tools and techniques to enhance patient comprehension
of quantitative information about the probability of health outcomes.

A more appropriate categorization is that of Franklin, Plaisant, and
Shneiderman, who put forward an information-centric framework for
patient-centered risk communication [15]. While doctor-patient risk
communication has been studied extensively in the medical commu-
nity (e.g., Nelson et al. [39]), the framework from Franklin et al. ex-
plicitly considers the role of interactivity and the efficacy of differ-
ent visual encodings. In later work, Franklin et al. enacted their
information-centric framework through the TreatmentExplorer system
[14]. Using a novel visual encoding (a hybrid of icon-arrays and area
charts), TreatmentExplorer shows how different treatments lead to dif-
ferent outcomes over time. While TreatmentExplorer is a general tool
for visualizing risk estimates and treatment options, PROACT focuses
specifically on prostate cancer and the role treatment models and inter-
active visualizations can play in facilitating doctor-patient communi-
cation. Through design and development alongside patients and doc-
tors, PROACT adds to the discussion around the integration of vali-
dated statistical risk models from the medical community with tech-
niques from the interactive data visualization community.

2.2 Health Risk Communication

The idea that patients should be adequately informed about the poten-
tial risks and benefits of medical interventions has received growing
emphasis in the medical community [47, 34]. Shared decision-making,
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a process in which an informed patient and the physician jointly dis-
cuss the treatment options and work together to reach a mutual de-
cision about the preferred treatment, has become an increasingly ac-
cepted ideal for medical practice [3]. Shared decision-making is par-
ticularly important for certain life-threatening diseases such as cancer,
for which multiple reasonable choice options exist, requiring patients
to weigh and integrate their own values in the decision-making pro-
cess. For example, women with early stage of breast cancer may be
faced with a decision to have lumpectomy (partial breast removal) fol-
lowed by chemotherapy and/or radiation or a mastectomy (full breast
removal) [9]. Similarly, for men with early-stage prostate cancer, pa-
tients may need to choose between radical prostatectomy or a less ag-
gressive option such as active surveillance, which is medically reason-
able due to the slow-growing nature of prostate cancer.

Although shared decision-making is the recommended practice in
many situations, the optimal method for informing the patients of their
health risks, treatment options, and the advantages and disadvantages
of these options remain an open area for medical researchers. A re-
cent survey by Trevena et al. [51] outlines the key concepts in health
risk communication and defines some best practices. These defined
best practices include the use of quantitative, numeric risk estimates
whenever possible to facilitate informed decision-making; minimiz-
ing cognitive burden by simplifying information (e.g., rounding, using
consistent formats and denominators for comparing risk information);
defining the reference class (the specific population for which a risk
estimate applies); accounting for limitations in numeracy and literacy;
conveying the uncertainty of risk estimates; and using visual represen-
tations to improve comprehension. Utilizing these practices to high-
light quantitative data may mitigate some of the biases documented
by Kahneman and Tversky’s prospect theory [31], like the tendency
of people to favor certain outcomes over probabilistic outcomes. For
example, patients may consider surgery as a definite way to eliminate
prostate cancer risk but consider active surveillance as only probabilis-
tic, despite its advantage of avoiding harmful side effects.

This last task, the use of visual representations, is widely believed to
aid comprehension of risk information, particularly for low-numerate
individuals [18, 17, 15], but its effectiveness also depends on the in-
dividuals’ visual literacy [16, 7, 6] and cognitive factors [40, 41, 54].
There is also emerging evidence that some visual formats (e.g., icon ar-
rays or “pictograms,” bar graphs), are more effective than others (e.g.,
pie charts) for representing risk [24]. While some initial work has in-
vestigated the design space of representing treatment options and side-
effects [14], the optimal formats for specific tasks remain to be deter-
mined [13], particularly as they relate to patients who may not have ex-
perience in interpreting complex visualizations and data. Furthermore,
new visualization techniques including interactivity and narrative for-
mats represent a relatively untested area in health risk communication.

A recent environmental scan study found that existing web-based
tools for calculating and communicating risks in prostate cancer treat-
ment are clinician- rather than patient-centered [45]. In general, they
simply present unembellished risk statistics in the form of point esti-
mates (i.e., percentages), and make little effort to provide explanatory
information to aid understanding. Few of the tools utilize visualiza-
tions such as bar graphs, however, no tool provides a narrative struc-
ture to guide clinical conversations between clinicians and patients.

3 OBJECTIVES OF PROACT
As evident from the PIVOT study [5], there is a prevalent need to ed-
ucate localized prostate cancer patients about the different treatment
options and associated side effects. In particular, an important mes-
sage to convey to the patient is that there are effective treatments other
than radical prostatectomy, and that these other treatments, such as
conservative management, can have comparable if not favorable sur-
vival rates but without the impairing side effects. Additionally, as the
patient ages and their health condition declines, it becomes more dan-
gerous for the patient to undergo invasive procedures such as surgery,
so much so that the risk of mortality from surgery surpasses that of the
cancer. Combined with the fact that these older patients have a high
risk of dying from their comorbidities (diseases and disorders other

than prostate cancer), the need for the patient to carefully consider all
aspects of these treatment options in order to make an informed deci-
sion is apparent. As such, our two design goals of PROACT are as fol-
lows: (1) empower prostate cancer patients to better understand their
own health risk information and make informed health decisions, and
(2) guide the doctors in communicating the prognosis and the treat-
ment options, ensuring that all pertinent information is presented.

3.1 Comprehending Health Information using Clinical Pre-
diction Models

In order to provide the patients with personalized risk information,
PROACT incorporates the use of clinical prediction models (CPMs),
which are designed and evaluated around their ability to provide accu-
rate estimates for individual cases. However, since not all information
is represented in a single CPM, patients or doctors will need to in-
teract with multiple CPMs to obtain accurate representations of the
patients’ overall health status. Because CPMs may represent different
treatment options with different outcomes, understanding the outputs
can be challenging, time-consuming, and potentially error-prone [33]
without a tool that integrates them. The first design goal of PROACT
is therefore to make these CPM prognoses accessible to patients by
compiling and presenting the information in a comprehensible manner
for older, localized prostate cancer patients (ages 65+).

3.2 Facilitating Doctor-Patient Communication
Our intended usage scenario for PROACT is in a clinical setting by the
doctor with the patient, as a shared-decision making tool during the
initial diagnosis consultation. Because PROACT will be used along-
side the diagnosis consultation, it must aid, not interfere with, the doc-
tor’s conversation. However, since some physicians may leave out or
overemphasize certain information due to legal considerations, per-
sonal biases, or prevailing practice patterns [26], our second design
goal of PROACT is for the tool to serve as a guideline that standard-
izes the conversation between the doctor and the patient. In order to
do so, the tool will need to constrain the navigation so that the users
view all aspects of the information in a structured narrative sequence.
The narrative should include crucial factors for decision-making, such
as the existence of side effects and the fact that because prostate can-
cer is slow progressing, patients often do not need to make a treatment
decision right away. The information must be sequenced to balance
the usability needs of doctors and information needs of patients.

4 INITIAL PROTOTYPE

Our initial design of the first prototype of PROACT is based on the
two design goals mentioned above: (1) making the prognoses of CPMs
easy to comprehend by prostate cancer patients, and (2) developing a
narrative structure that best facilitates doctor-patient communication.
In order to select the appropriate visualization to accomplish the first
goal, we surveyed visualizations commonly used in health risk com-
munication literature, examined existing health risk communication
tools, and applied our own experience in designing visualization tools.

The CPMs we utilized generated three types of data: (1) survival
ratio between dying from prostate cancer and overall survival rate, (2)
comparison of survival rates between active vs. conservative treat-
ment, and (3) temporal trend of cancer prognosis. As a result, three
visualizations were selected for the prototype based on visualization
theory and best current medical practice: (1) a pie chart, shown to
be effective at depicting part-to-whole relationships according to Hol-
lands and Spence [27], (2) a bar graph to compare treatment options
following the work by Han et al. [21], and (3) a temporal area chart to
show patterns over time similar to the work by Lu-Yao et al. [35]. In
addition, we utilized common visualization design guidelines, where
these visualizations were made to be interactive to allow for user ex-
ploration.

For our second goal, we consulted urologists and researchers at the
Maine Medical Center to determine the common narrative sequence
used by doctors during prostate cancer diagnosis consultation. In ad-
dition, we considered the designs of existing online health risk com-
munication tools to see how CPMs can be integrated into the narrative
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or horizontal bar graphs [21]. Taken together, these findings strongly
suggest that simply making the data available is insufficient. Instead,
health risk communication tools must become more patient-centered
in their content, function, and use.

In this paper, we report the results of the iterative process of de-
signing, developing, and evaluating a prostate cancer risk communi-
cation tool to address this need. The aim of the tool, named PROACT
(PROgnosis Assessment for Conservative Treatment), is to effectively
communicate active vs. conservative treatment options to patients with
localized prostate cancer and to generate personalized risk predictions
based on the patient’s own health data using two published and vali-
dated CPMs. Designed for use by patients alongside their doctors in
a clinical setting, PROACT serves two purposes: (1) empower the pa-
tient to better understand their own prostate cancer risk information,
and (2) guide the doctor in communicating the prognosis and the treat-
ment options, ensuring that all pertinent information is presented.

In collaboration with the Maine Medical Center, we conducted two
rounds of evaluations with prostate cancer survivors and urologists
to identify design elements and narrative structures that facilitate pa-
tients’ comprehension of their health information. Overall, the results
of the evaluations indicate that visualizations can be an effective means
to communicate complex health risk information to patients with low
numeracy and visual literacy. Both patients and doctors praised the
benefits of PROACT, suggesting that the availability of these tools
could increase the patients’ awareness of treatment options and risks.

However, feedback from these evaluation sessions also revealed de-
sign considerations that can significantly affect the utility of the tool.
For example, complex visualizations such as temporal area charts can
be difficult for patients to understand. Instead, multiple simple visu-
alizations such as pie charts that sample the temporal dimension are
much more effective in communicating changes over time. Surpris-
ingly, adding interactions to either simple or complex visualizations
had an adverse effect – most patients either did not know how to use
the interaction or not know how to effectively use it to explore the full
range of the data.

In addition to the choice of visualizations, we also found the narra-
tive structure of the tool to be critical. In particular, the patients in the
study reported that they experienced heightened emotional state and
increased anxiety upon receiving a positive prostate cancer diagnosis.
Subsequently, they were unable to focus or process additional infor-
mation from the doctor. As such, a key design component that we in-
corporated into the tool is to ensure that the most pertinent survival rate
information is delivered as soon as possible to calm the patient down
before presenting any additional information about treatment options.

In the rest of the paper, we present the two rounds of design, devel-
opment, and evaluation of the PROACT tool. Specifically, our work
makes the following contributions:

• Development of a prototype for a patient-centered online risk com-
munication tool (PROACT), intended to help patients with localized
prostate cancer understand and compare their expected prognosis
following active vs. conservative treatment.

• Two iterative evaluation studies of the PROACT prototype with
prostate cancer survivors and doctors. Usability and participant
comprehension were assessed through task-based user studies and
open-ended interviews following established methodologies in in-
formation visualization and human-computer interaction research.

• Design guidelines for choosing the appropriate visualizations for
prostate cancer patients with low numeracy and visual literacy lev-
els and for constructing effective narrative structures that account
for both patient comprehension given charged emotional states and
the doctor’s current clinical practices.

2 RELATED WORK

2.1 Visualizing Healthcare Information

Medical and healthcare information visualization has been an impor-
tant area of research for the visualization community. There have
been numerous advancements, systems, and even competitions involv-

ing such visualizations [1]. Examples of these systems include Life-
Lines [44], EventFlow [38], DecisionFlow [20], Outflow [52] and the
system by Zhang et al. based on the five W’s [53]. However, with few
exceptions, the focus of this line of research has predominately been
on visualizing large amounts of patient health information, in partic-
ular electronic health records (EHR). EHR data is very complex: it is
often voluminous, heterogeneous, and temporal. The goal of visual-
ization and visual analytics of EHR data is therefore to enable doctors,
researchers, administrators, and even patients to explore, analyze, and
make better decisions regarding the patient’s health [8].

Due to the temporal nature of health-related data, one common
technique for detecting trends and patterns is the use of temporal
visualizations (see the survey by Aigner et al. [2] for some exam-
ples). Beyond temporal visualizations, geospatial visualizations such
as John Snow’s map of cholera in 1854 London [49] and the U.S.
Health Map [28] have also been useful to researchers and adminis-
trators for performing population-level analyses. More recently, dash-
boards (e.g. [11]) and visualizations on handheld and wearable devices
(e.g. [10]) have become more widely adopted for physicians and pa-
tients to better monitor health information in real time. Throughout
these studies, a recurring topic is whether the data be aggregated to
fit into widely-familiar charts (e.g., bar and pie charts), or shown in a
more complex visualization (e.g., time-varying area chart). Some stud-
ies have found that more complex visualizations are beneficial [12],
while others show that patients misinterpret even the most basic charts
[25]. Given the complexity of health data and the well-documented
cognitive biases that follow it, more research is needed.

With the wide range of data, needs, and stakeholders in health, re-
searchers have begun to categorize opportunities for data visualization
in healthcare. A recent survey by Gotz et al. [19], for example, cat-
egorizes visual analytics of healthcare information into four groups:
for health research, for clinical workflow, for clinicians, and for pa-
tients. Our proposed work does not immediately fit under the cat-
egories proposed by Gotz et al. Although PROACT can be loosely
considered as enhancing “patient comprehension,” it differs in that
the goal is not about self-diagnosis (such as PatientsLikeMe3 and
WebMD4), self-monitoring (such as the Wellness Diary [37]), or the
quantified self [36]. Instead, the emphasis of our work lies in doctor-
patient communication of the patient’s health information and treat-
ment options. In particular, our work falls under an area of medical
research called “health (risk) communication,” where the goal is to
develop better tools and techniques to enhance patient comprehension
of quantitative information about the probability of health outcomes.

A more appropriate categorization is that of Franklin, Plaisant, and
Shneiderman, who put forward an information-centric framework for
patient-centered risk communication [15]. While doctor-patient risk
communication has been studied extensively in the medical commu-
nity (e.g., Nelson et al. [39]), the framework from Franklin et al. ex-
plicitly considers the role of interactivity and the efficacy of differ-
ent visual encodings. In later work, Franklin et al. enacted their
information-centric framework through the TreatmentExplorer system
[14]. Using a novel visual encoding (a hybrid of icon-arrays and area
charts), TreatmentExplorer shows how different treatments lead to dif-
ferent outcomes over time. While TreatmentExplorer is a general tool
for visualizing risk estimates and treatment options, PROACT focuses
specifically on prostate cancer and the role treatment models and inter-
active visualizations can play in facilitating doctor-patient communi-
cation. Through design and development alongside patients and doc-
tors, PROACT adds to the discussion around the integration of vali-
dated statistical risk models from the medical community with tech-
niques from the interactive data visualization community.

2.2 Health Risk Communication

The idea that patients should be adequately informed about the poten-
tial risks and benefits of medical interventions has received growing
emphasis in the medical community [47, 34]. Shared decision-making,
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a process in which an informed patient and the physician jointly dis-
cuss the treatment options and work together to reach a mutual de-
cision about the preferred treatment, has become an increasingly ac-
cepted ideal for medical practice [3]. Shared decision-making is par-
ticularly important for certain life-threatening diseases such as cancer,
for which multiple reasonable choice options exist, requiring patients
to weigh and integrate their own values in the decision-making pro-
cess. For example, women with early stage of breast cancer may be
faced with a decision to have lumpectomy (partial breast removal) fol-
lowed by chemotherapy and/or radiation or a mastectomy (full breast
removal) [9]. Similarly, for men with early-stage prostate cancer, pa-
tients may need to choose between radical prostatectomy or a less ag-
gressive option such as active surveillance, which is medically reason-
able due to the slow-growing nature of prostate cancer.

Although shared decision-making is the recommended practice in
many situations, the optimal method for informing the patients of their
health risks, treatment options, and the advantages and disadvantages
of these options remain an open area for medical researchers. A re-
cent survey by Trevena et al. [51] outlines the key concepts in health
risk communication and defines some best practices. These defined
best practices include the use of quantitative, numeric risk estimates
whenever possible to facilitate informed decision-making; minimiz-
ing cognitive burden by simplifying information (e.g., rounding, using
consistent formats and denominators for comparing risk information);
defining the reference class (the specific population for which a risk
estimate applies); accounting for limitations in numeracy and literacy;
conveying the uncertainty of risk estimates; and using visual represen-
tations to improve comprehension. Utilizing these practices to high-
light quantitative data may mitigate some of the biases documented
by Kahneman and Tversky’s prospect theory [31], like the tendency
of people to favor certain outcomes over probabilistic outcomes. For
example, patients may consider surgery as a definite way to eliminate
prostate cancer risk but consider active surveillance as only probabilis-
tic, despite its advantage of avoiding harmful side effects.

This last task, the use of visual representations, is widely believed to
aid comprehension of risk information, particularly for low-numerate
individuals [18, 17, 15], but its effectiveness also depends on the in-
dividuals’ visual literacy [16, 7, 6] and cognitive factors [40, 41, 54].
There is also emerging evidence that some visual formats (e.g., icon ar-
rays or “pictograms,” bar graphs), are more effective than others (e.g.,
pie charts) for representing risk [24]. While some initial work has in-
vestigated the design space of representing treatment options and side-
effects [14], the optimal formats for specific tasks remain to be deter-
mined [13], particularly as they relate to patients who may not have ex-
perience in interpreting complex visualizations and data. Furthermore,
new visualization techniques including interactivity and narrative for-
mats represent a relatively untested area in health risk communication.

A recent environmental scan study found that existing web-based
tools for calculating and communicating risks in prostate cancer treat-
ment are clinician- rather than patient-centered [45]. In general, they
simply present unembellished risk statistics in the form of point esti-
mates (i.e., percentages), and make little effort to provide explanatory
information to aid understanding. Few of the tools utilize visualiza-
tions such as bar graphs, however, no tool provides a narrative struc-
ture to guide clinical conversations between clinicians and patients.

3 OBJECTIVES OF PROACT
As evident from the PIVOT study [5], there is a prevalent need to ed-
ucate localized prostate cancer patients about the different treatment
options and associated side effects. In particular, an important mes-
sage to convey to the patient is that there are effective treatments other
than radical prostatectomy, and that these other treatments, such as
conservative management, can have comparable if not favorable sur-
vival rates but without the impairing side effects. Additionally, as the
patient ages and their health condition declines, it becomes more dan-
gerous for the patient to undergo invasive procedures such as surgery,
so much so that the risk of mortality from surgery surpasses that of the
cancer. Combined with the fact that these older patients have a high
risk of dying from their comorbidities (diseases and disorders other

than prostate cancer), the need for the patient to carefully consider all
aspects of these treatment options in order to make an informed deci-
sion is apparent. As such, our two design goals of PROACT are as fol-
lows: (1) empower prostate cancer patients to better understand their
own health risk information and make informed health decisions, and
(2) guide the doctors in communicating the prognosis and the treat-
ment options, ensuring that all pertinent information is presented.

3.1 Comprehending Health Information using Clinical Pre-
diction Models

In order to provide the patients with personalized risk information,
PROACT incorporates the use of clinical prediction models (CPMs),
which are designed and evaluated around their ability to provide accu-
rate estimates for individual cases. However, since not all information
is represented in a single CPM, patients or doctors will need to in-
teract with multiple CPMs to obtain accurate representations of the
patients’ overall health status. Because CPMs may represent different
treatment options with different outcomes, understanding the outputs
can be challenging, time-consuming, and potentially error-prone [33]
without a tool that integrates them. The first design goal of PROACT
is therefore to make these CPM prognoses accessible to patients by
compiling and presenting the information in a comprehensible manner
for older, localized prostate cancer patients (ages 65+).

3.2 Facilitating Doctor-Patient Communication
Our intended usage scenario for PROACT is in a clinical setting by the
doctor with the patient, as a shared-decision making tool during the
initial diagnosis consultation. Because PROACT will be used along-
side the diagnosis consultation, it must aid, not interfere with, the doc-
tor’s conversation. However, since some physicians may leave out or
overemphasize certain information due to legal considerations, per-
sonal biases, or prevailing practice patterns [26], our second design
goal of PROACT is for the tool to serve as a guideline that standard-
izes the conversation between the doctor and the patient. In order to
do so, the tool will need to constrain the navigation so that the users
view all aspects of the information in a structured narrative sequence.
The narrative should include crucial factors for decision-making, such
as the existence of side effects and the fact that because prostate can-
cer is slow progressing, patients often do not need to make a treatment
decision right away. The information must be sequenced to balance
the usability needs of doctors and information needs of patients.

4 INITIAL PROTOTYPE

Our initial design of the first prototype of PROACT is based on the
two design goals mentioned above: (1) making the prognoses of CPMs
easy to comprehend by prostate cancer patients, and (2) developing a
narrative structure that best facilitates doctor-patient communication.
In order to select the appropriate visualization to accomplish the first
goal, we surveyed visualizations commonly used in health risk com-
munication literature, examined existing health risk communication
tools, and applied our own experience in designing visualization tools.

The CPMs we utilized generated three types of data: (1) survival
ratio between dying from prostate cancer and overall survival rate, (2)
comparison of survival rates between active vs. conservative treat-
ment, and (3) temporal trend of cancer prognosis. As a result, three
visualizations were selected for the prototype based on visualization
theory and best current medical practice: (1) a pie chart, shown to
be effective at depicting part-to-whole relationships according to Hol-
lands and Spence [27], (2) a bar graph to compare treatment options
following the work by Han et al. [21], and (3) a temporal area chart to
show patterns over time similar to the work by Lu-Yao et al. [35]. In
addition, we utilized common visualization design guidelines, where
these visualizations were made to be interactive to allow for user ex-
ploration.

For our second goal, we consulted urologists and researchers at the
Maine Medical Center to determine the common narrative sequence
used by doctors during prostate cancer diagnosis consultation. In ad-
dition, we considered the designs of existing online health risk com-
munication tools to see how CPMs can be integrated into the narrative
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flow. In the end, our narrative structure is a hybrid between the two.
Similar to the online tools, we first ask the patients to enter their health
information required by the CPMs. The outputs of the two CPMs are

(a) Page 3. Uses a pie chart with an interactive slider to examine the 1, 5,
and 10 year mortality rates from cancer, from all other diseases (i.e., comor-
bidities), and the survival rates.

(b) Page 4. Uses a bar chart to compare the survival rates of surgery vs.
conservative treatment in 1, 5, and 10 years. Similar to the previous pie
chart, this visualization also uses an interactive slider to explore time.

(c) Page 5. Uses a stacked temporal area chart to show the survival rates of
the different treatment options. As the user mouses over the visualization,
precise numeric estimate is shown in the text above the visualization.

Fig. 1. Example pages of the initial prototype of PROACT. In this proto-
type, all visualizations are made interactive to allow the users to explore
the temporal dimension.

then presented in a sequence based on a conversation that a prostate
cancer doctor might have with a patient during a consultation.

In the sections below, we present the design of the first PROACT
prototype and the CPMs used for personalized prediction, followed by
the evaluation of the tool, analysis of the participants’ feedback, and a
summary of our revision plan based on the feedback.

4.1 Clinical Prediction Models Used in PROACT

In order to provide the patients with personalized risk information,
PROACT incorporates the use of clinical prediction models (CPMs),
which are designed and evaluated around their ability to provide ac-
curate estimates for individual cases. We chose two complementary
and well-validated models of prostate cancer mortality risk, obtained
the underlying algorithms and equations of their models, and made
necessary transformations to include them into an online web tool.

A multi-institutional model from Stephenson et al. (Stephenson-
PSCM) estimates 15-year mortality risk following prostatectomy
based on age, Gleason score, prostate-specific antigen level, clinical
stage, and biopsy results [50]. The Stephenson-PSCM was validated
in a national sample of 12,677 patients and accurately discriminates
patients with low mortality risk, for whom conservative treatment may
be appropriate. Patients with Stephenson-PSCM scores at the lowest
quartile have less than 5% 15-year prostate-cancer mortality risk.

To obtain the Stephenson-PSCM model, we contacted the authors
of the study, who sent us the underlying linear equations and coef-
ficients, along with ground-truth data for validation. We then im-
plemented the equations in Javascript and constructed tests using the
ground-truth data to verify the accuracy of our implementation.

Similarly, a competing-risks model by Lu-Yao et al. estimates 10-
year prostate-cancer and all-cause (overall) mortality following con-
servative treatment based on age, tumor grade, and clinical stage [35].
The model was derived from a cohort study of 14,516 patients aged 65
or over with stage T1 or T2 cancer treated conservatively, and demon-
strates the favorable prognosis for many patients. For example, for
men aged 65–69 with T1, moderately differentiated cancer, the 10-
year prostate-cancer mortality is 2% versus less than 5% following
active treatment from the Stephenson-PSCM study.

As with the Stephenson-PSCM, we contacted the authors of the
study to obtain the Lu-Yao model. The Lu-Yao data differs, however,
in that it uses a look-up table rather than linear equations. While not
as compact as equations, look-up tables avoid the need for validation,
since the data can be queried directly.

4.2 Design

PROACT is designed to be used via a web browser, and the visualiza-
tions and user interface are implemented using Javascript and the d3.js
visualization library. Based on the two goals of the tool, we designed
the first prototype using six pages:

1. Disclaimer - for explaining what PROACT is and the legal impli-
cations of its use.

2. Input - for the user to input age, biopsy scores (PSA, Gleason
score), cancer stage, and tumor tissue differentiation.

3. “How big of a threat is my prostate cancer?” (Figure 1(a)) - for
showing the risk of dying from prostate cancer vs. dying from
comorbidities vs. being alive. The percentages were displayed in
a pie chart, defaulted at 10-year risk, with a slider to show 1- and
5-year risks.

4. “How effective are different treatments for my prostate cancer?”
(Figure 1(b)) - for showing the survival and mortality risk after
surgery (radical prostatectomy) vs. conservative treatment. The
percentages were displayed in a bar graph, defaulted at 10-year
risk, with a slider to show 1- and 5-year risks. Note that this in-
formation is conditional upon the probability that the patient dies
from cancer. For example, if the probability of dying from cancer
is 50% and the probability of dying after surgery is 20%, then the
chance of the patient dying from cancer with surgery is 10%.

5. “Exploring your information further” (Figure 1(c)) - an interactive
temporal area chart that gives a continuous 0 to 10-year risk of
surgery, conservative treatment, comorbidities, and chance of being
alive. The exact percentages were displayed above the area chart.

6. “More info” - included links to the CPMs used in PROACT as
well as additional information not included in the tool such as side-
effects and other treatment options.

Users could navigate between pages via the “< Prev” and “Next >”
buttons or via the navigation bar at the top of the tool.

4.3 Evaluation
4.3.1 Participants
We recruited both patients and doctors for this study. Six patients
were recruited through the Maine Coalition to Fight Prostate Cancer,
a statewide non-profit patient advocacy organization that provides re-
sources for prostate cancer survivors. All patients were male, above 65
years old, and post diagnosis and treatment; we did not include men
with newly diagnosed cancer to avoid potential emotional distress at
that vulnerable stage. We did not collect any additional demographic
information to protect confidentiality. However, some patients volun-
teered to disclose their experience during the evaluation, and it was
apparent that the participants came from diverse backgrounds and had
various prostate cancer conditions and treatments.

In addition to the patients, we recruited two practicing urologists
specializing in prostate cancer treatment for interviews. Interviews
with the urologists were conducted at the Maine Medical Center hospi-
tal, and the evaluations with the patients were conducted at the Maine
Medical Center Research Institute over the course of two days.

4.3.2 Materials
To help ensure participants engage with PROACT in a decision-
making context, we constructed a set of four hypothetical scenarios
representing newly diagnosed patients. Scenarios span a set of possi-
ble combinations of mortality risk and treatment option effectiveness:

1. High prostate cancer risk; high comorbidity mortality risk.
Lower risk from surgery than from conservative treatment.

2. Low prostate cancer risk; high comorbidity mortality risk.
Equivalent surgery and conservative treatment risk.

3. Low prostate cancer risk; low comorbidity mortality risk. Equiv-
alent surgery and conservative treatment risk.

4. High prostate cancer risk; low comorbidity mortality risk. Lower
risk from surgery than from conservative treatment.

5. Two additional scenarios were randomly constructed for training
purposes.

In addition to assessing patients’ and doctors’ reasoning processes
in different scenarios, we also administered a short questionnaire to
the patients. The questionnaires were designed so that the patients had
specific tasks that guided their interaction with the tool and to incite
discussion between the participants and investigators.

The experiment setup consisted of a laptop (controlled by an inves-
tigator) that was connected to an external screen, keyboard, and mouse
(controlled by the participant).

4.3.3 Procedure
Each session lasted one hour for all patients and half an hour for the
doctors. After participants reviewed an IRB-approved informed con-
sent packet, an investigator gave a verbal overview of the goals of
PROACT. The investigator then demonstrated the use of PROACT us-
ing a training scenario, and participants were encouraged to ask ques-
tions about the tool’s interface, interaction, and visualizations. There
was no time limit for the training scenario, and training was completed
when participants confirmed they had no additional questions about
the tool (mean=8.33 minutes). The procedure differed slightly for pa-
tients and doctors from this point.

Patients continued by iterating through four randomly ordered sce-
narios of hypothetical patients. To assess their reasoning about the
current scenario, patients were asked to indicate whether they would
seek treatment and how confident they were in their decision. These
questions were repeated at four specific points in PROACT sequence:
after seeing the hypothetical patient’s data (pre-visualization), after the
comorbidity vs. prostate cancer risk page, after the surgery vs. con-
servative treatment risk page, and after the “more info” page (post-
visualization).

Doctors continued by assuming the role of a clinician using the tool
with a hypothetical patient, as if they were delivering the diagnosis to
a patient for the first time. A designated investigator served as a stand-
in for the hypothetical patient, using one of the scenarios chosen at
random.

All participants had time after the scenarios (approximately 30 min-
utes for patients and 15 minutes for doctors) for a semi-structured in-
terview. Participants were free to discuss PROACT or aspects of the
decision-making process in general. To ensure that the discussion peri-
odically returned to usability and practicality, investigators also asked
specific questions about behavior they observed while the participant
was using PROACT.

4.3.4 Data Collection

With the consent of the participants, we collected three types of data
during the sessions. First, the participants’ screens were captured into
a video. Second, the sessions were audio-recorded. This information
is particularly important to our post-hoc analysis because the partici-
pants were encouraged to give comments, ask questions, and provide
general feedback during the evaluation (similar to that of a think-aloud
study protocol). Lastly, we collected the questionnaires after the par-
ticipants completed the evaluation session.

4.3.5 Findings

The collected video, audio, and questionnaires were analyzed to iden-
tify the strengths and weaknesses of the PROACT design. Since the
participants had diverse backgrounds and experiences, their questions
and comments as well as the time they took for each phase of the
session varied widely. We therefore opted to have one of the authors
manually code and organize the video and audio, similar to the pro-
cess used by Kandel et al. [32]. Below, we summarize the feedback
and comments from our participants.

Utility Both patients and doctors were enthusiastic about the general
utility of PROACT, i.e., creating personalized risk estimates based
on respected CPMs and presenting them in an engaging and struc-
tured form. Three patients recalled the struggles of finding reputable
sources other than their clinicians for educating themselves about
their prostate cancer. One patient said, “I wish I had a tool like this
when I was going through the decision process.” Two participants
specifically noted they liked that PROACT used questions as head-
ings because they “didn’t know what questions to ask at first when
diagnosed.” Particularly encouraging was that all patients thanked
us for our efforts and encouraged us to continue this research effort
because these health risk communication tools are much needed and
not enough support exists online or in hospitals for patients facing a
prostate diagnosis. “If a doctor gave me this tool, it would be good
because there [is] a bunch of garbage on the Internet. With this, all
of the necessary information would be right here.”

Narrative Sequence Although the participants found PROACT to be
generally useful, there are still many areas for improvement. An
important piece of feedback was that PROACT did not take into
account the value of the sequence of the narrative (i.e., flow of in-
formation). Two patients stated that one of the first questions after
receiving their positive prostate cancer diagnosis was, “How much
time do I have left?” The participants reflected that without that
critical piece of information, they would not be able to process any
subsequent information, however relevant or important it might be.

Emotional State Related to the previous point, participants noted
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flow. In the end, our narrative structure is a hybrid between the two.
Similar to the online tools, we first ask the patients to enter their health
information required by the CPMs. The outputs of the two CPMs are

(a) Page 3. Uses a pie chart with an interactive slider to examine the 1, 5,
and 10 year mortality rates from cancer, from all other diseases (i.e., comor-
bidities), and the survival rates.

(b) Page 4. Uses a bar chart to compare the survival rates of surgery vs.
conservative treatment in 1, 5, and 10 years. Similar to the previous pie
chart, this visualization also uses an interactive slider to explore time.

(c) Page 5. Uses a stacked temporal area chart to show the survival rates of
the different treatment options. As the user mouses over the visualization,
precise numeric estimate is shown in the text above the visualization.

Fig. 1. Example pages of the initial prototype of PROACT. In this proto-
type, all visualizations are made interactive to allow the users to explore
the temporal dimension.

then presented in a sequence based on a conversation that a prostate
cancer doctor might have with a patient during a consultation.

In the sections below, we present the design of the first PROACT
prototype and the CPMs used for personalized prediction, followed by
the evaluation of the tool, analysis of the participants’ feedback, and a
summary of our revision plan based on the feedback.

4.1 Clinical Prediction Models Used in PROACT

In order to provide the patients with personalized risk information,
PROACT incorporates the use of clinical prediction models (CPMs),
which are designed and evaluated around their ability to provide ac-
curate estimates for individual cases. We chose two complementary
and well-validated models of prostate cancer mortality risk, obtained
the underlying algorithms and equations of their models, and made
necessary transformations to include them into an online web tool.

A multi-institutional model from Stephenson et al. (Stephenson-
PSCM) estimates 15-year mortality risk following prostatectomy
based on age, Gleason score, prostate-specific antigen level, clinical
stage, and biopsy results [50]. The Stephenson-PSCM was validated
in a national sample of 12,677 patients and accurately discriminates
patients with low mortality risk, for whom conservative treatment may
be appropriate. Patients with Stephenson-PSCM scores at the lowest
quartile have less than 5% 15-year prostate-cancer mortality risk.

To obtain the Stephenson-PSCM model, we contacted the authors
of the study, who sent us the underlying linear equations and coef-
ficients, along with ground-truth data for validation. We then im-
plemented the equations in Javascript and constructed tests using the
ground-truth data to verify the accuracy of our implementation.

Similarly, a competing-risks model by Lu-Yao et al. estimates 10-
year prostate-cancer and all-cause (overall) mortality following con-
servative treatment based on age, tumor grade, and clinical stage [35].
The model was derived from a cohort study of 14,516 patients aged 65
or over with stage T1 or T2 cancer treated conservatively, and demon-
strates the favorable prognosis for many patients. For example, for
men aged 65–69 with T1, moderately differentiated cancer, the 10-
year prostate-cancer mortality is 2% versus less than 5% following
active treatment from the Stephenson-PSCM study.

As with the Stephenson-PSCM, we contacted the authors of the
study to obtain the Lu-Yao model. The Lu-Yao data differs, however,
in that it uses a look-up table rather than linear equations. While not
as compact as equations, look-up tables avoid the need for validation,
since the data can be queried directly.

4.2 Design

PROACT is designed to be used via a web browser, and the visualiza-
tions and user interface are implemented using Javascript and the d3.js
visualization library. Based on the two goals of the tool, we designed
the first prototype using six pages:

1. Disclaimer - for explaining what PROACT is and the legal impli-
cations of its use.

2. Input - for the user to input age, biopsy scores (PSA, Gleason
score), cancer stage, and tumor tissue differentiation.

3. “How big of a threat is my prostate cancer?” (Figure 1(a)) - for
showing the risk of dying from prostate cancer vs. dying from
comorbidities vs. being alive. The percentages were displayed in
a pie chart, defaulted at 10-year risk, with a slider to show 1- and
5-year risks.

4. “How effective are different treatments for my prostate cancer?”
(Figure 1(b)) - for showing the survival and mortality risk after
surgery (radical prostatectomy) vs. conservative treatment. The
percentages were displayed in a bar graph, defaulted at 10-year
risk, with a slider to show 1- and 5-year risks. Note that this in-
formation is conditional upon the probability that the patient dies
from cancer. For example, if the probability of dying from cancer
is 50% and the probability of dying after surgery is 20%, then the
chance of the patient dying from cancer with surgery is 10%.

5. “Exploring your information further” (Figure 1(c)) - an interactive
temporal area chart that gives a continuous 0 to 10-year risk of
surgery, conservative treatment, comorbidities, and chance of being
alive. The exact percentages were displayed above the area chart.

6. “More info” - included links to the CPMs used in PROACT as
well as additional information not included in the tool such as side-
effects and other treatment options.

Users could navigate between pages via the “< Prev” and “Next >”
buttons or via the navigation bar at the top of the tool.

4.3 Evaluation
4.3.1 Participants
We recruited both patients and doctors for this study. Six patients
were recruited through the Maine Coalition to Fight Prostate Cancer,
a statewide non-profit patient advocacy organization that provides re-
sources for prostate cancer survivors. All patients were male, above 65
years old, and post diagnosis and treatment; we did not include men
with newly diagnosed cancer to avoid potential emotional distress at
that vulnerable stage. We did not collect any additional demographic
information to protect confidentiality. However, some patients volun-
teered to disclose their experience during the evaluation, and it was
apparent that the participants came from diverse backgrounds and had
various prostate cancer conditions and treatments.

In addition to the patients, we recruited two practicing urologists
specializing in prostate cancer treatment for interviews. Interviews
with the urologists were conducted at the Maine Medical Center hospi-
tal, and the evaluations with the patients were conducted at the Maine
Medical Center Research Institute over the course of two days.

4.3.2 Materials
To help ensure participants engage with PROACT in a decision-
making context, we constructed a set of four hypothetical scenarios
representing newly diagnosed patients. Scenarios span a set of possi-
ble combinations of mortality risk and treatment option effectiveness:

1. High prostate cancer risk; high comorbidity mortality risk.
Lower risk from surgery than from conservative treatment.

2. Low prostate cancer risk; high comorbidity mortality risk.
Equivalent surgery and conservative treatment risk.

3. Low prostate cancer risk; low comorbidity mortality risk. Equiv-
alent surgery and conservative treatment risk.

4. High prostate cancer risk; low comorbidity mortality risk. Lower
risk from surgery than from conservative treatment.

5. Two additional scenarios were randomly constructed for training
purposes.

In addition to assessing patients’ and doctors’ reasoning processes
in different scenarios, we also administered a short questionnaire to
the patients. The questionnaires were designed so that the patients had
specific tasks that guided their interaction with the tool and to incite
discussion between the participants and investigators.

The experiment setup consisted of a laptop (controlled by an inves-
tigator) that was connected to an external screen, keyboard, and mouse
(controlled by the participant).

4.3.3 Procedure
Each session lasted one hour for all patients and half an hour for the
doctors. After participants reviewed an IRB-approved informed con-
sent packet, an investigator gave a verbal overview of the goals of
PROACT. The investigator then demonstrated the use of PROACT us-
ing a training scenario, and participants were encouraged to ask ques-
tions about the tool’s interface, interaction, and visualizations. There
was no time limit for the training scenario, and training was completed
when participants confirmed they had no additional questions about
the tool (mean=8.33 minutes). The procedure differed slightly for pa-
tients and doctors from this point.

Patients continued by iterating through four randomly ordered sce-
narios of hypothetical patients. To assess their reasoning about the
current scenario, patients were asked to indicate whether they would
seek treatment and how confident they were in their decision. These
questions were repeated at four specific points in PROACT sequence:
after seeing the hypothetical patient’s data (pre-visualization), after the
comorbidity vs. prostate cancer risk page, after the surgery vs. con-
servative treatment risk page, and after the “more info” page (post-
visualization).

Doctors continued by assuming the role of a clinician using the tool
with a hypothetical patient, as if they were delivering the diagnosis to
a patient for the first time. A designated investigator served as a stand-
in for the hypothetical patient, using one of the scenarios chosen at
random.

All participants had time after the scenarios (approximately 30 min-
utes for patients and 15 minutes for doctors) for a semi-structured in-
terview. Participants were free to discuss PROACT or aspects of the
decision-making process in general. To ensure that the discussion peri-
odically returned to usability and practicality, investigators also asked
specific questions about behavior they observed while the participant
was using PROACT.

4.3.4 Data Collection

With the consent of the participants, we collected three types of data
during the sessions. First, the participants’ screens were captured into
a video. Second, the sessions were audio-recorded. This information
is particularly important to our post-hoc analysis because the partici-
pants were encouraged to give comments, ask questions, and provide
general feedback during the evaluation (similar to that of a think-aloud
study protocol). Lastly, we collected the questionnaires after the par-
ticipants completed the evaluation session.

4.3.5 Findings

The collected video, audio, and questionnaires were analyzed to iden-
tify the strengths and weaknesses of the PROACT design. Since the
participants had diverse backgrounds and experiences, their questions
and comments as well as the time they took for each phase of the
session varied widely. We therefore opted to have one of the authors
manually code and organize the video and audio, similar to the pro-
cess used by Kandel et al. [32]. Below, we summarize the feedback
and comments from our participants.

Utility Both patients and doctors were enthusiastic about the general
utility of PROACT, i.e., creating personalized risk estimates based
on respected CPMs and presenting them in an engaging and struc-
tured form. Three patients recalled the struggles of finding reputable
sources other than their clinicians for educating themselves about
their prostate cancer. One patient said, “I wish I had a tool like this
when I was going through the decision process.” Two participants
specifically noted they liked that PROACT used questions as head-
ings because they “didn’t know what questions to ask at first when
diagnosed.” Particularly encouraging was that all patients thanked
us for our efforts and encouraged us to continue this research effort
because these health risk communication tools are much needed and
not enough support exists online or in hospitals for patients facing a
prostate diagnosis. “If a doctor gave me this tool, it would be good
because there [is] a bunch of garbage on the Internet. With this, all
of the necessary information would be right here.”

Narrative Sequence Although the participants found PROACT to be
generally useful, there are still many areas for improvement. An
important piece of feedback was that PROACT did not take into
account the value of the sequence of the narrative (i.e., flow of in-
formation). Two patients stated that one of the first questions after
receiving their positive prostate cancer diagnosis was, “How much
time do I have left?” The participants reflected that without that
critical piece of information, they would not be able to process any
subsequent information, however relevant or important it might be.

Emotional State Related to the previous point, participants noted
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that a reason for not being able to process any additional informa-
tion was due to their heightened emotional state. One participant
recalled that “No matter what you say, when you first hear you have
cancer, you don’t hear it – it’s all blank,” and it was not until after
they had a chance to calm down that they were able to search for
information about prostate cancer and the possible treatments. As
such, two participants suggested that for PROACT to be useful in its
intended setting, it is important to contain information that can help
the patients “get off the ledge.”

Disease vs. Treatment Based on feedback from both the doctors and
the patients, it became apparent that the “How big of a threat is my
prostate cancer?” conversation is different and should be explicitly
separated from the “How effective are different treatments for my
prostate cancer?” discussion. Although the two topics are clearly
related, typical patients cannot begin to consider possible treatment
options until after they let the news of a positive diagnosis sink in.
As such, information about these two topics should be presented
separately to allow the patient the opportunity to focus on one topic
before moving on to the other. In our current design the two topics
appear in different pages. Nonetheless, patients and doctors would
still like to see a clearer separation between the two.

Temporal Visualization Six out of eight participants reported that
the ability to see the predicted disease progression is crucial when
considering treatment options. We had anticipated this request and
developed two types of interactive visualizations to enable the anal-
ysis of predictions over time. First, an interactive slider allows the
user to see their mortality rate from prostate cancer and the effective-
ness of treatment options between 1, 5, and 10 years (Figures 1(a)
and 1(b) respectively). Second, an interactive temporal area chart
allows the participants to see the trajectory of their disease progres-
sion and mortality rate over time (see Figure 1(c)). These two types
of visualizations were selected following the best practice guidelines
and study results [35, 24]. However, to our surprise, six participants,
including both doctors, found the visualizations to be confusing. We
observed that the participants were unable to comprehend the tem-
poral area chart and were inconsistent in using the slider to see the
1-, 5-, and 10-year predictions. Despite their claims that seeing dis-
ease progression is critical, some participants did not use the slider
to see all three time steps or did not use the slider at all.

Additional Information All participants reported that they would
like to have more information regarding their treatment options and
the associated risks. PROACT uses two CPMs for the risk of surgery
and active surveillance, but many other treatment options exist (e.g.
radiation therapy, cryotherapy). The participants noted that in order
to make a fully-informed decision, it would be useful to have access
to all of this information, including suggestions on seeking alternate
opinions and counseling services such as support groups.

Nuances Matter During the course of the evaluation, we realized
how nuances in the tool can affect the participants’ comprehen-
sion. On the use of visualizations, we found that most participants
were more comfortable with pie charts, but surprisingly, not every-
one was accustomed to using visualizations. As one participant re-
ported, “I like numbers, but I’m old so I often need time to study
graphs,” which is consistent with existing literature on how elderly
use interactive media (for example, see [43]). Beyond visualiza-
tions, we found that consistency in wording and use of colors are
important. For example, some participants were confused by the
wording of “conservative treatment” because it does not refer to an
active treatment. Similarly, some participants noticed that the colors
used across the visualizations were different (see Figure 1(a), 1(b),
and 1(c)) and had trouble realizing that the two pieces of information
were connected in a conditional manner.

Doctor’s Suggestions Since the tool is meant to be used during the
initial consultation with a doctor after the patient receives a posi-
tive diagnosis, it is important that the doctor can easily integrate the
use of PROACT into their current routine. While both doctors in
our study endorsed the spirit behind PROACT, they noted that the

narrative sequence does not fit their current flow of conversations
with their patients. Similar to the feedback from the patients, they
echoed the need to provide the most critical information first (i.e.,
“how much time do I have?”). In addition, they asked for the ability
to opt-out of some of the material because in cases where the treat-
ment options are clear (e.g. if the patient is too old to have surgery),
“the patients shouldn’t even think about treatment.” Lastly, confirm-
ing our observation that some visualizations may be too complex,
both doctors suggested that the temporal area chart may be too dif-
ficult to explain to patients.

Beyond the specific feedback about PROACT, many participants
deviated from the study procedure and recounted their own personal
experience facing cancer. One participant lamented the fact that he
chose to have surgery too hastily without fully understanding the long-
term side effects of the treatment and now suffers from incontinence
and erectile dysfunction. All patients mentioned the difficulties they
had conducting their own research online and feeling overwhelmed by
the amount of dubious and conflicting information. These personal
accounts were particularly somber, and they served as a reminder that
more tools are needed to help these older patients comprehend their
own health risk information and make decisions that are appropriate
for them.

4.3.6 Revisions

Based on the findings from the patients and doctors, we generated a
list of key revisions for the second iteration of PROACT. In general,
our philosophy for the second round is to (1) reconsider the design
and visualizations from a patient-centric standpoint where the patients
are older men with possibly low numeracy and visual literacy, and (2)
reorganize the flow of information to better support the patients’ needs
while fitting in with the doctors’ current workflow.

(RV1) Modify the narrative sequence to address the question “how
much time do I have left?” In particular, present the 1-year mortality
rate first to ease the patient’s anxiety and emotional state. As a
slow-progressing disease, patients will often have very high survival
rates in the early years (in the range of 90% or above). In addition,
provide a printable “summary page” in case the patient is too anxious
during the consultation and needs to process the information on their
own after they have had the chance to calm down.

(RV2) Provide an initial “road map” page of the prostate cancer treat-
ment and the shared decision-making process to communicate to the
users the scope and utility of the tool. This page will also acknowl-
edge that PROACT is limited to the use of two specific CPMs. Other
CPMs that provide additional information such as other treatment
risks, probability of side effects, and quality of life are not consid-
ered for the prototype because they have not been vetted and evalu-
ated by our physician collaborators. PROACT will instead provide
external links to reputable and trusted websites to give the patients
additional information about treatment options and their possible
side effects beyond surgery and conservative treatment.

(RV3) Separate the discussion between disease vs. treatment to sup-
port the doctors’ current work flow. This can be done by providing
a treatment introductory page. This page will mention some of the
possible treatment options as well as communicate that the tool will
now talk about the benefits (i.e., increase the chance of living) of
treating prostate cancer. In addition, as per a doctor’s suggestion,
we added an “opt-out” page with the heading, “Should I consider
treatment?” before the treatment introductory page.

(RV4) Simplify all the visualizations and the interactions. As we
observed, (1) the temporal visualization using an area chart (Fig-
ure 1(c)) is too complex for the patients to comprehend their disease
progression, and (2) interactions of any form can be too complex
for the users. For example, the participants did not know to use the
slider to see temporal information. As a result, PROACT should
use only the most basic forms of visualizations, pie charts and bar
graphs, because of their ease-of-comprehension and pie charts’ abil-

ity to convey percentage (part-to-whole) information. In addition,
these visualizations should be presented in a static manner to ensure
that the patients are exposed to all the necessary information.

(RV5) Make all wording, color, and design elements consistent across
all pages. Although these are relatively nuanced, we found that they
do affect the patients’ comprehension. Since many of our partici-
pants already find the information to be taxing, making the tool as
easy to understand as possible will make a difference. For example,
consistent color should be used to represent the same information
between pages (see Figure 1(a) and 1(b)), and these colors need to
be chosen to ensure that they are suitable for color blind individuals.
Additionally, we chose to use precise terminology such as “active
surgery” and “conservative treatment” to maintain consistency with
current medical practice, but the impact of alternative terms that may
be clearer to patients will need to be studied.

5 REVISED PROTOTYPE

5.1 Design

Following an iterative design methodology, we redesigned the
PROACT tool in a second prototype by integrating the revisions dis-
tilled from an in-person evaluation session with six patients and two
doctors from the previous evaluation. After the design and implemen-
tation of the second prototype, we conducted another round of eval-
uation. Below we describe the design of the new tool, the evaluation
session, and our findings.

From a technical standpoint, the second prototype remains the same
as the first one: the tool is written as a series of web pages using
Javascript and d3.js, and the two CPMs (Stephenson-PSCM and Lu-
Yao models) remain the same as well. With the new changes, this
prototype grew to ten pages from the original six. In the outline below,
new pages added from the original prototype are highlighted in bold.

1. Disclaimer (same as the initial prototype)

2. “Road map” - Addressing RV2, this page outlines the utility of
PROACT, including estimates of risk for prostate cancer and co-
morbidity mortality rates that follow surgery or conservative treat-
ment options. It also lists information on what PROACT does not
contain, such as estimates of side effect risk and other treatment
options (e.g., radiation therapy, cryotherapy).

3. Input (same as the initial prototype)

4. “How big of a threat is my prostate cancer?” (year 1) (Fig-
ure 2(a)) - Addressing RV1, using a pie chart, this page shows the
patient’s 1-year survival rate vs. mortality rate from prostate can-
cer vs. mortality rate from comorbidities. The goal of this page to
reduce the patient’s anxiety level and emotional state by showing
that their survival rate from prostate cancer in the first year is likely
to be high because prostate cancer is a slow-progressing disease.

5. “How big of a threat is my prostate cancer?” (Figure 2(b)) -
Addressing RV4, we have removed the slider. This page now shows
all 1-, 5-, and 10-year survival rate vs. mortality rate from prostate
cancer vs. mortality rate from comorbidities.

6. “Should I consider treatment” - Addressing RV3, this is an opt-
out page for when the doctor decides to not discuss treatment. If
chosen “Yes, I want to consider treatment,” the tool continues onto
the next page, else the tool jumps to the “More info” page.

7. “What are my treatment options?” - Addressing RV3, this page
introduces the conversation of comparing the benefits between
surgery and conservative treatment by listing common treatment
options and providing external links to side effects.

8. “How effective are different treatments for my prostate can-
cer?” (Figure 2(c)) - Addressing RV4, we have removed the slider.
This page now shows all 1-, 5-, and 10-year survival (and mortality
risk via a toggle button) after surgery vs. conservative treatment in
a bar graph.

9. “What do I do next?” (Figure 3) - Addressing RV1, this page is a

summary page containing the 1-, 5-, and 10-year pie and bar graphs
and their corresponding percentages from pages five and eight.

(a) Page 4. Shows the 1-year survival rate. The purpose of showing this
page early is to “calm down” the patient.

(b) Page 5. Revised visualization for showing the 1-, 5-, and 10-year mor-
tality rate from cancer, from all other diseases (i.e., comorbidities), and the
survival rate. Unlike the previous iteration, these visualizations are static.

(c) Page 8. Revised visualization to compare the survival rates of undergoing
surgery or conservative treatment in 1, 5, and 10 years. Visualizations used
in this page are also static.

Fig. 2. Example pages of the revised prototype of PROACT. In this
prototype, the temporal dimension has been “flattened” and the visual-
izations are no longer interactive.



HAKONE ET AL.: PROACT: ITERATIVE DESIGN OF A PATIENT-CENTERED VISUALIZATION FOR EFFECTIVE PROSTATE CANCER HEALTH . . . 607

that a reason for not being able to process any additional informa-
tion was due to their heightened emotional state. One participant
recalled that “No matter what you say, when you first hear you have
cancer, you don’t hear it – it’s all blank,” and it was not until after
they had a chance to calm down that they were able to search for
information about prostate cancer and the possible treatments. As
such, two participants suggested that for PROACT to be useful in its
intended setting, it is important to contain information that can help
the patients “get off the ledge.”

Disease vs. Treatment Based on feedback from both the doctors and
the patients, it became apparent that the “How big of a threat is my
prostate cancer?” conversation is different and should be explicitly
separated from the “How effective are different treatments for my
prostate cancer?” discussion. Although the two topics are clearly
related, typical patients cannot begin to consider possible treatment
options until after they let the news of a positive diagnosis sink in.
As such, information about these two topics should be presented
separately to allow the patient the opportunity to focus on one topic
before moving on to the other. In our current design the two topics
appear in different pages. Nonetheless, patients and doctors would
still like to see a clearer separation between the two.

Temporal Visualization Six out of eight participants reported that
the ability to see the predicted disease progression is crucial when
considering treatment options. We had anticipated this request and
developed two types of interactive visualizations to enable the anal-
ysis of predictions over time. First, an interactive slider allows the
user to see their mortality rate from prostate cancer and the effective-
ness of treatment options between 1, 5, and 10 years (Figures 1(a)
and 1(b) respectively). Second, an interactive temporal area chart
allows the participants to see the trajectory of their disease progres-
sion and mortality rate over time (see Figure 1(c)). These two types
of visualizations were selected following the best practice guidelines
and study results [35, 24]. However, to our surprise, six participants,
including both doctors, found the visualizations to be confusing. We
observed that the participants were unable to comprehend the tem-
poral area chart and were inconsistent in using the slider to see the
1-, 5-, and 10-year predictions. Despite their claims that seeing dis-
ease progression is critical, some participants did not use the slider
to see all three time steps or did not use the slider at all.

Additional Information All participants reported that they would
like to have more information regarding their treatment options and
the associated risks. PROACT uses two CPMs for the risk of surgery
and active surveillance, but many other treatment options exist (e.g.
radiation therapy, cryotherapy). The participants noted that in order
to make a fully-informed decision, it would be useful to have access
to all of this information, including suggestions on seeking alternate
opinions and counseling services such as support groups.

Nuances Matter During the course of the evaluation, we realized
how nuances in the tool can affect the participants’ comprehen-
sion. On the use of visualizations, we found that most participants
were more comfortable with pie charts, but surprisingly, not every-
one was accustomed to using visualizations. As one participant re-
ported, “I like numbers, but I’m old so I often need time to study
graphs,” which is consistent with existing literature on how elderly
use interactive media (for example, see [43]). Beyond visualiza-
tions, we found that consistency in wording and use of colors are
important. For example, some participants were confused by the
wording of “conservative treatment” because it does not refer to an
active treatment. Similarly, some participants noticed that the colors
used across the visualizations were different (see Figure 1(a), 1(b),
and 1(c)) and had trouble realizing that the two pieces of information
were connected in a conditional manner.

Doctor’s Suggestions Since the tool is meant to be used during the
initial consultation with a doctor after the patient receives a posi-
tive diagnosis, it is important that the doctor can easily integrate the
use of PROACT into their current routine. While both doctors in
our study endorsed the spirit behind PROACT, they noted that the

narrative sequence does not fit their current flow of conversations
with their patients. Similar to the feedback from the patients, they
echoed the need to provide the most critical information first (i.e.,
“how much time do I have?”). In addition, they asked for the ability
to opt-out of some of the material because in cases where the treat-
ment options are clear (e.g. if the patient is too old to have surgery),
“the patients shouldn’t even think about treatment.” Lastly, confirm-
ing our observation that some visualizations may be too complex,
both doctors suggested that the temporal area chart may be too dif-
ficult to explain to patients.

Beyond the specific feedback about PROACT, many participants
deviated from the study procedure and recounted their own personal
experience facing cancer. One participant lamented the fact that he
chose to have surgery too hastily without fully understanding the long-
term side effects of the treatment and now suffers from incontinence
and erectile dysfunction. All patients mentioned the difficulties they
had conducting their own research online and feeling overwhelmed by
the amount of dubious and conflicting information. These personal
accounts were particularly somber, and they served as a reminder that
more tools are needed to help these older patients comprehend their
own health risk information and make decisions that are appropriate
for them.

4.3.6 Revisions

Based on the findings from the patients and doctors, we generated a
list of key revisions for the second iteration of PROACT. In general,
our philosophy for the second round is to (1) reconsider the design
and visualizations from a patient-centric standpoint where the patients
are older men with possibly low numeracy and visual literacy, and (2)
reorganize the flow of information to better support the patients’ needs
while fitting in with the doctors’ current workflow.

(RV1) Modify the narrative sequence to address the question “how
much time do I have left?” In particular, present the 1-year mortality
rate first to ease the patient’s anxiety and emotional state. As a
slow-progressing disease, patients will often have very high survival
rates in the early years (in the range of 90% or above). In addition,
provide a printable “summary page” in case the patient is too anxious
during the consultation and needs to process the information on their
own after they have had the chance to calm down.

(RV2) Provide an initial “road map” page of the prostate cancer treat-
ment and the shared decision-making process to communicate to the
users the scope and utility of the tool. This page will also acknowl-
edge that PROACT is limited to the use of two specific CPMs. Other
CPMs that provide additional information such as other treatment
risks, probability of side effects, and quality of life are not consid-
ered for the prototype because they have not been vetted and evalu-
ated by our physician collaborators. PROACT will instead provide
external links to reputable and trusted websites to give the patients
additional information about treatment options and their possible
side effects beyond surgery and conservative treatment.

(RV3) Separate the discussion between disease vs. treatment to sup-
port the doctors’ current work flow. This can be done by providing
a treatment introductory page. This page will mention some of the
possible treatment options as well as communicate that the tool will
now talk about the benefits (i.e., increase the chance of living) of
treating prostate cancer. In addition, as per a doctor’s suggestion,
we added an “opt-out” page with the heading, “Should I consider
treatment?” before the treatment introductory page.

(RV4) Simplify all the visualizations and the interactions. As we
observed, (1) the temporal visualization using an area chart (Fig-
ure 1(c)) is too complex for the patients to comprehend their disease
progression, and (2) interactions of any form can be too complex
for the users. For example, the participants did not know to use the
slider to see temporal information. As a result, PROACT should
use only the most basic forms of visualizations, pie charts and bar
graphs, because of their ease-of-comprehension and pie charts’ abil-

ity to convey percentage (part-to-whole) information. In addition,
these visualizations should be presented in a static manner to ensure
that the patients are exposed to all the necessary information.

(RV5) Make all wording, color, and design elements consistent across
all pages. Although these are relatively nuanced, we found that they
do affect the patients’ comprehension. Since many of our partici-
pants already find the information to be taxing, making the tool as
easy to understand as possible will make a difference. For example,
consistent color should be used to represent the same information
between pages (see Figure 1(a) and 1(b)), and these colors need to
be chosen to ensure that they are suitable for color blind individuals.
Additionally, we chose to use precise terminology such as “active
surgery” and “conservative treatment” to maintain consistency with
current medical practice, but the impact of alternative terms that may
be clearer to patients will need to be studied.

5 REVISED PROTOTYPE

5.1 Design

Following an iterative design methodology, we redesigned the
PROACT tool in a second prototype by integrating the revisions dis-
tilled from an in-person evaluation session with six patients and two
doctors from the previous evaluation. After the design and implemen-
tation of the second prototype, we conducted another round of eval-
uation. Below we describe the design of the new tool, the evaluation
session, and our findings.

From a technical standpoint, the second prototype remains the same
as the first one: the tool is written as a series of web pages using
Javascript and d3.js, and the two CPMs (Stephenson-PSCM and Lu-
Yao models) remain the same as well. With the new changes, this
prototype grew to ten pages from the original six. In the outline below,
new pages added from the original prototype are highlighted in bold.

1. Disclaimer (same as the initial prototype)

2. “Road map” - Addressing RV2, this page outlines the utility of
PROACT, including estimates of risk for prostate cancer and co-
morbidity mortality rates that follow surgery or conservative treat-
ment options. It also lists information on what PROACT does not
contain, such as estimates of side effect risk and other treatment
options (e.g., radiation therapy, cryotherapy).

3. Input (same as the initial prototype)

4. “How big of a threat is my prostate cancer?” (year 1) (Fig-
ure 2(a)) - Addressing RV1, using a pie chart, this page shows the
patient’s 1-year survival rate vs. mortality rate from prostate can-
cer vs. mortality rate from comorbidities. The goal of this page to
reduce the patient’s anxiety level and emotional state by showing
that their survival rate from prostate cancer in the first year is likely
to be high because prostate cancer is a slow-progressing disease.

5. “How big of a threat is my prostate cancer?” (Figure 2(b)) -
Addressing RV4, we have removed the slider. This page now shows
all 1-, 5-, and 10-year survival rate vs. mortality rate from prostate
cancer vs. mortality rate from comorbidities.

6. “Should I consider treatment” - Addressing RV3, this is an opt-
out page for when the doctor decides to not discuss treatment. If
chosen “Yes, I want to consider treatment,” the tool continues onto
the next page, else the tool jumps to the “More info” page.

7. “What are my treatment options?” - Addressing RV3, this page
introduces the conversation of comparing the benefits between
surgery and conservative treatment by listing common treatment
options and providing external links to side effects.

8. “How effective are different treatments for my prostate can-
cer?” (Figure 2(c)) - Addressing RV4, we have removed the slider.
This page now shows all 1-, 5-, and 10-year survival (and mortality
risk via a toggle button) after surgery vs. conservative treatment in
a bar graph.

9. “What do I do next?” (Figure 3) - Addressing RV1, this page is a

summary page containing the 1-, 5-, and 10-year pie and bar graphs
and their corresponding percentages from pages five and eight.

(a) Page 4. Shows the 1-year survival rate. The purpose of showing this
page early is to “calm down” the patient.

(b) Page 5. Revised visualization for showing the 1-, 5-, and 10-year mor-
tality rate from cancer, from all other diseases (i.e., comorbidities), and the
survival rate. Unlike the previous iteration, these visualizations are static.

(c) Page 8. Revised visualization to compare the survival rates of undergoing
surgery or conservative treatment in 1, 5, and 10 years. Visualizations used
in this page are also static.

Fig. 2. Example pages of the revised prototype of PROACT. In this
prototype, the temporal dimension has been “flattened” and the visual-
izations are no longer interactive.
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Fig. 3. Page 9. This is a summary page in the revised prototype showing
all the information in the tool in a condensed form. The purpose is for
the page to be printed and given to the patient to take home.

10. “More info” - same as in the initial prototype, but it emphasizes the
limitation of the tool and includes more links to external resources.

Users could navigate between pages via the “<” and “>” buttons or
via the navigation bar at the top of the tool.

5.2 Evaluation
5.2.1 Participants
The second study was carried out two months after the original study.
We recruited six new patients and the same two doctors for this study
in a similar manner as in the evaluation of the first prototype. Inter-
views with the doctors were conducted at the Maine Medical Cen-
ter hospital, and evaluations with the patients were conducted at the
Maine Medical Center Research Institute over the course of two days.

The six new patients were also recruited through the Maine Coali-
tion to Fight Prostate Cancer and shared the same demographics as
the first study (male, over 65 years old, and prostate cancer survivors).
For the same privacy concerns, we did not request additional health or
demographic information.

The two doctors who participated in the interview were the same
two doctors from the previous evaluation session. The purpose of in-
terviewing the same doctors was to preserve some consistency across
the two studies.

5.2.2 Materials, Procedure, and Data Collection
The questionnaires, experimental setup, study procedure, and the data
collection methods were all the same as in the first prototype (Section
4), maintaining consistency between the two sessions.

5.2.3 Findings
Similar to the data analysis of the evaluation of the first prototype, we
analyzed the video, audio, and questionnaire data collected from the
participant sessions. Overall, the comments from the second prototype
were markedly more positive than that from the first. However, what is
just as interesting as the positive feedback is the lack of negative feed-
back on many of our revisions. For example, unlike the first evaluation
where the participants raised questions about the wording or the color
schemes (RV5), we received no questions or comments regarding the
usability of the tool. Below, we summarize these findings and describe
how our revision met the expectations of the patients and the doctors.

Narrative Sequence One of the major considerations when making
the revisions was the narrative sequence of the tool. The revised
version of PROACT included a “road map” page (RV2), intended

to communicate the role of PROACT inside the broader context of
decisions commonly considered after a prostate cancer diagnosis.
Both patients and doctors thought the flow of information presented
in the “road map” page was ideal and thought PROACT successfully
followed that sequence. One of the doctors said, “The flow is fine.
I wouldn’t change the order of anything.” We also emphasized the
transitions within the sequence such as the difference between the
prostate cancer risk discussion and the treatment option discussion,
thus addressing the feedback on making the “How big of a threat
is my prostate cancer?” conversation distinct and separate from the
“How effective are different treatments for my prostate cancer?” dis-
cussion (see the Disease vs. Treatment finding in section 4.3.5).
The doctors we interviewed in the second prototype were the same
doctors who participated in the previous evaluation, and one doctor
commented on the second prototype, “I can’t even remember how
the first one looked like, because this flows so much better.”

Emotional State Since all participants from the previous evaluation
noted that answering “How much time do I have left?” was of crit-
ical importance after learning of a positive diagnosis, we added the
page “How big of a threat is my prostate cancer in year 1?” to the
start of the PROACT tool to address this need while reducing the
anxiety of the patients (RV1). We received positive feedback on this
addition, with patients noting, “I’m so glad we started with the first
year because it was comforting,” and “Many people make emotional
decision[s] even though it’s not the right choice.”

Temporal Visualization Two big changes to the visualizations used
in the second prototype were (a) the use of “simple” visualizations
such as pie charts and bar graphs, and (b) the removal of all interac-
tivity from the visualizations (RV4). Due to the low visual literacy
levels of our participants, we were concerned that “flattening” a tem-
poral visualization into multiple static pie charts (see Figure 2(b))
would cause information overload or confusion for some partici-
pants. However, none of the patients or the doctors raised any ques-
tions or expressed any concerns about the amount of information
presented or the lack of interactivity in the visualizations. In fact,
this arrangement led participants to talk about the temporal progres-
sion of prostate cancer more actively than in the previous sessions.
The new design of using simple, non-interactive visualizations ap-
pears to have improved comprehension of disease progression.

While the above feedback supports our redesign, not all participants
agreed with all elements of the redesign. In particular, the “opt-out
option” received mixed feedback.

Opt-out Option Per a doctor’s suggestion, we added an “opt-out”
option in the revision (RV3) in case the doctors feel like the treat-
ment option is clear and obvious (e.g. if the patient is too old to
have surgery). Surprisingly, this new option received mixed feed-
back. Four patients and a doctor raised some concerns over this
option. A patient commented, “How do I know if I want treatment
without [being] given the treatment options?” One doctor raised
similar concerns and said, “The treatment drop-off option is weird
– the doctor should have the treatment talk anyway, but tailor it
according to the patient.” It was apparent that the patients wanted
more, not less information, even in cases where the treatment op-
tion appeared to be obvious. The overwhelming number of negative
reactions to the opt-out feature a doctor proposed suggests that the
doctor’s needs may not coincide with the patient’s needs.

5.3 Future Works

Although we received a multitude of positive feedback on the second
prototype of PROACT, we recognize that PROACT is still a proto-
type and there are specific issues that need to be addressed before de-
ployment to clinical settings. For the first and second prototypes, we
implemented two models – the models by Stephenson et al. [50] and
Lu-Yao et al. [35]. Combined, they provide personalized estimates of
prostate cancer morality following radical prostatectomy and conser-
vative treatment. Understanding the survival and mortality rates asso-

ciated with prostate cancer is important, but from interviews with both
doctors and patients, it is clear that other factors, such as side effects,
recovery time, quality of life, localized vs. metastatic (cancer spread
outside of the prostate), and other treatment options, are also crucial
for deciding treatment options. CPMs that predict some of these fac-
tors currently exist or are in development, and it would be beneficial
to incorporate these models in future versions of PROACT.

While the focus of these prototype evaluations were on constructing
a narrative structure that increases patient comprehension, one patient
raised an interesting point that he wished “there were more informa-
tion on uncertainty.” Even though the CPMs generate personalized
risk predictions, they do not currently produce confidence intervals to
quantify uncertainty. In the current version of PROACT, we only dis-
play the prediction values returned by the models, but it will be valu-
able for future iterations of PROACT to explore how best to convey
uncertainty using confidence intervals and other methods.

6 DISCUSSION

6.1 Need for Personalized Health Risk Communication
Tools

The results of the two iterative design sessions indicate that PROACT
attends to a prevalent unmet need for patient-centered health risk com-
munication tools, especially ones that incorporate existing CPMs that
are currently inaccessible and difficult to use and understand without
the specialized knowledge of clinicians. All of the patients we in-
terviewed recalled the lack of information disclosed by their primary
physicians during their own consultations. Thus, patients had to spend
time researching, trying to find reputable information in the form of
books, online sources, support groups, and second opinions from other
clinicians. There are many potential reasons that physicians do not
communicate prognostic information or utilize evidence-based prog-
nostic models. The current study attempted to address the problem of
access to these models in a clinically usable, understandable form.

PROACT’s contribution to patient-doctor shared decision-making
is twofold: (1) it serves as a communication guide for the consul-
tation, and (2) it makes esoteric CPMs comprehensible to patients.
Although PROACT does not include detailed information about side-
effects, other treatment options, and other risk factors, it mentions
them in the “road map” page and throughout the tool so that the doctor
is reminded to talk about them. Furthermore, PROACT generates sim-
ple visualizations from complex CPMs and frames the information in
a narrative that is accessible for patients. Personalized statistics from
CPMs are not usually available from support groups or from clinicians,
which makes PROACT unique and vital to health risk communication.

6.2 Design Guidelines for Health Risk Communications
Over the course of developing PROACT we came to realize that de-
signing a patient-facing health risk communication tool can be signif-
icantly different from designing visualization or visual analytics sys-
tems for other domains. Based on our experience, we suggest the fol-
lowing design considerations that we believe made PROACT a success
with the patients and doctors who evaluated the tool.

6.2.1 Accounting for User’s Emotional State
Due to the nature of the health risk communication, the users of tools
like PROACT are likely going to be personally invested and emotion-
ally charged when using such tools. While researchers in the visual-
ization community are aware of the importance of considering a user’s
cognitive states (e.g. cognitive load [42], emotion [23]) and cogni-
tive traits (e.g. personality traits [54], individual difference [41]), less
attention has been paid to considering the narrative flow of the visual-
ization and its information content.

Our study shows that it is important for health risk communication
tools to account for the users’ heightened emotional state by first try-
ing to “calm the user down” before presenting them with additional
information. As informed by our participants, when confronted with
the grave news of having cancer, most patients lose their ability to pro-
cess complex information and make an objective decision. Our design
of first presenting the users with their 1-year mortality rate was useful,

but this approach might only be useful for slow-progressing diseases
like prostate cancer. Further research of techniques that can reduce
the users’ anxiety level and lower their emotional state would be very
useful in designing future health risk communication tools.

6.2.2 Minimizing Complex Visualizations and Interactions
Our initial assumptions about what visualizations would be most use-
ful did not fit well with our intended user group. Given that our users
are older men with low numeracy and visual literacy levels, complex
visualizations with high degrees of interactivity made it difficult for
them to understand the information. As seen in the initial prototype,
some users did not even utilize the slider interaction feature, and thus
the tool did not guarantee that everyone will see all of the necessary
data. This could be because individuals who are not familiar with
visualizations do not know how to use sliders to “animate” the visu-
alizations to determine temporal trends. Because personalized health
risk communication tools will be used by a wide variety of patients,
we need to account for individuals with low numeracy and visual liter-
acy. As such, when developing tools for the general public, it is likely
that simpler, static visualizations may be better than those with high
interactivity, even if it means sacrificing exploratory features.

6.2.3 Valuing Grounded Iterative Design
Finally, when developing a patient-centered risk communication tool,
an iterative design (i.e., produce, test, and revise prototypes) is vital to
ensuring that the tool content conforms to the users’ needs. Follow-
ing the grounded evaluation process of visualizations [30], we found
that the iterative design process of health risk communication tools are
most effective when used in conjunction with the target user groups.
In PROACT, we recruited prostate cancer survivors and urologists for
testing. Interviewing such specific population was beneficial because
they were able to recall from their own experience and identify key
factors that contribute to treatment decision-making. From a design
standpoint, we would not have been able to predict that designing for
the patient’s emotional state would be such an important factor nor that
visualization interactions would be difficult with those with low visual
literacy had we just one evaluation or the evaluations been conducted
with any group of users other than prostate cancer survivors.

7 CONCLUSION

In this paper, we report the iterative design process and the findings
of developing the Prognosis Assessment for Conservative Treatment
(PROACT) tool, a personalized health risk communication tool for lo-
calized prostate cancer patients. PROACT utilizes two published clin-
ical prediction models (CPMs) to communicate the patients’ person-
alized risk information of prostate cancer and compare treatment op-
tions. In collaboration with the Maine Medical Center, we conducted
two rounds of evaluations with prostate cancer survivors and oncolo-
gists to identify the design elements and narrative structures that would
increase the users’ comprehension of their health information.

Most importantly, our results indicate that tools like PROACT that
help patients understand their personalized health risk information are
greatly needed, and visualization is integral to effectively communi-
cate complex risk information to patients. However, the design of
these tools needs to be done with a great deal of care. As many of
these patients have low numeracy, visual literacy, and heightened emo-
tional states, careful narrative structure and visualization designs are
necessary to help the patients reduce their anxiety and increase com-
prehension. Although the current version of PROACT does not yet
incorporate all the treatment options for prostate cancer due to a lack
of available CPMs, our initial evaluations of the PROACT tool have
been very positive. Through continued collaboration with the Maine
Medical Center, we seek to further refine PROACT and hope that the
tool will be available publicly in the near future.
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Fig. 3. Page 9. This is a summary page in the revised prototype showing
all the information in the tool in a condensed form. The purpose is for
the page to be printed and given to the patient to take home.

10. “More info” - same as in the initial prototype, but it emphasizes the
limitation of the tool and includes more links to external resources.

Users could navigate between pages via the “<” and “>” buttons or
via the navigation bar at the top of the tool.

5.2 Evaluation
5.2.1 Participants
The second study was carried out two months after the original study.
We recruited six new patients and the same two doctors for this study
in a similar manner as in the evaluation of the first prototype. Inter-
views with the doctors were conducted at the Maine Medical Cen-
ter hospital, and evaluations with the patients were conducted at the
Maine Medical Center Research Institute over the course of two days.

The six new patients were also recruited through the Maine Coali-
tion to Fight Prostate Cancer and shared the same demographics as
the first study (male, over 65 years old, and prostate cancer survivors).
For the same privacy concerns, we did not request additional health or
demographic information.

The two doctors who participated in the interview were the same
two doctors from the previous evaluation session. The purpose of in-
terviewing the same doctors was to preserve some consistency across
the two studies.

5.2.2 Materials, Procedure, and Data Collection
The questionnaires, experimental setup, study procedure, and the data
collection methods were all the same as in the first prototype (Section
4), maintaining consistency between the two sessions.

5.2.3 Findings
Similar to the data analysis of the evaluation of the first prototype, we
analyzed the video, audio, and questionnaire data collected from the
participant sessions. Overall, the comments from the second prototype
were markedly more positive than that from the first. However, what is
just as interesting as the positive feedback is the lack of negative feed-
back on many of our revisions. For example, unlike the first evaluation
where the participants raised questions about the wording or the color
schemes (RV5), we received no questions or comments regarding the
usability of the tool. Below, we summarize these findings and describe
how our revision met the expectations of the patients and the doctors.

Narrative Sequence One of the major considerations when making
the revisions was the narrative sequence of the tool. The revised
version of PROACT included a “road map” page (RV2), intended

to communicate the role of PROACT inside the broader context of
decisions commonly considered after a prostate cancer diagnosis.
Both patients and doctors thought the flow of information presented
in the “road map” page was ideal and thought PROACT successfully
followed that sequence. One of the doctors said, “The flow is fine.
I wouldn’t change the order of anything.” We also emphasized the
transitions within the sequence such as the difference between the
prostate cancer risk discussion and the treatment option discussion,
thus addressing the feedback on making the “How big of a threat
is my prostate cancer?” conversation distinct and separate from the
“How effective are different treatments for my prostate cancer?” dis-
cussion (see the Disease vs. Treatment finding in section 4.3.5).
The doctors we interviewed in the second prototype were the same
doctors who participated in the previous evaluation, and one doctor
commented on the second prototype, “I can’t even remember how
the first one looked like, because this flows so much better.”

Emotional State Since all participants from the previous evaluation
noted that answering “How much time do I have left?” was of crit-
ical importance after learning of a positive diagnosis, we added the
page “How big of a threat is my prostate cancer in year 1?” to the
start of the PROACT tool to address this need while reducing the
anxiety of the patients (RV1). We received positive feedback on this
addition, with patients noting, “I’m so glad we started with the first
year because it was comforting,” and “Many people make emotional
decision[s] even though it’s not the right choice.”

Temporal Visualization Two big changes to the visualizations used
in the second prototype were (a) the use of “simple” visualizations
such as pie charts and bar graphs, and (b) the removal of all interac-
tivity from the visualizations (RV4). Due to the low visual literacy
levels of our participants, we were concerned that “flattening” a tem-
poral visualization into multiple static pie charts (see Figure 2(b))
would cause information overload or confusion for some partici-
pants. However, none of the patients or the doctors raised any ques-
tions or expressed any concerns about the amount of information
presented or the lack of interactivity in the visualizations. In fact,
this arrangement led participants to talk about the temporal progres-
sion of prostate cancer more actively than in the previous sessions.
The new design of using simple, non-interactive visualizations ap-
pears to have improved comprehension of disease progression.

While the above feedback supports our redesign, not all participants
agreed with all elements of the redesign. In particular, the “opt-out
option” received mixed feedback.

Opt-out Option Per a doctor’s suggestion, we added an “opt-out”
option in the revision (RV3) in case the doctors feel like the treat-
ment option is clear and obvious (e.g. if the patient is too old to
have surgery). Surprisingly, this new option received mixed feed-
back. Four patients and a doctor raised some concerns over this
option. A patient commented, “How do I know if I want treatment
without [being] given the treatment options?” One doctor raised
similar concerns and said, “The treatment drop-off option is weird
– the doctor should have the treatment talk anyway, but tailor it
according to the patient.” It was apparent that the patients wanted
more, not less information, even in cases where the treatment op-
tion appeared to be obvious. The overwhelming number of negative
reactions to the opt-out feature a doctor proposed suggests that the
doctor’s needs may not coincide with the patient’s needs.

5.3 Future Works

Although we received a multitude of positive feedback on the second
prototype of PROACT, we recognize that PROACT is still a proto-
type and there are specific issues that need to be addressed before de-
ployment to clinical settings. For the first and second prototypes, we
implemented two models – the models by Stephenson et al. [50] and
Lu-Yao et al. [35]. Combined, they provide personalized estimates of
prostate cancer morality following radical prostatectomy and conser-
vative treatment. Understanding the survival and mortality rates asso-

ciated with prostate cancer is important, but from interviews with both
doctors and patients, it is clear that other factors, such as side effects,
recovery time, quality of life, localized vs. metastatic (cancer spread
outside of the prostate), and other treatment options, are also crucial
for deciding treatment options. CPMs that predict some of these fac-
tors currently exist or are in development, and it would be beneficial
to incorporate these models in future versions of PROACT.

While the focus of these prototype evaluations were on constructing
a narrative structure that increases patient comprehension, one patient
raised an interesting point that he wished “there were more informa-
tion on uncertainty.” Even though the CPMs generate personalized
risk predictions, they do not currently produce confidence intervals to
quantify uncertainty. In the current version of PROACT, we only dis-
play the prediction values returned by the models, but it will be valu-
able for future iterations of PROACT to explore how best to convey
uncertainty using confidence intervals and other methods.

6 DISCUSSION

6.1 Need for Personalized Health Risk Communication
Tools

The results of the two iterative design sessions indicate that PROACT
attends to a prevalent unmet need for patient-centered health risk com-
munication tools, especially ones that incorporate existing CPMs that
are currently inaccessible and difficult to use and understand without
the specialized knowledge of clinicians. All of the patients we in-
terviewed recalled the lack of information disclosed by their primary
physicians during their own consultations. Thus, patients had to spend
time researching, trying to find reputable information in the form of
books, online sources, support groups, and second opinions from other
clinicians. There are many potential reasons that physicians do not
communicate prognostic information or utilize evidence-based prog-
nostic models. The current study attempted to address the problem of
access to these models in a clinically usable, understandable form.

PROACT’s contribution to patient-doctor shared decision-making
is twofold: (1) it serves as a communication guide for the consul-
tation, and (2) it makes esoteric CPMs comprehensible to patients.
Although PROACT does not include detailed information about side-
effects, other treatment options, and other risk factors, it mentions
them in the “road map” page and throughout the tool so that the doctor
is reminded to talk about them. Furthermore, PROACT generates sim-
ple visualizations from complex CPMs and frames the information in
a narrative that is accessible for patients. Personalized statistics from
CPMs are not usually available from support groups or from clinicians,
which makes PROACT unique and vital to health risk communication.

6.2 Design Guidelines for Health Risk Communications
Over the course of developing PROACT we came to realize that de-
signing a patient-facing health risk communication tool can be signif-
icantly different from designing visualization or visual analytics sys-
tems for other domains. Based on our experience, we suggest the fol-
lowing design considerations that we believe made PROACT a success
with the patients and doctors who evaluated the tool.

6.2.1 Accounting for User’s Emotional State
Due to the nature of the health risk communication, the users of tools
like PROACT are likely going to be personally invested and emotion-
ally charged when using such tools. While researchers in the visual-
ization community are aware of the importance of considering a user’s
cognitive states (e.g. cognitive load [42], emotion [23]) and cogni-
tive traits (e.g. personality traits [54], individual difference [41]), less
attention has been paid to considering the narrative flow of the visual-
ization and its information content.

Our study shows that it is important for health risk communication
tools to account for the users’ heightened emotional state by first try-
ing to “calm the user down” before presenting them with additional
information. As informed by our participants, when confronted with
the grave news of having cancer, most patients lose their ability to pro-
cess complex information and make an objective decision. Our design
of first presenting the users with their 1-year mortality rate was useful,

but this approach might only be useful for slow-progressing diseases
like prostate cancer. Further research of techniques that can reduce
the users’ anxiety level and lower their emotional state would be very
useful in designing future health risk communication tools.

6.2.2 Minimizing Complex Visualizations and Interactions
Our initial assumptions about what visualizations would be most use-
ful did not fit well with our intended user group. Given that our users
are older men with low numeracy and visual literacy levels, complex
visualizations with high degrees of interactivity made it difficult for
them to understand the information. As seen in the initial prototype,
some users did not even utilize the slider interaction feature, and thus
the tool did not guarantee that everyone will see all of the necessary
data. This could be because individuals who are not familiar with
visualizations do not know how to use sliders to “animate” the visu-
alizations to determine temporal trends. Because personalized health
risk communication tools will be used by a wide variety of patients,
we need to account for individuals with low numeracy and visual liter-
acy. As such, when developing tools for the general public, it is likely
that simpler, static visualizations may be better than those with high
interactivity, even if it means sacrificing exploratory features.

6.2.3 Valuing Grounded Iterative Design
Finally, when developing a patient-centered risk communication tool,
an iterative design (i.e., produce, test, and revise prototypes) is vital to
ensuring that the tool content conforms to the users’ needs. Follow-
ing the grounded evaluation process of visualizations [30], we found
that the iterative design process of health risk communication tools are
most effective when used in conjunction with the target user groups.
In PROACT, we recruited prostate cancer survivors and urologists for
testing. Interviewing such specific population was beneficial because
they were able to recall from their own experience and identify key
factors that contribute to treatment decision-making. From a design
standpoint, we would not have been able to predict that designing for
the patient’s emotional state would be such an important factor nor that
visualization interactions would be difficult with those with low visual
literacy had we just one evaluation or the evaluations been conducted
with any group of users other than prostate cancer survivors.

7 CONCLUSION

In this paper, we report the iterative design process and the findings
of developing the Prognosis Assessment for Conservative Treatment
(PROACT) tool, a personalized health risk communication tool for lo-
calized prostate cancer patients. PROACT utilizes two published clin-
ical prediction models (CPMs) to communicate the patients’ person-
alized risk information of prostate cancer and compare treatment op-
tions. In collaboration with the Maine Medical Center, we conducted
two rounds of evaluations with prostate cancer survivors and oncolo-
gists to identify the design elements and narrative structures that would
increase the users’ comprehension of their health information.

Most importantly, our results indicate that tools like PROACT that
help patients understand their personalized health risk information are
greatly needed, and visualization is integral to effectively communi-
cate complex risk information to patients. However, the design of
these tools needs to be done with a great deal of care. As many of
these patients have low numeracy, visual literacy, and heightened emo-
tional states, careful narrative structure and visualization designs are
necessary to help the patients reduce their anxiety and increase com-
prehension. Although the current version of PROACT does not yet
incorporate all the treatment options for prostate cancer due to a lack
of available CPMs, our initial evaluations of the PROACT tool have
been very positive. Through continued collaboration with the Maine
Medical Center, we seek to further refine PROACT and hope that the
tool will be available publicly in the near future.
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A. Spångberg, C. Busch, S. Nordling, H. Garmo, et al. Radical prostatectomy ver-
sus watchful waiting in early prostate cancer. New England Journal of Medicine,
352(19):1977–1984, 2005.

[6] K. Börner, A. Maltese, R. N. Balliet, and J. Heimlich. Investigating aspects of data
visualization literacy using 20 information visualizations and 273 science museum
visitors. Information Visualization, 15(3):198–213, 2015.

[7] J. Boy, R. A. Rensink, E. Bertini, and J.-D. Fekete. A principled way of assessing
visualization literacy. Visualization and Computer Graphics, IEEE Transactions on,
20(12):1963–1972, 2014.

[8] J. J. Caban and D. Gotz. Visual analytics in healthcare–opportunities and research
challenges. Journal of the American Medical Informatics Association, 22(2):260–
262, 2015.

[9] C. Charles, A. Gafni, and T. Whelan. Decision-making in the physician–patient
encounter: revisiting the shared treatment decision-making model. Social science &
medicine, 49(5):651–661, 1999.

[10] S. Consolvo, D. W. McDonald, T. Toscos, M. Y. Chen, J. Froehlich, B. Harrison,
P. Klasnja, A. LaMarca, L. LeGrand, R. Libby, et al. Activity sensing in the wild:
a field trial of ubifit garden. In Proceedings of the SIGCHI Conference on Human
Factors in Computing Systems, pages 1797–1806. ACM, 2008.

[11] N. Donaldson, D. S. Brown, C. E. Aydin, M. L. B. Bolton, and D. N. Rutledge.
Leveraging nurse-related dashboard benchmarks to expedite performance improve-
ment and document excellence. Journal of Nursing Administration, 35(4):163–172,
2005.

[12] D. Feldman-Stewart and M. D. Brundage. Challenges for designing and implement-
ing decision aids. Patient Education and Counseling, 54(3):265–273, 2004.

[13] D. Feldman-Stewart, N. Kocovski, B. A. McConnell, M. D. Brundage, and W. J.
Mackillop. Perception of quantitative information for treatment decisions. Medical
Decision Making, 20(2):228–238, 2000.

[14] L. Franklin, C. Plaisant, K. M. Rahman, and B. Shneiderman. Treatmentexplorer: an
interactive decision aid for medical risk communication and treatment exploration.
Interacting with Computers, pages 238–252, 2016.

[15] L. Franklin, C. Plaisant, and B. Shneiderman. An information-centric framework for
designing patient-centered medical decision aids and risk communication. In AMIA
Annual Symposium Proceedings, volume 2013, pages 456–465. American Medical
Informatics Association, 2013.

[16] W. Gaissmaier, O. Wegwarth, D. Skopec, A.-S. Müller, S. Broschinski, and M. C.
Politi. Numbers can be worth a thousand pictures: individual differences in un-
derstanding graphical and numerical representations of health-related information.
Health Psychology, 31(3):286, 2012.

[17] M. Galesic, R. Garcia-Retamero, and G. Gigerenzer. Using icon arrays to communi-
cate medical risks: overcoming low numeracy. Health Psychology, 28(2):210, 2009.

[18] R. Garcia-Retamero and M. Galesic. Communicating treatment risk reduction to
people with low numeracy skills: a cross-cultural comparison. American journal of
public health, 99(12):2196–2202, 2009.

[19] D. Gotz, J. Caban, and A. T. Chen. Visual Analytics for Healthcare, volume 36.
CRC Press, 2015.

[20] D. Gotz and H. Stavropoulos. Decisionflow: Visual analytics for high-dimensional
temporal event sequence data. Visualization and Computer Graphics, IEEE Trans-
actions on, 20(12):1783–1792, 2014.

[21] P. K. Han, N. Hootsmans, M. Neilson, B. Roy, T. Kungel, C. Gutheil, M. Diefenbach,
and M. Hansen. The value of personalised risk information: a qualitative study of
the perceptions of patients with prostate cancer. BMJ open, 3(9):e003226, 2013.

[22] P. K. Han, W. M. Klein, T. C. Lehman, H. Massett, S. C. Lee, and A. N. Freedman.
Laypersons’ responses to the communication of uncertainty regarding cancer risk
estimates. Medical Decision Making, 29(3):391–403, 2009.

[23] L. Harrison, D. Skau, S. Franconeri, A. Lu, and R. Chang. Influencing visual judg-
ment through affective priming. In Proceedings of the SIGCHI Conference on Hu-
man Factors in Computing Systems, pages 2949–2958. ACM, 2013.

[24] S. T. Hawley, B. Zikmund-Fisher, P. Ubel, A. Jancovic, T. Lucas, and A. Fagerlin.
The impact of the format of graphical presentation on health-related knowledge and
treatment choices. Patient education and counseling, 73(3):448–455, 2008.

[25] Z. Hildon, D. Allwood, and N. Black. Making data more meaningful: Patients views
of the format and content of quality indicators comparing health care providers. Pa-
tient Education and Counseling, 88(2):298–304, 2012.

[26] K. E. Hoffman, J. Niu, Y. Shen, J. Jiang, J. W. Davis, J. Kim, D. A. Kuban, G. H.
Perkins, J. B. Shah, G. L. Smith, et al. Physician variation in management of low-
risk prostate cancer: a population-based cohort study. JAMA internal medicine,
174(9):1450–1459, 2014.

[27] J. G. Hollands and I. Spence. Judging proportion with graphs: the summation model.
Applied Cognitive Psychology, 12(2):173–190, 1998.

[28] Institute for Health Metrics and Evaluation (IHME). US Health Map. http://
vizhub.healthdata.org/us-health-map. Accessed March 26, 2016.

[29] S. Ip, I. J. Dahabreh, M. Chung, W. W. Yu, E. M. Balk, R. C. Iovin, P. Mathew,
T. Luongo, T. Dvorak, and J. Lau. An evidence review of active surveillance in men
with localized prostate cancer. Prescrire Int, 21(131):242–8, 2012.

[30] P. Isenberg, T. Zuk, C. Collins, and S. Carpendale. Grounded evaluation of informa-
tion visualizations. In Proceedings of the 2008 Workshop on BEyond time and er-
rors: novel evaLuation methods for Information Visualization, pages 56–63. ACM,
2008.

[31] D. Kahneman and A. Tversky. Prospect theory: An analysis of decision under risk.
Econometrica: Journal of the econometric society, 47(2):263–291, 1979.

[32] S. Kandel, A. Paepcke, J. M. Hellerstein, and J. Heer. Enterprise data analysis and vi-
sualization: An interview study. Visualization and Computer Graphics, IEEE Trans-
actions on, 18(12):2917–2926, 2012.

[33] S. P. Kim, R. J. Karnes, P. L. Nguyen, J. Y. Ziegenfuss, L. C. Han, R. H. Thompson,
Q.-D. Trinh, M. Sun, S. A. Boorjian, T. J. Beebe, et al. Clinical implementation
of quality of life instruments and prediction tools for localized prostate cancer: re-
sults from a national survey of radiation oncologists and urologists. The Journal of
urology, 189(6):2092–2098, 2013.

[34] G. L. Kreps, D. O’Hair, and M. Clowers. The influences of human communication
on health outcomes. The American Behavioral Scientist, 38(2):248–256, 1994.

[35] G. L. Lu-Yao, P. C. Albertsen, D. F. Moore, W. Shih, Y. Lin, R. S. DiPaola, M. J.
Barry, A. Zietman, M. OLeary, E. Walker-Corkery, et al. Outcomes of localized
prostate cancer following conservative management. Jama, 302(11):1202–1209,
2009.

[36] A. Marcengo and A. Rapp. Visualization of human behavior data: the quantified
self. Innovative approaches of data visualization and visual analytics, 1:236–265,
2014.

[37] E. Mattila, I. Korhonen, J. H. Salminen, A. Ahtinen, E. Koskinen, A. Sarela,
J. Parkka, and R. Lappalainen. Empowering citizens for well-being and chronic
disease management with wellness diary. Information Technology in Biomedicine,
IEEE Transactions on, 14(2):456–463, 2010.

[38] M. Monroe, R. Lan, H. Lee, C. Plaisant, and B. Shneiderman. Temporal event
sequence simplification. Visualization and Computer Graphics, IEEE Transactions
on, 19(12):2227–2236, 2013.

[39] D. E. Nelson, B. W. Hesse, and R. T. Croyle. Making data talk. Oxford University
Press, 2009.

[40] A. Ottley, E. M. Peck, L. T. Harrison, D. Afergan, C. Ziemkiewicz, H. A. Taylor,
P. K. Han, and R. Chang. Improving bayesian reasoning: the effects of phrasing, vi-
sualization, and spatial ability. Visualization and Computer Graphics, IEEE Trans-
actions on, 22(1):529–538, 2016.

[41] A. Ottley, H. Yang, and R. Chang. Personality as a predictor of user strategy: How
locus of control affects search strategies on tree visualizations. In Proceedings of
the 33rd Annual ACM Conference on Human Factors in Computing Systems, pages
3251–3254. ACM, 2015.

[42] E. M. Peck, B. F. Yuksel, A. Ottley, R. J. K. Jacob, and R. Chang. Using fnirs
brain sensing to evaluate information visualization interfaces. In Proceedings of
the SIGCHI Conference on Human Factors in Computing Systems, pages 473–482.
ACM, 2013.

[43] A. M. Piper and J. D. Hollan. Supporting medical communication for older patients
with a shared touch-screen computer. International journal of medical informatics,
82(11):e242–e250, 2013.

[44] C. Plaisant, R. Mushlin, A. Snyder, J. Li, D. Heller, and B. Shneiderman. Life-
lines: using visualization to enhance navigation and analysis of patient records. In
Proceedings of the AMIA Symposium, pages 76–80. American Medical Informatics
Association, 1998.

[45] B. A. Rabin, B. Gaglio, T. Sanders, L. Nekhlyudov, J. W. Dearing, S. Bull, R. E.
Glasgow, and A. Marcus. Predicting cancer prognosis using interactive online tools:
a systematic review and implications for cancer care providers. Cancer Epidemiol-
ogy Biomarkers & Prevention, 22(10):1645–1656, 2013.

[46] B. M. Rothenberg, A. Marbella, S. E. Belinson, D. J. Samson, C. J. Bonnell, K. M.
Ziegler, and N. Aronson. Future research needs for comparative effectiveness of
treatments of localized prostate cancer: Identification of future research needs from
comparative effectiveness review. In Future Research Needs Papers, volume 4, chap-
ter 13. Agency for Healthcare Research and Quality (US), 2010.

[47] M. M. Schapira and J. VanRuiswyk. The effect of an illustrated pamphlet decision-
aid on the use of prostate cancer screening tests. Journal of Family Practice,
49(5):418–418, 2000.

[48] S. F. Shariat, P. I. Karakiewicz, C. G. Roehrborn, and M. W. Kattan. An updated
catalog of prostate cancer predictive tools. Cancer, 113(11):3075–3099, 2008.

[49] J. Snow. On the mode of communication of cholera. John Churchill, 1855.
[50] A. J. Stephenson, M. W. Kattan, J. A. Eastham, F. J. Bianco, O. Yossepowitch, A. J.

Vickers, E. A. Klein, D. P. Wood, and P. T. Scardino. Prostate cancer–specific mor-
tality after radical prostatectomy for patients treated in the prostate-specific antigen
era. Journal of Clinical Oncology, 27(26):4300–4305, 2009.

[51] L. J. Trevena, B. J. Zikmund-Fisher, A. Edwards, W. Gaissmaier, M. Galesic, P. K.
Han, J. King, M. L. Lawson, S. K. Linder, I. Lipkus, et al. Presenting quantita-
tive information about decision outcomes: a risk communication primer for patient
decision aid developers. BMC medical informatics and decision making, 13(2):S7,
2013.

[52] K. Wongsuphasawat and D. Gotz. Exploring flow, factors, and outcomes of tem-
poral event sequences with the outflow visualization. Visualization and Computer
Graphics, IEEE Transactions on, 18(12):2659–2668, 2012.

[53] Z. Zhang, B. Wang, F. Ahmed, I. Ramakrishnan, R. Zhao, A. Viccellio, and
K. Mueller. The five ws for information visualization with application to health-
care informatics. Visualization and Computer Graphics, IEEE Transactions on,
19(11):1895–1910, 2013.

[54] C. Ziemkiewicz, A. Ottley, R. J. Crouser, A. R. Yauilla, S. L. Su, W. Ribarsky, and
R. Chang. How visualization layout relates to locus of control and other personality
factors. Visualization and Computer Graphics, IEEE Transactions on, 19(7):1109–
1121, 2013.


