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Abstract
We present the Bladder Runner, a novel tool to enable detailed visual exploration and analysis of the impact of bladder shape
variation on the accuracy of dose delivery, during the course of prostate cancer radiotherapy (RT). Our tool enables the
investigation of individual patients and cohorts through the entire treatment process, and it can give indications of RT-induced
complications for the patient. In prostate cancer RT treatment, despite the design of an initial plan prior to dose administration,
bladder toxicity remains very common. The main reason is that the dose is delivered in multiple fractions over a period of
weeks, during which, the anatomical variation of the bladder – due to differences in urinary filling – causes deviations between
planned and delivered doses. Clinical researchers want to correlate bladder shape variations to dose deviations and toxicity
risk through cohort studies, to understand which specific bladder shape characteristics are more prone to side effects. This is
currently done with Dose-Volume Histograms (DVHs), which provide limited, qualitative insight. The effect of bladder variation
on dose delivery and the resulting toxicity cannot be currently examined with the DVHs. To address this need, we designed and
implemented the Bladder Runner, which incorporates visualization strategies in a highly interactive environment with multiple
linked views. Individual patients can be explored and analyzed through the entire treatment period, while inter-patient and
temporal exploration, analysis and comparison are also supported. We demonstrate the applicability of our presented tool
with a usage scenario, employing a dataset of 29 patients followed through the course of the treatment, across 13 time points.
We conducted an evaluation with three clinical researchers working on the investigation of RT-induced bladder toxicity. All
participants agreed that Bladder Runner provides better understanding and new opportunities for the exploration and analysis of
the involved cohort data.

CCS Concepts
•Human-centered computing → Visual analytics; •Applied computing → Life and medical sciences;

1. Introduction

Radiotherapy (RT) is one of the most common therapeutical options
for prostate cancer, being administered to 60% of all patients at some
stage of the treatment [DJFB05]. The aim of RT is to deliver a high
dose of radiation to the tumor, while sparing the surrounding normal
tissues. Prior to the administration of the RT dose, an optimized
treatment plan is performed, which takes into account the locations
of the tumor and the healthy surrounding organs. The prescribed
dose is not administered all at once, but in multiple fractions over a
period of several weeks. During this time, the organs adjacent to the
prostate gland – and especially the bladder – exhibit high day-to-day
anatomical variations, due to differences in urinary filling and other
inherent anatomical characteristics [CMMH∗17]. The anatomical
variation of the bladder can cause deviations between planned and
delivered doses, with severe side effects for the patient [ZLH∗08].

Several clinical studies were conducted in the past, to evaluate the
impact of the bladder shape variation on the dose distribution during
RT treatment [CMMH∗17,MLK∗07,ZLH∗08]. These previous stud-
ies were limited to the use of Dose-Volume Histograms (DVHs). A
DVH relates dose to tissue volume in RT planning and summarizes
dose distributions in simple 2D plots, as shown in Figure 1. Here,
three different patients receive the same relative RT dose (60%), but
different bladder volumes (5%, 10% and 12%) are affected. Essen-
tially, only a small amount (5%) of the bladder volume is affected
by a high RT dose in Patient 1 (blue), compared to the other two
patients. Although DVHs are being used as an evaluation tool for
RT, they do not include any anatomical information. They do not
show where a particular dose is administered, do not reflect any
shape changes and consider only organ volumes.

The evaluation of RT-induced toxicity is usually conducted in
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cohorts of patients for outcome analysis, i.e., to evaluate the robust-
ness of specific RT treatment strategies [CMMH∗17]. There is a
hypothesis that certain subgroups of patients may be at a higher risk
of bladder toxicity than others. For example, patients with highly
variable bladder shapes may require more attention during treatment
planning or even different RT strategies, to minimize genitourinary
side effects. So far, attempts to produce DVH-based guidelines for
the probability of bladder toxicity have been unsuccessful or in-
conclusive. One possible explanation is that daily variations of the
bladder shape have an impact on the actual delivered dose, but a
DVH-based analysis cannot represent it. Currently, the exploration
and analysis of this data is challenging due to a lack of correspond-
ing tools, and adequate visualization strategies need to be designed.

The contribution of our work is the design and implementation
of a tool, the Bladder Runner, which allows clinical researchers to
visually explore and analyze the impact of bladder shape variations
on the dose distribution during the course of RT treatment. The
investigation of RT-induced bladder toxicity in Bladder Runner
can be conducted for individual patients and in a cohort. To our
knowledge, there is no other tool to serve this purpose. Our approach
incorporates two components:

(C1) Individual patient exploration and analysis
through the entire course of RT treatment:
• (C1-a) For the quantification and exploration of bladder

shape variation.
• (C1-b) For the exploration and analysis of the impact of

bladder shape variation on the dose distribution.
• (C1-c) For the exploration of toxicity risk due to bladder

shape variation, with respect to the initial RT plan.

(C2) Cohort exploration and analysis through the en-
tire course of RT treatment:
• (C2-a) For the inter-patient quantification, exploration,

and analysis of bladder shape variation.
• (C2-b) For the inter-patient exploration and analysis

of the impact of bladder shape variation on the dose
distribution.

2. Clinical Background and Cohort Data Description

RT research is aiming at designing more effective and better targeted
treatments with less side effects for the patients [DJFB05]. The goal
of RT is not only to treat the tumor effectively, but also to preserve
the healthy tissues and organs around it, minimizing as much as
possible the risk of patient complications. For this work, we focus
on External Beam RT (EBRT), where radiation is administered
with external sources at different angles around the patient body.
However, the approaches described in this paper could be adapted
and generalized to cover also Brachytherapy procedures, where
radiation is administered with sources positioned inside the area
requiring treatment.

In prostate cancer RT treatment, genitourinary toxicity, i.e.,
the manifestation of bladder-related acute and late complications

Figure 1: Example of a Dose-Volume Histogram (DVH). High
relative RT doses (60%) affect a small amount of the bladder volume
(5%) of Patient 1 (blue), in comparison to the other two patients.

due to involuntary over-radiation of the bladder, remains com-
mon [ZLH∗08]. Current means of RT planning exploration and
assessment are limited to Dose-Volume Histograms (DVHs), which
– as described in Section 1 – do not offer insight with respect to the
specific anatomic location of a dose delivery and induced toxicity.

In addition to that, RT is delivered in a fractionated manner,
where protocols requiring patients to be treated in 8-9 consecutive
weeks are common. Bladder tissue preservation, though, is evaluated
only once, when the RT plan is designed. During the course of the
treatment, the bladder tissue can be flexible and variable in shape
and anatomical characteristics, mainly due to differences in urinary
filling. This variation of shape and anatomical characteristics of the
organ can have an impact on the accurate administration of the dose
fractions with unwanted side effects for the patient [CMMH∗17].

In current clinical practice, the most up-to-date RT protocols use
image-guidance. The initial RT plan is performed and afterwards,
just before every dose administration, new CT scans are acquired.
These are used to mainly realign – if necessary – the estimated
position of the prostate tumor with the initial plan. Bladder shape
variation is assessed solely qualitatively. In essence, priority is al-
ways given on the tumor position, and only gross variations of the
bladder, e.g., an empty bladder instead of a full, will prompt changes
to the initial plan. Otherwise, the initial plan is not adapted.

In contrast to clinical practice, clinical research shows increasing
interest in trying to model the bladder shape variation and in at-
tempting to correlate it to deviations of dose distributions (between
planned and administered doses) and bladder toxicity [CMMH∗17].
To do so, retrospective cohort studies are conducted, where a large
number of patients has been followed closely during the entire
period of the treatment and the eventual toxicity has been docu-
mented. These cohort studies are meant to provide information
about specific subgroups of patients, i.e., with specific bladder shape
and anatomical characteristics, who are more prone to side effects.
Also, they aim to provide clinical researchers with new knowledge
about strategies that are more robust, or more advisable for specific
subgroups of patients. Several studies have been conducted in the
past [CMMH∗17,MLK∗07,ZLH∗08]. However, they have not been
conclusive, since the current exploratory means for the involved
data are limited and provide restricted insight. Once the bladder
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shape variation and its correlation to dose distribution deviations
and bladder toxicity has been well-established in clinical research,
then it may influence its incorporation in clinical practice.

For the purpose of this work, we obtained a dataset of 29 pa-
tients from a cohort study conducted by our collaborators at UC San
Diego, USA. Before the beginning of the treatment, an initial 3D
dose plan was designed and the same RT strategy, i.e., fractionation
scheme, was selected for all patients. During the treatment period,
13 significant time points were determined. The first five correspond
to the first five days of treatment, and the other eight to the following
eight weeks. At these 13 time points, the patients were scanned
again to acquire the actual bladder position and shape. Additional
adaptations of the initial 3D dose plan were performed – if necessary
– to realign the tumor. A schematic depiction of the cohort study data
is presented in Figure 2. The data were already registered across
patients and time points by our collaborators, using the rigid ap-
proach described by Casares et al. [CMMH∗17]. Also, the bladders
of all patients and at all time points were manually delineated by
the same radiologist. The registration and segmentation steps might
entail some limitations and introduce uncertainty into our procedure.
Although uncertainty is an interesting topic to consider, addressing
the issues of registration and segmentation is not within our scope.

Clinical researchers, and especially medical physicists, working
on the investigation of RT-induced bladder toxicity showed interest
in visualization strategies that would enable them to visually explore
and analyze the impact of the bladder shape variation on the dose
distribution, during the course of RT treatment in their cohort studies.
After an intensive discussion with our clinical collaborators, we
defined together the most relevant open tasks and research questions,
schematically depicted also in Figure 2. These reflect exploratory
needs in the clinical research domain. As already mentioned, in
clinical practice this entire topic is not often regarded. Our tasks and
research questions can be summarized as follows:

(T1) Individual patient exploration and analysis
through the course of RT treatment (Figure 2, blue) :
• (T1-a) Bladder Variation Quantification and Explo-

ration – How much does the bladder of an individual
patient vary through RT treatment, i.e., through time?

• (T1-b) Dose Distribution Exploration and Analysis –
How much does the administered, adapted RT dose vary
through RT treatment with respect to the bladder shape?

• (T1-c) Toxicity Risk Exploration and Analysis – How
much does the administered, adapted RT dose deviate
from the initial plan through RT treatment?

(T2) Cohort exploration and analysis through the
course of RT treatment (Figure 2, orange) :
• (T2-a) Bladder Variation Quantification and Explo-

ration – How much does the bladder vary through RT
treatment, i.e., through time, within the cohort?

• (T2-b) Dose Exploration and Analysis – How much
does the administered, adapted RT dose vary through
RT treatment with respect to the bladder shape within
the cohort?

3. Related Work

To the best of our knowledge, there is no previous work specifically
designed for exploring and analyzing the impact of bladder shape
variation on the dose distribution during the course of RT treatment
in a cohort of patients. However, there are several works that cover
topics related to the research questions presented in Section 2, which
we review in this section.

Traditional visualization frameworks employed during RT treat-
ment planning include volume rendering of the involved organs,
along with the 3D calculated dose distributions and several interac-
tion techniques [PLW∗12, SFA∗17]. However, these approaches
do not incorporate any information about the impact of the or-
gan shape variation on the dose distribution and the outcome
of RT treatment. Frameworks for the assessment of the outcome
of RT treatment [RCMM∗16] and for the optimization of tumor
treatment [LDM∗17] have also been proposed. These are lim-
ited to targeting the tumors, without taking into consideration the
healthy surrounding tissues. Additionally, in the work of Raidou et
al. [RCMM∗16], the entire analysis is performed based on Tumor
Control Probability (TCP) curves, and not on the patient anatomy,
which comprises the same disadvantages as DVHs. Other frame-
works address modeling bladder variation, but they do not offer
exploratory capabilities of the impact on the dose distribution and
the RT outcome [CvHvdK∗11, LvHB∗05, RDCO∗17, CvHHB12].

With respect to the quantification and exploration of the organ
shape variation, Hermann et al. [HSSK16] covered the topic of
visualization of anatomic covariances in ensembles of data. They
also published a state of the art report with future prospects on the
visual analysis of shapes [HK15], which we took into consideration
during the design phase of the Bladder Runner. Other techniques
for visualizing shape space and comparing shapes based on their
similarity were proposed by Busking et al. [BBP10], where a shape
space scatterplot is employed as a central exploratory view of the
system. This concept was later adapted by von Landesberger et
al. [VLBK∗13]. Also, Klemm et al. [KLR∗13] designed a system
for the visual analysis of spine canal variability in a cohort.

Previous work on the visual analysis of cohorts of patients, such
as the work of Steenwijk et al. [SMB∗10], Zhang et al. [ZGP14]
and Klemm et al. [KOJL∗14] proposed frameworks for the interac-
tive visual analysis of cohorts that go also beyond shape analysis.
However, these methods assume that the structure of interest has
a spatial correspondence between patients, which is not valid in
our case. More recent work on cohort analysis was conducted by
Preim et al. [PKH∗16], Bernard et al. [BSM∗15] and Alemzadeh et
al. [AHN∗17], but the applications and the involved data differ from
our intended scope.

In the field of comparative visualization [KCK17], Busking et
al. [BBF∗11] proposed a set of visualization designs for the com-
parison of two surfaces, using visual or graphical variables. Sim-
ple overlays and extensions of checkerboard visualizations on 2D
imaging slices [MHG10, SGB13], and comparisons of 3D volumes
have also been proposed [AWH∗12]. Visual variables, deformations,
glyphs [ZSL∗16], and combinations of these [PF96] have also been
employed. MeshLab [CCR08] and PolyMeCo [SMS09] are exam-
ples of comparative visualizations, designed particularly for mesh
comparison. Most of these papers address the comparison of only
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Figure 2: Schematical representation of our available cohort data and links to exploratory tasks (T1) and (T2) of the Bladder Runner.

Figure 3: Steps conducted in our approach for the exploration and analysis of an individual patient through the treatment period (T1).

two subjects, which was extended to multiple subjects by Schmidt
et al. [SPA∗14] and, later, by Raidou et al. [RMB∗16]. However,
the work of Schmidt et al. is meant for evaluating meshes generated
by different algorithms with respect to a reference mesh, and the
work of Raidou et al. assumes point-to-point correspondences of the
involved data, which cannot be applied to our case.

4. Design of the Bladder Runner

We designed and implemented a visual analytics tool, the Bladder
Runner, which enables clinical researchers to perform their analysis
for individual patients and in the entire cohort, facilitating the tasks
described in Section 2. In this section, we describe in detail the
design choices and employed encodings within our visual tool.

(T1) Individual patient exploration and analysis – For the explo-

ration and analysis of an individual patient through RT treatment,
we propose the following steps, also depicted in Figure 3:

(T1-a) Bladder Variation Quantification and Exploration – For
examining the variation in the shape characteristics of the bladder of
an individual patient through the available time points of treatment,
we employ a computationally simple approach, proposed by Peura et
al. [PI97]. In this approach, a number of primitive shape descriptors
is used to build a feature vector, which is adequate for grouping
objects with similar shapes. In our case, we compute a 14-D feature
vector for each bladder at each time point, using the following
descriptors: the three eigenvalues of the inertia tensor to denote the
three principal axes, the convexity, variance and elliptic variance
for each principal axis, the compactness [PI97], and the bladder
volume. These shape descriptors are simple and flexibly used, they
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Figure 4: Contingency matrix for the exploration of the bladder variation of patients (rows) through adaptation time (columns) (T1-a). The
area of the bubbles indicates the bladder volume. The color assignment results from the Gaussian Mean Shift (GMS) clustering.

can be computed in real-time and perform well even in complex
shape recognition tasks.

To incorporate the resulting 14-D space in one simple view that en-
ables visual exploration of all shape features, dimensionality reduc-
tion is employed – in particular, t-Distributed Stochastic Neighbor
Embedding (t-SNE) [MH08]. t-SNE is a non-linear dimensionality
reduction technique, which maps data from a high dimensional fea-
ture space into a 2D embedding space, preserving the local structure
of the initial space. Each high dimensional data point – i.e., each
14-D bladder shape feature vector – is embedded in the abstract
2D space in such a way that similar points from the 14-D space
are plotted close together in the 2D space, as well. In this way, the
embedding can be represented in a simple 2D scatterplot, the axes
of which do not have a direct association to the features. Normaliza-
tion had to be performed on the shape descriptor vector prior to the
embedding, and also the parametrization of t-SNE (perplexity value
choice) was done based on established guidelines [WVJ16].

For the visualization of the bladder variation of the individual
patients through treatment, we initially design a contingency matrix
representation, depicted in Figure 4. It enables the user to have an
overview on the changes of the bladder volume and shape of each pa-
tient through time. It also serves as a selection mechanism to obtain
more details about the bladder anatomy in a linked window. Each
row represents a patient and each column corresponds to a discrete
adaptation time point. The bladder of one patient at one time point
has been abstracted to a bubble glyph. The area of a bubble encodes
the volume of the organ [BKC∗13], facilitating an overview on
which patients have a highly variable bladder volume through time.
To facilitate the identification and exploration of bladder shapes, we
have to take a look at the projected 2D shape descriptor. To do so, it
is easier to partition the cohort into subgroups of bladders that share
the same shape characteristics with a Gaussian Mean Shift (GMS)
clustering [CM02] and show these subgroups and their characteris-
tics, instead of each bladder separately. GMS is a reliable clustering
algorithm, building upon the concept of kernel density estimation
(KDE), which does not assume any predefined distribution of the
data clusters. The clustering is performed in real-time and it requires
a kernel bandwidth parameter, which we leave user-defined based
on knowledge from an initial inspection of the bladders.

After GMS clustering of the shape characteristics, each bladder

is assigned to a cluster. This is encoded in the colors of the bubbles.
The categorical color scheme has been selected using ColorBrewer.
The displacement of the bubbles is additionally employed for better
discriminating the clusters, as shown in Figure 4. In this figure,
we depict only a subset of the entire cohort. Three clusters are
present (orange, green and purple) and it is noticeable how the
bladder of specific patients, e.g. patient 7, changes volume and shape,
moving between clusters. Cohort partitioning is expected to facilitate
understanding of similarities and changes in shape characteristics
and to guide the selection of individual cases. It can be useful with an
increasing number of subjects and provides a link to the upcoming
cohort exploration and analysis task (T2).

To investigate the evolution of anatomical shapes of the bladder
in an individual patient through time, we design an approach similar
to the previous work of Klemm et al. [KLR∗13]. For this, we take
advantage of the concept of coverage probability, which is well-
known in the RT field [HSMA11]. The coverage probability denotes
a probability density function, calculated in the individual patient
data volumes through the time points. The value at any given voxel
within the data volume of the patient indicates the relative likelihood
to encounter part of a bladder volume at this spatial location. For
visualization purposes we abstract it to five descriptive statistical
levels that correspond to the minimum, 25%, 50%, 75% and maxi-
mum probability. Although these levels do not reflect anatomically
significant regions, nor actual bladder shapes, they represent – in
simple terms – the likelihood that a voxel belongs to bladder volume.
They also serve the purpose of providing a benchmark for compari-
son between entirely different patients. Other approaches, such as
shape morphing, could also have been employed, but we prefer the
coverage levels due to previous familiarity of our intended users.

The five coverage probability levels are encoded into silhouettes
with distinct colors for discrimination purposes (Figure 5). The color
choice was based on guidelines from ColorBrewer. This encoding
provides an easy interpretation of the limits within which the bladder
shape of a patient evolves, as well as an indication of the bladder
parts where a higher anatomical variation is encountered. An addi-
tional surface rendering is employed to denote the 50% probability,
as this value also denotes the mean bladder shape through its tem-
poral evolution. In Figure 5, we show a patient with a large bladder
variation and a patient with a small variation.
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Figure 5: Coverage probability levels showing one patient with large bladder shape variation (T1-a), and one with small variation.

The silhouettes change interactively, as the user changes the
viewpoint. Additional projections on the three main planes – ax-
ial, coronal and sagittal – are provided for better interpretability
of the bladder shape variation along the main anatomical axes. In-
teraction between the contingency matrix and the coverage levels
view enables the exploration and analysis of each individual patient,
separately. Clicking on the contingency matrix allows the expert to
select one patient and closely examine the temporal evolution of
the bladder shape. Additional probing enables the user to see each
bladder instance through time (Figure 5 - blue silhouette).

(T1-b) Dose Distribution Exploration and Analysis – After the
exploration of the bladder shape variation across the treatment pe-
riod, the user is interested to inspect the respective dose distribution
through the treatment process. For this, we compute the distribution
of the administered dose across all time points for an individual pa-
tient, i.e., the average µ and standard deviation σ, assuming a normal
distribution. This dose distribution needs to be visualized within the
bladder variation limits. We take advantage of the previous view
comprising the five levels of coverage probability and we encode
the dose distribution with respect to these levels.

Visualizing the dose distribution directly on the five nested cov-
erage levels would result in a cluttered and overwhelming view for
the user. Mapping the coverage levels onto planes and visualizing
on them the dose distribution facilitates the exploration of the latter,
with respect to bladder shape variation. The mapping is performed
either by unfolding the coverage probability surfaces or by flatten-
ing them, as shown in Figure 6. For the unfolding, we use a simple
equirectangular mapping [Sny94], after we have inflated each cover-
age probability level to a sphere equivalent. For the flattening, we
map half of each bladder coverage level onto a plane.

We leave the choice among these two mapping methods to the
user, as they both have strengths and limitations. The unfolding uses
the equirectangular projection, which comes with distortions at the
north and south pole of the bladder. Yet, it is able to visualize in a
natural and intuitive way the entire anatomical structure in a simple
and familiar view. The flattening does not entail the limitation of
distortions at the poles and it gives more information about the
relative shape of each coverage level, but visualizes only – the most
significant – half of each bladder coverage level.

After the mapping of each coverage probability level, the aver-
age dose through the RT treatment process is color-encoded on
each flattened or unfolded surface, using a divergent red-to-blue
colormap from ColorBrewer. The same color encoding is commonly
employed in clinical practice for encoding the dose and we preserve
it for familiarity reasons. The standard deviation is shown with an
additional transparency encoding. Parts of the bladder with higher
standard deviation, i.e., lower confidence about the true value of the
administered average dose through time, will be assigned a black
semi-opaque layer to denote uncertainty. Parts of the bladder with
lower standard deviation, i.e., higher confidence about the true value
of the administered average dose through time, will be assigned a
layer with increasing transparency, as shown in Figure 6. Having
done this for all coverage levels, we stack the five mappings in a
pyramid-like configuration to save screen space (Figure 6). This
stacked representation has been inspired by the Russian nested dolls,
and we will refer to it as matryoshka pyramid.

(T1-c) Toxicity Risk Exploration and Analysis – For the explo-
ration and analysis of the toxicity risk in each individual patient,
we need to visualize the amount of deviation of the administered,
adapted doses from the initial plan. To this end, we visualize the
parts of the bladder that are under-radiated, and – more importantly
– over-radiated with respect to the initial plan. Initially, we compare
per-voxel the distribution of the administered, adapted doses with
respect to the scalar dose values of the initial plan, as shown in
Figure 7. We set as boundary the interval (-1.5σ, +1.5σ), where σ

is the standard deviation around the average dose µ. This boundary
was provided by our clinical collaborators as a rule of thumb, but
can be fine-tuned. If the initial plan dose is above the limit, then
the specific voxel has been under-radiated, which is obviously not a
problem. If the initial plan dose is below this limit, then it has been
over-radiated. Otherwise, it is within acceptable limits.

For the visualization of the over- and under-radiated areas, we
depict – within the coverage level view – the silhouettes of the
two areas with two distinct colors: green for under-radiated and
magenta for over-radiated areas, as shown in Figure 7. The areas
within acceptable radiation limits are implied through the coverage
level distribution and are not shown, to reduce clutter. These silhou-
ettes interactively change when the user rotates the view. Also their
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Figure 6: Matryoshka pyramids of the five coverage probability levels, depicted in two ways (unfolded and flattened) (T1-b).

projections are shown on the three main planes, as previously for
the coverage levels.

(T2) Cohort exploration and analysis – For the inter-patient explo-
ration and analysis through the course of the treatment, we propose
the following steps, also depicted in Figure 8:

(T2-a) Bladder Variation Quantification and Exploration – For
the exploration of the shape variation in a cohort of bladders through
the available time points of treatment, we employ the representation
depicted in Figure 8- 2©. In this representation, we show the results
of the t-SNE and GMS steps, performed in the same way as for
task (T1-a). At each time point, we denote in a stacked bar chart
representation the number of patients that belong to each cluster.
We mark with lines across time points whether some bladders are
changing clusters, i.e., shape characteristics. The amount of patients
changing clusters between time points is encoded in the transparency
of the lines. The contingency matrix used in (T1-a) can be employed,
as well (Figure 4). Probing the time points of the stacked bar chart
will reveal an additional view on the underlying t-SNE (scatterplot
points) and GMS (kernel density estimation contours) (Figure 8- 1©).
This is meant for quality assurance of the t-SNE and GMS results,

Figure 7: Computation, and visualization for the exploration and
analysis of the toxicity risk in an individual patient (T1-c).

and for probing each bladder instance. Probing the stacked bar chart
reveals also a view on the distribution of the bladder shapes of the
entire cohort (Figure 8- 3©), using the same approach of coverage
levels as for task (T1-a). Also, a view on the distribution of the
bladder shapes of each of the clusters is provided (Figure 8- 4©).
This is based on the coverage levels of task (T1-a), as well. For
easier discrimination, the 50% coverage level is assigned the same
color as in the cluster evolution view (orange, green or purple), as
shown in Figure 8- 4©.

(T2-b) Dose Exploration and Analysis – For the inspection and
analysis of the respective dose distribution through the treatment
process with respect to the bladder shape within the cohort, different
encoding designs could have been used. For the comparative visu-
alization of the dose distributions along the coverage levels across
clusters, approaches such as juxtaposition, superimposition, anima-
tion, or explicit encoding of differences would be possible [KCK17].
Since our cohort is expected to be partitioned into a small number of
clusters, we follow a similar approach to task (T1-b). This is done
separately for each of the clusters, after which we juxtapose the
resulting matryoshka pyramids. Juxtaposition was considered to be
the only possible option in this case, as each matryoshka pyramid
is an already dense representation that carries a lot of information.
Therefore, superimposition and animation would be overwhelming
for the user. Also, it would be difficult to obtain a meaningful and
understandable representation with the explicit encoding, given that
we are comparing differently sized and shaped structures. The jux-
taposed view provides adequate information to compare the shape
and dose distribution at each coverage level of the clusters in a stan-
dardized manner, as shown in Figure 8- 5©. Also in this case, both
flattening and unfolding can be employed.

Implementation Details – Bladder Runner was implemented as a
stand-alone application in Python, using the Visualization Toolkit
and PyQt, together with other libraries, such as sklearn, scipy, numpy
and matplotlib.
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Figure 8: Steps in our approach for the inter-patient exploration and analysis of a bladder cohort through the course of RT treatment (T2).

5. Evaluation

To assess the value of Bladder Runner, we performed an evalu-
ation following the guidelines proposed in the paper of Lam et
al. [LBI∗12]. The evaluation was performed with three domain ex-
perts – medical physicists – from two clinical institutions. Their
field experience varies from medium high (<10 years) to very high
(>10 years). All participants have normal vision, two with and one
without glasses, and nobody is colorblind. One of the participants (I)
was actively involved in the design of the Bladder Runner. Table 1
summarizes information about the evaluation participants.

Before the evaluation, we gave an introduction to the Bladder
Runner, where we explained basic notions and main components of
the tool. We simulated the visual environment for the exploration
and analysis of the tasks described in Section 2, as the clinical re-
searchers would do in a real-life study and we conducted a usage
scenario. The visual tool was operated by the first author, while the
clinical researchers observed the demonstration of the individual
components and the functionality for accomplishing the tasks. At

the same time, an active discussion about the employed visualiza-
tions and the achieved insights took place. Each of the tasks of
Section 2 was performed with the thinking-out-loud method, as the
clinical researchers explained and reasoned on their opinion about
the visualizations and on findings in the data. This particular setup
for the evaluation was chosen for two main reasons: first, the same
collaborative process and discussion would occur in a real-life study,
where multiple researchers would be involved and would discuss
their findings; second, the lack of other means of exploration and

Table 1: Evaluation participants.
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analysis of the available cohort data – apart from rudimentary DVHs
– does not allow for comparison to an existing baseline. After the
interviews, the participants completed a questionnaire. The usage
scenario and the evaluation results are documented in this section.

5.1. Usage scenario

In this subsection, we present an initial usage scenario, which illus-
trates the functionality and some basic results that can be achieved
with the Bladder Runner. This usage scenario has been guided by
our clinical collaborators, based on their previous knowledge and
expectations. A more thorough clinical study would demand more
time from our clinical collaborators, which is out of the purpose
of this work. The goal of this scenario is to demonstrate that the
Bladder Runner can be used to explore the available cohort data,
to discover new knowledge within the cohort and to confirm or
generate hypotheses about the impact of bladder variations on the
dose delivery and the resulting toxicity. For this scenario, the data
described in Section 2 – a cohort of 29 patients across 13 adaptation
time points – was used.

(T1) Individual patient exploration and analysis – Although all
patients were treated under a presumably full-bladder daily image-
guided protocol to minimize bladder variations, the contingency
matrix shows substantial bladder volume changes during the treat-
ment course. For example, in Figure 4, several patients (e.g., 2, 4,
5, 7, 8 and 11) exhibit drastic changes in their bladder volumes,
and also in their shape characteristics, as reflected by the largely
varying bubble glyph sizes and color encodings. Of particular in-
terest is patient 7. During the first three adaptations, his bladder
volume and shape characteristics remain constant, but afterwards
both volume and shape change to a great extent. This indicates at
a glance that inaccuracies between planned and administered dose
might have occurred and bladder toxicity might have been induced.
This case contrasts with patient 0, who exhibits slight variations in
bladder volume and significantly smaller variation in bladder shape
characteristics. The bladder shape variation of patients 1 and 7 can
be also examined in the coverage levels view (T1-a) (Figure 5),
which depicts clearly the bladder shape variation of patient 7, es-
pecially in the anterior-posterior and superior-inferior directions.
Even in patient 1, where a slight variation can be noticed, these
same two directions are more prone to shape and volume variation
than the lateral-medial. Exploration of the other patients also con-
firms this. In general, we noticed that smaller bladders exhibit also
smaller shape variations. With respect to the impact on the dose
(T1-b), patients with smaller bladder volumes or smaller bladder
variations exhibit a trend of higher average dose at the interface with
the prostate and low standard deviation, i.e., less uncertainty about
the true administered dose, as shown in the matryoshka pyramids
of Figure 9. Opposed to this, larger bladder volumes or patients
with large bladder variations reflect high uncertainty about the true
administered dose. In any case, this uncertainty seems to increase
towards the outer coverage level of the bladder shape. Finally, blad-
ders with higher shape/volume variation tend to have larger under-
or over-radiated areas, which gives a first indication of potential
toxicity risks within this subgroup of patients (T1-c) (Figure 7).

(T2) Cohort exploration and analysis – The exploration and anal-
ysis of the cohort throughout the entire RT treatment time using

the cluster evolution stacked bar charts reveals three main clusters
of bladder shapes (T2-a). The green cluster corresponds to small
bladders, or to narrow bladder shape distributions, where the five
coverage levels are close together. The opposite holds for the orange
cluster, while the outliers are grouped together in the purple cluster
(Figure 10). Also, the green cluster, which corresponds to narrow
shape distributions, reflects slightly higher average dose values, but
lower standard deviations, i.e., lower uncertainty about the true ad-
ministered dose (T2-b). High uncertainty occurs more often in the
orange cluster, or the purple cluster (outliers), as well as close to
the interface with the prostate of the bladder coverage levels. These
findings are depicted in the juxtaposed matryoshka pyramids of
Figure 8- 5©.

Our initial usage scenario showed that all linked views were
deemed to be useful and to provide complementary insight for the
users, which could not be achieved with the previous means of
exploration, i.e., DVHs. An additional session for a more thorough

Figure 9: Individual patient exploration and analysis of the im-
pact of bladder shape variation on the dose distribution (T1-b), as
performed in the usage scenario.

Figure 10: Inter-patient exploration and analysis of the bladder
shape variation across the treatment period (T2-a), as performed in
the usage scenario.
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exploration has been planned for the future, with the purpose of
conducting a proper clinical study of the available cohort data, with
significant clinical inferences.

5.2. Evaluation Results

For the evaluation, a questionnaire was designed. The first questions
were related to the main tasks of Section 2. Each question required
an open answer, but also grading using Likert scales (1-5) for the
perceived effectiveness, efficiency and satisfaction. To avoid com-
promising the results, we separate in our analysis participant I, who
was involved in the design. In Figure 11, we summarize the results
of the evaluation. The designed visualizations have received high
grades in perceived effectiveness, efficiency and satisfaction (≥ 4)
for all tasks. Tasks (T1-b) and (T2-b), which concern the dose dis-
tribution exploration and analysis in an individual patient and in the
cohort, received lower grades (but not lower than 4), maybe due to
the complexity of the approach. When completing the questionnaire,
the evaluation participants commented about the functionality of
task (T1-a) that "individual exploration is straightforward with this
tool. The user can have an accurate overview of variations in blad-
der volume [..and..] the directions more prone to expand/contract".
Also, "this set of tools is very useful for physicists, physicians and
therapists. It provides an insight to day-to-day variations of the
bladder shape/size for a patient on treatment". With respect to task
(T1-b), they commented that "individual patient information of the
spatial dose delivered will allow a more accurate analysis of the
administered dose". For task (T1-c), they remarked that "this is

Figure 11: Evaluation results. We denote particularly the grading
of Participant I, as he was involved in the design of our tool.

a very strong component of the framework. Consequences of day-
to-day variations in terms of delivered dose are presented in an
easy to interpret manner, even though the underlying methodology
is complex", and that "this information will potentially widen our
knowledge about patients more prone to develop treatment-induced
toxicity". In the cohort exploration and analysis, for task (T2-a),
they stated that "to date, [..there is..] no study accounting for blad-
der variation in a cohort. This tool has the potential to classify the
patients into different groups beyond purely dosimetric parameters,
providing new knowledge of inter-patient variation". Finally, for
task (T2-b), they noted that "the proposed framework will allow us
to retrospectively reanalyze outcome data and design prospective
trials" [..] "more efficiently and less time-consuming".

The three participants were also asked to compare the Bladder
Runner to what they are currently using (DVHs) and to evaluate
the overall usefulness of our tool. They commented that "currently,
software tools capable of handling all the tasks performed by the
Bladder Runner do not exist". According to one participant, "there
are two main clear uses of this tool. Firstly, this tool presents an
excellent way to understand how bladder changes happen during the
radiotherapy course. It can be easily used for teaching purposes for
new physicians and physicists. Secondly, this tool can be extremely
useful for the analysis of delivered dose vs. planned dose. This will
potentially provide new knowledge about mechanisms behind devel-
oping toxicity after radiotherapy". Another participant stated that
"it provides a completely new way to analyze patterns in variation
of the shape within and across patients". All participants agreed
that the visual tool is overall understandable and useful. The ma-
jor potential of the Bladder Runner is, according to the evaluation
participants, "in the cohort analysis, [..providing..] the possibility
to carry out hypothesis-driven analysis". Another strong point is
"the flexibility and holistic approach to evaluate changes in bladder
volume and dose distributions during the treatment course". Im-
provement suggestions were related to including views "to perform
some statistical analysis, to know if differences between groups or
between days are significant or not", and also to "a way to summa-
rize observations and translate them into an actionable quantity"
(link to clinical practice).

6. Conclusions and Future Work

We presented a novel Visual Analytics tool, the Bladder Runner.
It facilitates the exploration and analysis of the impact of bladder
shape variations on the accuracy of dose delivery, during the course
of prostate cancer RT, in individual patients and in entire cohorts.
Correlating bladder shape variations to dose deviations and toxic-
ity risk in cohort studies was not possible with the existing means
of exploration. We demonstrated the applicability of the Bladder
Runner with a usage scenario guided by our clinical collaborators,
who also positively evaluated the functionality and designed visual-
izations. With adequate adaptations, the visualizations designed for
this specific application could be possibly extended to others.

Although the evaluation showed that Bladder Runner provides
better understanding and new opportunities for the exploration and
analysis of the involved cohort data, it also opened new directions
for future work. Generalizing the use of the tool to enable the inves-
tigation of additional scenarios, such as RT-induced toxicity to other
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organs with entirely different anatomy – e.g., the rectum –, would
be an interesting continuation of our work. This extension would
require modifications in our proposed encodings, especially for the
simultaneous exploration of more than one anatomical structure.
Another direction would be to link the Bladder Runner to actual
bladder toxicity data. In this case, a retrospective analysis of side
effects in the cohort data would be possible, but information about
bladder complications are not yet available in our collaborating clin-
ical settings. Moreover, the clinical evaluators pointed out that they
would be interested in adding visualization functionalities to build
and analyze a risk prediction model for their incoming patients, such
as the patient-centered models by Hakone et al. [HHO∗17].

As already stressed, our proposed approach is meant to address
the exploratory needs of clinical researchers, such as medical physi-
cists – not radiologists. To address the latter group, a simplified
and/or automatized version would be required. The goal, in this
case, would not be the exploration of the data and hypothesis gen-
eration, but actual decision making. Therefore, a summarization
and quantification of the results achieved with the Bladder Runner
would be necessary, as well as appropriate linking between the two
approaches. Still, we are far from this, as current clinical practice
prioritizes tumor position, and only very evident variations of the
bladder are taken into consideration. All in all, the Bladder Runner
offers new potential to clinical researchers working in the field of
RT-induced toxicity, and new perspectives for their future studies.
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