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The FLOWLENS: A Focus-and-Context Visualization Approach for

Exploration of Blood Flow in Cerebral Aneurysms

Rocco Gasteiger, Mathias Neugebauer, Oliver Beuing, and Bernhard Preim

Fig. 1. Various applications of the FLOWLENS (red ellipse) for the exploration of blood flow in cerebral aneurysms.

Abstract—Blood flow and derived data are essential to investigate the initiation and progression of cerebral aneurysms as well as their
risk of rupture. An effective visual exploration of several hemodynamic attributes like the wall shear stress (WSS) and the inflow jet is
necessary to understand the hemodynamics. Moreover, the correlation between focus-and-context attributes is of particular interest.
An expressive visualization of these attributes and anatomic information requires appropriate visualization techniques to minimize
visual clutter and occlusions. We present the FLOWLENS as a focus-and-context approach that addresses these requirements. We
group relevant hemodynamic attributes to pairs of focus-and-context attributes and assign them to different anatomic scopes. For
each scope, we propose several FLOWLENS visualization templates to provide a flexible visual filtering of the involved hemodynamic
pairs. A template consists of the visualization of the focus attribute and the additional depiction of the context attribute inside the lens.
Furthermore, the FLOWLENS supports local probing and the exploration of attribute changes over time. The FLOWLENS minimizes
visual cluttering, occlusions, and provides a flexible exploration of a region of interest. We have applied our approach to seven
representative datasets, including steady and unsteady flow data from CFD simulations and 4D PC-MRI measurements. Informal

user interviews with three domain experts confirm the usefulness of our approach.

Index Terms—Flow Visualization, Focus-and-Context, lllustrative Rendering, Aneurysm.

1 INTRODUCTION

Cerebral aneurysms result from a congenital or evolved weakness of
stabilizing parts of the vessel wall and leads to a local dilatation with
a saccular or fusiform shape. They have a prevalence of about 2% [7]
in Western Europe and bear a high risk of rupture with often fatal con-
sequences for the patient. A rupture results in a subarachnoid hemor-
rhage which has a fatality rate of up to 52% [18]. The treatment of
cerebral aneurysms aims to induce thrombus formation based on an
endovascular procedure to seal them [1]. Aneurysm formation, evo-
lution and risk of rupture involve hemodynamics, wall biomechan-
ics [30, 34], extravascular environment, aneurysm morphology, ge-
netics and other clinical and epidemiological factors. Hemodynamic
attributes like WSS, vorticity, and jetting play an important role in the
inception and later development of aneurysms [2, 35].

Based on the patient-specific aneurysm anatomy, biomedical re-
searchers employ computational fluid dynamic (CFD) simulations and
acquire 4D phase-contrast MRI (4D PC-MRI) data to investigate the
aneurysm initiation, progression and assessment of the risk of rup-
ture [3, 10, 23]. Because of the increased computational power,
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the availability of advanced simulation models and image acquisition
modalities, medical researchers are capable of studying the 3D hemo-
dynamic within the aneurysm [2, 6, 10, 11, 23].

The obtained flow data consists of several relevant hemodynamic at-
tributes like flow velocity, WSS and flow pattern. These data are
very complex and domain experts (biomedical researchers and clin-
icians) need support to explore such data. In addition to a quantitative
analysis, such as measurements of the geometry and hemodynamic
attributes, an effective visual exploration of these attributes is impor-
tant to obtain insights of the hemodynamic characteristics. Existing
approaches present these data either in a multiparameter visualization
or in a side-by-side view of the individual attributes. The advantage
of a multiparameter visualization consists of the direct spatial corre-
lation between several attributes but leads to visual cluttering and oc-
clusions. In a side-by-side view, these two problems are resolved but
a high mental effort in terms of the spatial correlation between the at-
tributes is necessary. We present a picture-in-picture concept which
combines advantages of both approaches. Depending on a specific
hemodynamic focus attribute additional information of relevant con-
text attributes are embedded over the same spatial region. Our concept
enables a flexible definition of this focus-and-context region and re-
duces visual cluttering. Since domain experts are not familiar with
complex flow visualizations, we incorporate expressive visualization
templates of the hemodynamic attributes to reflect the domain experts’
needs and habits.

Summarizing, the main contributions of this paper are:

e We give an overview about relevant hemodynamic attributes for
the assessment of cerebral aneurysms. These attributes are as-
signed to three anatomic scopes. In each scope, we group at-
tributes to pairs of focus-and-context attributes relevant for the
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visual exploration.

e We introduce the FLOWLENS as an interactive 2D widget to pro-
vide a flexible visual filtering for the visualization of the focus-
and-context pairs. The lens supports local probing and conveys
changes over time for the lens region.

e For each focus-and-context pair, we propose different
FLOWLENS visualization templates by employing existent
flow and multiparameter visualization techniques. A template
consists of the visualization of the focus attribute and the
additional depiction of the context attribute inside the lens.
Thereby, we consider a minimum of adjustable parameters
and visual complexity as well as an enhancement of spatial
perception.

e Informal user interviews with three domain experts are con-
ducted to assess the FLOWLENS visualization concept in terms
of the visual exploration.

2 RELATED WORK

The visual exploration of blood flow data gains importance due to
the increased availability of measured and simulated blood flow
data. Major application areas are investigations of cardiovascular
and cerebral systems. Biomedical researchers employ established
flow visualization techniques, like color-coded streamlines, pathlines,
stream surfaces and glyphs [2, 6, 23]. For a detailed view on the
flow data, e.g., the investigations of the inflow jet into an aneurysm,
probe planes are used with a dense or texture-based flow visualization
like color coding of several flow scalars or a LIC of the probed flow
field [10]. Surface flow data like WSS are depicted by color-coded
surface renderings [10]. Interaction and mental effort is necessary
to gain an overview about the distribution of the surface data.
Neugebauer et al. [27] presented a map display for an intuitive and
interactive overview visualization of surface data. They employ a
2D projection of the surface data along with the 3D aneurysm model
which increases the ease of use and minimizes mental effort.
Established flow visualization techniques (see Laramee et al. [21]
and Salzbrunn et al. [31] for a survey) tend to be visually complex.
Hence, there is an increased interest in a simplified representation
of the flow data by incorporating illustrative rendering techniques.
Mattausch et al. [24] extended illuminated streamlines with halos to
improve spatial perception. Depth-dependent halos were introduced
by Everts et al. [14] to improve the spatial perception of densely
seeded streamlines, generated from DTI fiber tracking. Born et al. [5]
employed contour lines, halftoning and illustrative surface stream-
lines for an expressive visualization of complex stream surfaces.
[lustrative flow-rate arrows were used by van Pelt et al. [37] to depict
time-dependent blood flow in cardiovascular systems. They employed
silhouette rendering and toon shading to convey the anatomical
context. Our approach is also inspired by illustrative rendering
techniques due to its potential of a simple depiction and focusing on
relevant information.

The blood flow hemodynamics depends strongly on the enclosing
vessel anatomy and consists of multi-variate data. In general, the
amount of relevant information is often relatively small compared to
the overall amount of acquired data. Hence, the focus-and-context
strategy is frequently used to visually differentiate focus information
from the spatial context. It aims for a minimization of occlusions
and visual cluttering as well as for a flexible visual filtering of
the multi-variate data [8, 13, 40]. Focus information are classified
(e.g., by importance values) and are enhanced by visual attributes
(e.g., color) or by geometrical deformations. Context information
are represented attenuated (e.g., by transparency or by illustrative
visualization techniques) or are omitted if they occlude focus infor-
mation. Gasteiger et al. [15] presented a visualization of the enclosing
aneurysm surface that depicts important anatomical surface features,
whilst simultaneously gaining maximal visibility of the embedded
flow visualization. They employ a ghosted view of the vessel surface
which modulates the transparency according to the orientation of the
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surface normal to the viewer. Ghosted views belong to smart visibility
techniques (see Viola et al. [39] for an overview).

In terms of a flexible data filtering we are inspired by the magic
lenses approach, introduced by Bier et al. [4]. A lens consists of a 2D
widget with arbitrary shape rendered over the scene. The shape inside
defines the focus region and the shape outside represents the context
region. Within the focus region, visual filters may be incorporated to
reveal hidden information, to enhance data of interest, or to suppress
distracting information of a 2D or 3D scene. Applications can be
found, for example, in interactive NPR line drawings [29] and context
preserving volume renderings [19, 41]. Viega et al. [38] introduced
volumetric lenses (3D magic lenses) and Mattausch et al. [24] em-
ployed these lenses to draw regions of 3D flow in greater detail. The
aforementioned probe planes are a direct application of the volumetric
lens concept. They are used as a common exploration tool to probe
the blood flow interactively at specific vessel or aneurysm sections
to get a detailed view on the underlying flow behavior [10, 12].
However, an increased interaction effort is necessary to place such
probe planes. Van Pelt et al. [37] introduced view-aligned planar
reformats of vessel cross-sections to ease probe plane placement.
Based on a one-click strategy they compute a local multi-planar
reformat and place the cross-section view aligned next to the probed
vessel section. Neugebauer et al. [28] presented an anatomy-guided
exploration of blood flow in cerebral aneurysms. They used the
vessel centerline and derived anatomic landmarks to ease the probe
or seed plane placement. They incorporated these landmarks into
a multi-scope approach that supports the visual exploration of the
flow at different anatomic scopes: a global overview of flow in the
aneurysm, the ostium flow profile and the local probing with special
widgets for the aneurysm and the parent vessel. However, they do not
provide an exploration of near-wall information.

3 ANALYSIS OF HEMODYNAMIC DATA

In the field of medical research, several computational tools are being
developed to help biomedical researchers and clinicians in the inves-
tigation of aneurysm initiation, growing, and risk of rupture based on
hemodynamic data. Without a visualization of these complex data it is
not conceivable to understand the correlations between specific hemo-
dynamic characteristics and their influence on the development of the
aneurysm. Our approach aims for a support of the visual exploration of
aneurysm hemodynamics during that investigation. Thereby, domain
experts are interested in a high-level exploration of the data rather than
in a detailed and flexible view on the visual representation of that data.
Their tasks involve getting an overview of the hemodynamic charac-
teristics as well as findings of correlations, e.g., regions of specific
near-wall information and the region of a further aneurysm growing.
Hence, the goal of our approach is to provide a high level of usabil-
ity, automation, and expressive visualization of hemodynamic data.
Based on the medical research domain the design of such a visualiza-
tion system involves several requirement considerations. Before we
go into details, we shortly present the medical research pipeline of an-
alyzing hemodynamic data in which our approach is embedded. This
pipeline consists of data acquisition, data preprocessing and analysis,
illustrated in Fig. 2.

3.1 Data Acquisition

In the first step, clinical image data (CTA, MRA, or 3D rotational
angiography) of the aneurysm morphology are acquired. Common
clinical resolutions are up to 512 x 512 x 140 with a voxel size of
0.35 x 0.35 x 0.9mm. If 4D PC-MRI (Phase-Contrast-MRI) is avail-
able, a full 3D flow measuring over time can be performed, which
encodes the flow direction and magnitude at each voxel [23]. Com-
mon resolutions for medical research are up to 144 x 256 x 128 with a
voxel size of 1 x 1 x Imm as well as 10 to 20 time points evenly spaced
over the cardiac cycle with a temporal resolution of about 90ms.
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Fig. 2. Overview about the pipeline for analyzing hemodynamic information. The pipeline consists of three steps: in the data acquisition step,
clinical image data of the aneurysm are acquired. If 4D PC-MRI is available, a full 3D flow measuring over time can be performed. The obtained
data have to be preprocessed in terms of the CFD simulation and error filtering of the measured flow data. The resulting hemodynamic information
are then focus of a quantitative and qualitative analysis. The step our approach belongs to is highlighted in orange.

3.2 Data Preprocessing

The preprocessing includes the reconstruction of the vessel surface,
the extraction of anatomic landmarks, the generation of simulated flow
data as well as filtering of the measured flow data.

Surface Reconstruction:For the reconstruction of the vessel surface,
a segmentation of the aneurysm and its parent vessel is necessary. Be-
cause of the high vessel-to-tissue contrast in the image data often a
simple thresholding segmentation followed by a connected component
analysis is sufficient to separate the aneurysm and its parent vessel
from the surrounding tissue. More advanced techniques like active
shape models and deformable models can be employed to minimize
manual effort in cases of low intensity distribution [22]. Based on the
segmented mask, the surface mesh of the aneurysm is reconstructed
with Marching Cubes and optimized with respect to mesh quality by
a combination of metric and topological changes like edge collapses
and edge flips (for details see [33]).

Extraction of Anatomic Landmarks: In addition to the vessel sur-
face anatomic landmarks are extracted like the ostium (surface area
which separates the aneurysm from the parent vessel) or the central
aneurysm axis (CAS) [26]. Domain experts utilize these landmarks to
explore local flow changes.

Generating Simulated Flow Data:The optimized surface mesh is
used for generating a volume mesh which is the input for the sub-
sequent CFD simulation. In most cases, the blood is modeled as New-
tonian fluid with steady or unsteady flow and rigid walls. Cebral et al.
have shown that with these assumptions a qualitative flow characteri-
zation is still possible [9].

Filtering and Masking Measured Flow Data:If 4D PC-MRI flow
data was acquired, measuring errors introduced by eddy currents,
noise and velocity phase wraps are reduced according to several fil-
ter methods described in Hennemuth et al. [16]. Subsequently, several
hemodynamic attributes like WSS and flow pressure are derived from
the flow field [11].

3.3 Analysis

The preprocessing of the data enables the quantitative and qualitative
analysis of relevant hemodynamic information as well as the anatomy.
The quantitative analysis focuses on statistical evaluations of hemody-
namic and geometric information (e.g., ratio of mean hemodynamic at-
tributes) in terms of aneurysm evolution and rupture [11, 17, 35]. Our
approach belongs to the qualitative analysis, which involves the visual
exploration of hemodynamic and geometric information (highlighted

box in Fig. 2). The qualitative analysis involves the exploration of the
surface, near-wall information, surface and flow, anatomy-guided flow
(e.g., at the ostium), and flow topology. Our approach supports the
exploration of near-wall information, embedded flow and anatomy-
guided flow.

4 REQUIREMENT ANALYSIS

We intend to provide an effective visual exploration of the blood flow
hemodynamics in cerebral aneurysms. This goal is ambitious due to
the complex nature of the data and the fact that the target user group
cannot be assumed to be familiar with advanced flow visualization
techniques. Hence, we derived the following requirements regarding
the habits and needs of domain experts with a series of interviews,
observations and scenario discussions. The requirements have been
verified by analyzing medical publications such as [10, 34].

4.1 Hemodynamic Information and Spatial Scopes

To support domain experts in their visual exploration of the hemo-
dynamics, we first have to identify relevant hemodynamic attributes.
These attributes refer to different spatial scopes of the aneurysm.
Furthermore, domain experts investigate correlations between a fo-
cus attribute and a context attribute at a specific spatial scope of the
aneurysm. For instance, they compare the flow with the WSS distri-
bution on the surface to investiage the influence of the flow behavior
to the WSS magnitude. Hence, the definition of spatial scopes and the
assignment of corresponding focus-and-context pairs to these scopes
are important to steer the exploration process.

4.2 Ease of Use

Based on the spatial scopes together with their pairs of hemodynamic
attributes, we aim at a comfortable visual exploration of these infor-
mation. This includes the following aspects:

Simplicity: The visualization must be as simple as possible to mini-
mize visual cluttering and occlusions. For each spatial scope, we shall
represent the relevant hemodynamic attributes with established visual-
ization techniques. This involves visualization templates with default
parameter settings, a wide-spread concept. In terms of color mapping,
we consider domain-specific habits, e.g., warm colors for high values
and blue colors for low values.

Focus-and-Context: The visual representation of hemodynamic at-
tributes for a given spatial scope corresponds to a multiparameter vi-
sualization. The simultaneous visualization of all attributes is not de-
sired by the domain experts. Based on a given focus attribute they want
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to investigate correlations to other attributes as context, especially at
spatial locations of the aneurysm where the focus attribute has some
specific characteristics. As an example, they want to investigate the
flow at vessel regions where high WSS occurs. For such a visual fil-
tering on demand, a flexible focus-and-context approach with a simple
interaction scheme is necessary. Thereby, we do not consider multi-
view approaches which consist of several side-by-side views each with
a single visualization of a specific attribute. Although a minimum of
visual clutter is given, these approaches exhibit an increased mental
effort in terms of spatial correlations for the viewer.

Probing: Domain experts are also interested in drawing hemodynamic
attributes in detail at particular locations of the aneurysm, e.g., the ve-
locity at a vessel cross-section. Probing relates to this requirement by
resampling the flow dataset with a probe dataset (e.g., a plane or a
volume). It can be used to reduce data or to view data in a particular
fashion. Care must be taken with respect to the sampling resolution
to avoid missing important high-frequency information or false con-
fidence. Furthermore, a user-friendly placement must be provided to
minimize interaction effort.

5 FLOWLENS CONCEPT

In the following, we present our general concepts to achieve the re-
quirements described in Sec. 4. We first indentify relevant hemody-
namic attributes, based on a review of current medical research. Based
on the five exploration steps of the qualitative analysis (recall Sec. 3.3),
we assign the identified hemodynamic attributes to spatial scopes and
compose each attribute to pairs of focus-and-context attributes. For
each scope, we propose templates of focus-and-context visualizations
to represent the involved pairs of hemodynamic attributes. Note that
we do not focus on developing new flow visualization techniques
but on representing each pair in an optimal way based on existing
techniques. To avoid visual clutter and occlusions, we introduce the
FLOWLENS as a flexible visual filtering approach. During the visual
exploration of a focus attribute, the FLOWLENS can be placed over
a spatial region where the correlation to its context attribute is of in-
terest. Within the lens, the visualization of the focus attribute is then
attenuated and the visualization of the context attribute is shown.

5.1 Identification of Hemodynamic Attributes

We have identified six attributes that medical researchers have recently
used to investigate the correlation between hemodynamic attributes
and aneurysm initiation, progression and rupture [2, 3, 10, 30, 34].
We explain them briefly and assign them later to spatial scopes.
Within each scope the attributes are combined to pairs of focus-and-
context attributes. These pairs represent the content displayed in the
FLOWLENS.

The embedded flow is used to gain a first impression of the qualitative
flow behavior, e.g., amount of aneurysm inflow and flow complexity.
It is characterized by flow direction and velocity. Flow with low veloc-
ity within the aneurysm also indicates a thrombus formation. A more
detailed view on the flow pattern is described by the grade of vortic-
ity. Studies have shown that aneurysms with complex and unstable
flow patterns bear an increased risk of rupture [2, 10]. Furthermore,
it is known that WSS has an influence on the tissue structure of the
vessel wall and it is likely that high WSS affects the aneurysm ini-
tiation. The WSS represents the tangential force produced by blood
moving across the vessel surface. However, the influence of WSS to
the aneurysm progression or the risk of rupture is discussed controver-
sially (see Moore et al. [25] for a numerical computation of WSS.).
Similar to WSS, the flow pressure is considered as a relevant attribute
for aneurysm initiation (it affects the vessel wall weakening) and pro-
gression (see Tritton [36] for a numerical computation of the pres-
sure). An important influence on the risk of rupture has the inflow jet
characterized by its width and impingement size. Ruptured aneurysms
were more likely to have narrow inflow jets with small impingement
regions [10].
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[ Global Scope [ Near-Wall Scope [[  Aneurysm Scope ||
Focus | Context Focus | Context || Focus Context
Flow Pressure WSS/ WSS/ Vorticity

Pressure Pressure/ Flow In- and Outflow
Flow Inflow Jet

Table 1. Overview of the three spatial scopes with corresponding pairs
of hemodynamic attributes that are relevant for the visual exploration.

5.2 Spatial Scopes With Hemodynamic Attributes

The identified hemodynamic attributes refer to three spatial scopes
which comprise the near-wall flow, embedded flow and anatomy-
guided flow exploration from Sec. 3.3. We assign the attributes to each
scope and compose them to pairs of hemodynamic focus-and-context
attributes as follows (see also Table 1):

Global Scope: The global scope consists of the embedded flow as
focus attribute. It describes the flow behavior in the parent vessel as
well as in the aneurysm and is characterized by the flow direction and
velocity. A more detailed view onto the flow pattern can be achieved
by incorporating flow pressure as context attribute, e.g., to investigate
the parabolic flow profile and pressure distributions near to the vessel
wall.

Near-Wall Scope: Investigations of near-wall information are relevant
for aneurysm initiation and progression. Thereby, WSS and surface
pressure are considered as focus attributes. To depict the correlation
of both attributes to each other, we define WSS and surface pressure as
alternate context attributes. Domain experts are also interested in the
underlying flow of vessel regions where values of high and low WSS
as well as surface pressure occur. Hence, we define the local flow as
additional context attribute.

Aneurysm Scope: The flow characteristic within the aneurysm is rel-
evant in terms of the risk of rupture. Based on the inflow and outflow
of the aneurysm as focus attribute, additional visual information about
the degree of vorticity, the amount of inflow and outflow at the ostium
as well as the shape of the inflow jet is of interest. A shape description
of the inflow jet provides also hints about the size of the impingement
region at the aneurysm wall.

5.3 The FLOWLENS

We aim at an interactive focus-and-context approach with a simple
interaction scheme and a flexible filtering of hemodynamic attributes.
We present the FLOWLENS as a 2D focus-and-context approach that
fulfills these requirements. Within the lens, additional hemodynamic
context attributes are shown based on a current focus attribute. We
thus achieve a high density of information in the lens region, where
foveal vision occurs. In the following, we present the details.

5.3.1

Existing lens techniques can be categorized in 2D, 2.5D and 3D.
In the following, we discuss advantages and disadvantages of each
category in terms of flow field exploration.

2D: A 2D lens consists of a 2D shape which is placed in the image
plane and based on the magic lens approach (recall Bier et al. [4]).
The lens transformation (movement, scaling, rotation) is restricted
to the 2D image plane and can be easily manipulated by a 2D input
device (mostly a mouse). Each visual style for the objects within the
lens shape can be rendered in individual buffers and composed in a
fragment shader. The manipulation of the lens content enables visual
filtering of the flow by suppressing distracting information. However,
probing a 3D flow field is not possible due to the missing spatial
correlation between the 2D position of the lens and the 3D dataset.
2.5D: A 2.5D lens consists of a 2D shape which is placed and
aligned in 3D (e.g., a cross-section plane). Its position has a spatial
correlation to the 3D flow dataset and can be used as seeding
location for streamlines and pathlines as well as probing location
for specific flow attributes. In contrast to a 2D lens, the movement
and rotation of a 2.5D lens is extended to 3D. However, this leads
to an increased interaction effort to place and align the lens within

Dimensionality
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Fig. 3. lllustration of the lens shape: (a) rectangular and (b) ellipsoidal.
The transformation options are indicated through arrows. For the ellip-
soidal shape, the handles are enhanced in red.

the 3D dataset. One-click strategies [37] or guidance strategies [28]
based on centerlines or anatomical axes may be incorporated to
support the placement. Additionally, the application of visual filters
to flow subvolumes or their investigation are not useful due to the 2D
restriction of the lens shape.

3D: A 3D volumetric lens (recall Viega et al. [38]) is an extension
of the 2.5D lens. In contrast to a 2.5D lens, a 3D lens consists of a
3D volume (e.g., a sphere or a box) on which visual or geometrical
filters can be applied. The placement of a 3D lens suffers from the
same interaction effort like a 2.5D lens. Guidance strategies, such as
snapping or advanced manipulation schemes [32], must be provided
to support the placement.

Since simplicity is a major requirement, we decided to employ
a 2D lens for the visual filtering. This is also motivated by the
observation that medical experts are familiar with 2D tools, like mag-
nifying lenses or rulers, in their clinical workstations. Additionally,
we incorporate a 2.5D lens within the 2D lens to enable probing and
slicing through the aneurysm flow. The probing plane is view aligned
and restricted to the 2D lens shape. It can be moved interactively
through the flow volume to ensure the spatial correlation.

5.3.2 Lens Design

We provide two common lens shapes: a simple rectangular shape (see
Fig. 3(a)) and an ellipsoidal shape (see Fig. 3(b)). The rectangular
shape has a center C, a width w and a height h. The shape of the
ellipsoidal lens is defined by a center C as well as by a major and minor
radius a and b. The borders of both shapes are depicted by a single
color line or by a translucent transition zone defined by a rim width
W,im. We define w,,, as [0.95 - d, d] with d as Euclidean distance from
the center to the borders. Furthermore, the ellipsoidal shape consists
of two handles (red) to indicate one of the possible interaction schemes
described in the next subsection.

5.3.3 Lens Interaction

The lens provides several interaction possibilities which consist of the
lens transformation, manipulating the focal point of the camera, prob-
ing facilities as well as observing hemodynamic changes over time.
Transformation: Lens transformation is performed in a straightfor-
ward manner. The width and height of the rectangular shape can be
adjusted by simply clicking and dragging one of the corresponding
edges. Uniform scaling is performed by dragging one of the corners
(see Fig. 3(a)). The major and minor radii of the ellipsoidal shape can
be modified by clicking and dragging handles H, and H,. Further-
more, if the mouse translation also incorporates an up and down or
left and right movement, a simultaneous rotation around C is possible.
Uniform scaling is achieved by clicking and dragging of the contour
line (see Fig. 3(b)). For both shapes, translation is performed by click-
ing and dragging the inside of the lens.
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Center of Camera Rotation Displacement: If the lens is moved
to a particular region of interest and a context attribute is shown, the
user may rotate the camera around this region to investigate the cur-
rent focus-and-context correlation from different views. In most cases,
the center of the camera rotation, defined by the focal point, does not
match with the center of the region of interest. Hence, we provide a
displacement of the focal point to the current region of interest. The
new focal point is located on the surface point of the context attribute
underneath the lens center. This point is determined by the first hit
point of the intersection between a ray and the attribute surface repre-
sentation. The ray is defined by the world position of the lens center
and the camera position.

Probing: Probing is provided by placing a view-aligned 2.5D plane
within the lens. Parts of the plane which are outside the lens are
masked. The plane can be sliced by the user through the volume grid
where specific hemodynamic attributes can be resampled. The initial
position of the plane corresponds to the intersection point of the ray
and the vessel surface, as described for displacing the focal point. The
plane normal is given by the normalized ray direction. The spatial ex-
tension of the probe plane is restricted to the lens shape as well as to
the inside of the cut contour.

Observing Changes Over Time: Since we also deal with time-
dependent flow data, a facility to explore hemodynamic changes over
time is provided. Based on the current context visualization within the
lens, the progression of the context attribute can be observed by slic-
ing through the time steps. In each step, the context visualization is
updated to the current value of the context attribute.

6 FLOWLENS VISUALIZATION TEMPLATES

We now present the visualization of the spatial scopes with their pairs
of hemodynamic focus-and-context attributes (recall Sec. 5.2). Each
scope consists of pairs of focus vs. context attributes and we pro-
pose visualization templates to represent each pair. The FLOWLENS
is used to accomplish a visual distinction between focus-and-context
attributes. By default, the current focus attribute is visualized outside
and inside the lens. For the visual correlation to a context attribute
the lens can be moved to the region of interest and the visualization of
the context attribute is incorporated into the lens. Thereby, the focus
attribute is attenuated to avoid occlusions and visual clutter. The tran-
sition zone is used to blend smoothly between the focus-and-context
visualization. We first describe the visualization of the focus attributes
and subsequently the combination to the context attributes.

6.1 Global Flow Scope

For visualizing the embedded flow as focus attribute, we employ color-
coded streamlines for steady flow as well as pathlines for unsteady
flow. For the line propagation process we need to place seed points.
These seed points implicitly influence which part of the flow will be
visible. Since the flow at the aneurysm is essential, we automatically
place a seed sphere at point P,,; of the parent vessel centerline. This
point denotes the middle of the centerline section below the ostium
(see Fig. 4(a)). The endpoints of this section result from the ostium
extraction method described in [26]. The radius of the seed sphere
is defined by the maximum inscribed sphere radius at Py,,,. Within

iSeeafSphere]

(@) (b)

Fig. 4. Seed point strategies: (a) for the line propagation in the global
flow scope, (b) for the inflow jet extraction in the aneurysm scope.
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Fig. 5. Flow vs. pressure attribute: the flow (focus) is depicted with illus-
trative streamlines. Within the FLOWLENS the flow pressure (context) is
depicted as isosurfaces and the flow as thin streamlines.

the seed sphere we uniformly distribute seed points at which the line
propagation starts in forward and backward direction. The number of
seed points can be adjusted by the user. In terms of the color coding,
we employ a blue-to-red color mapping of the velocity. This is a fa-
miliar color scale for low and high velocity values. Furthermore, we
incorporate depth-dependent halos to increase the spatial perception of
the generated lines (see Fig. 11(a) and (b)). Additionally, the user may
provide a value to adjust the number of visible lines. Since spatial con-
text of the enclosing vessel surface is important for the exploration, we
employ the ghosted view approach of Gasteiger et al. [15] (see Fig. 5).

6.1.1

To provide information about flow pressure as context, we employ an
isosurface representation of the pressure values within the lens. Do-
main experts employ this kind of visualization method to extract struc-
tures of specific 3D scalar values, e.g., density values in medical image
datasets. The isosurface extraction is based on a user-defined range of
isovalues. If multiple isovalues are used we apply a white-to-red color
map as an ordinal color map, to distinguish low and high pressure sur-
faces. Ordinal color maps are necessary to convey the ordinal data
characteristics of scalar values. Within the lens, the visualization of
the flow is attenuated by thin and semi-transparent line renderings to
avoid visual clutter (see Fig. 5).

Flow vs. Pressure

6.2 Near-Wall Scope

The focus attributes of near-wall information are WSS and surface
pressure as 2D scalar values onto the vessel surface. Thereby, we con-
sider only one surface attribute at once for the focus visualization. As

WSS (Pa)
231,34

173.50

15.67

57.83

Fig. 6. WSS vs. surface pressure attribute: the WSS (focus) is depicted
as color-coded surface rendering. Within the FLOWLENS the pressure
(context) is enhanced as saturation-coded contour lines (green).
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Velocity (m/s)
1.90

Fig. 7. Surface pressure vs. flow attribute: the surface pressure (focus)
is shown as color-coded surface rendering. Within the FLOWLENS the
flow (context) is embedded as illustrative streamlines and the pressure
is indicated by saturation-coded contour lines (green).

an established visualization method for 2D surface data we use color
coding for both attributes. We apply a split color map to provide a
distinction between normal and increased magnitude. Values below
a user-defined threshold are mapped to a white and values above are
mapped to a yellow-to-red color map. This color map represents the
ordinal data characteristic of both attributes and red is an established
signal color for critical values.

6.2.1

If one of the focus attributes is considered as context attribute, a color
coding of both attributes leads to visual clutter. Instead, we overlay the
color-coded focus attribute with a contour plot of the context attribute
within the lens (see Fig. 6). The contour extraction is again based on
a user-defined range of iso-values. If multiple contour lines have been
extracted, we apply the same ordinal color map as for context visual-
ization of the flow pressure. The spatial context inside and outside the
lens is depicted as opaque surface rendering.

WSS vs. Surface Pressure

6.2.2 WSS and Surface Pressure vs. Flow

To provide context information within the lens about the underlying
flow, we display the streamline or pathline visualization of the flow
from Sec. 6.1. The enclosing vessel surface is depicted with the
ghosted view rendering (recall [15]) to reveal the embedded line vi-
sualization as well as to enhance shape perception of the enclosing
surface. Furthermore, we provide a contour plot of the current focus
attribute (WSS or surface pressure) as attenuated focus information.
The contour plot is adjusted by a user-defined threshold (see Fig. 7).

6.3 Aneurysm Scope

The focus attribute for the aneurysm flow scope is the inflow and out-
flow of the aneurysm. We depict the flow with the depth-enhanced
streamline or pathline visualization. In contrast to the seeding strat-
egy for the embedded flow, we use the mesh vertices of the extracted
ostium as seeding location. Thus, the flow visualization is restricted
to flow that runs in and out of the aneurysm through the ostium. This
restriction is essential to evaluate the overall inflow and outflow condi-
tion. Furthermore, the ostium extraction method we used [28], ensures
a regular distribution of the mesh vertices to avoid fixed structures of
the traced streamlines and pathlines. To adjust the number of lines,
we provide a user-defined ratio value to employ only a subset of the
ostium vertices as seed point.

6.3.1  Flow vs. Vorticity

To depict the vorticity as context information, we employ the view-
aligned probe plane of the lens combined with a color-coded LIC vi-
sualization of the resampled flow. The coloring encodes the velocity
and is mapped to the blue-to-red color map as used for the streamlines
and pathlines. Due to the dense representation of the LIC, a detailed
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Velocity (m/s)
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Fig. 8. Flow vs. vorticity attribute: the flow (focus) is depicted with il-
lustrative streamlines. Within the FLOWLENS the vorticity (context) is
depicted by a color-coded LIC and the streamlines are attentuated.

view onto the degree of the local vorticity is achieved. Furthermore,
if the probe plane orientation is nearly coplanar to the CAS axis of
the aneurysm, the color coding conveys the inflow jet size, since the
inflow velocity is always higher than the outflow velocity. However,
the 3D extension of the jet cannot be depicted due to the reduction to
2D. Hence, we provide a more expressive depiction of the inflow jet in
Sec. 6.3.3. To convey the inflow, we extend the context visualization
by a thin and semi-transparent line rendering of the flow (see Fig. 8).
The vessel context is conveyed by the ghosted view rendering.

6.3.2 Flow vs. In- and Outflow

The context information of the in- and outflow condition at the ostium
consists of the local velocity as well as the inflow and outflow region.
The velocity is color-coded on the ostium using the blue-to-red ve-
locity encoding. To separate the inflow from the outflow region, we
first compute the normalized volumetric flow rate R; for each of the k
triangle elements of the ostium:

k
R = (Ai(‘7i'ﬁi) ZR,) / |Rmax| - (D
i=0

Where A; is the element area, v; and n; are the flow vector and normal
of the element as well as R, as the maximum element-wise volu-
metric flow rate. The normalization is necessary, since the volumetric
flow rate is area-dependent. It ensures that the computed flow rate is
independent of the ostium mesh tessellation. Because R; is signed,
the inflow (positive) and outflow (negative) region can be separated by
finding the zero-crossing. We use a red-colored contour line to depict

Fig. 9. Flow vs. in- and outflow attribute: within the FLOWLENS the in-
and outflow at the ostium (context) is separated by a red contour line.
The flow at the ostium is indicated by short streamlines.
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Velocity (m/s)
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Fig. 10. Flow vs. inflow jet attribute: within the FLOWLENS the inflow
jet (context) is depicted with color-coded glyphs and the flow (focus) is
attenuated with thin and semi-transparent streamlines.

the separation line, as shown in Fig. 9. To enhance the separation, we
overlay the inflow and outflow region with color-coded contour lines.
We use a binary color scheme with white for inflow and black for out-
flow lines to reduce a visual interference with the color-coded velocity
on the ostium mesh. Furthermore, we provide a depiction of the flow
direction at the ostium based on short streamlines or pathlines seeded
from the vertices of the ostium mesh. This reveals details about the
flow behavior near the ostium. To minimize occlusions to the under-
lying context visualization, the lines are semi-transparently rendered
without color coding. An example is given in Figure 9, where near to
the inflow-to-outflow separation line a vortex structure is shown.

6.3.3 Flow vs. Inflow Jet

The inflow jet as context information to the inflow is defined as inflow
with high velocity. The visualization of the jet has to convey the 3D
extension of the jet size. We first provide the ostium mesh as anatomic
landmark, which is color-coded in terms of the velocity and is overlaid
with the inflow and outflow separation line as described in Sec. 6.3.2.
To depict the inflow jet, we employ a 3D glyph-based visualization,
based on a dense line seeding strategy within the aneurysm. We place
a seed sphere at point Py,,.4, centered on half of the central aneurysm
axis (CAS) (recall Sec. 3) with radius |CAS| /2.0 (see Fig. 4(b)). The
radius ensures that the seeding sphere contains the whole aneurysm.
Within the sphere, we randomly distribute a dense amount of points
used as seeding points for a streamline or pathline propagation pro-
cess. We filter lines with a velocity less than a user-defined velocity
threshold. At each remaining line vertex we place a hedgehog glyph
oriented according to the local line direction. Finally, the glyphs are
color-coded according to the velocity encoding of the ostium mesh.
To convey the surrounding flow pattern, we provide a thin and semi-
transparent line rendering of the inflow, as described in Sec 6.3.1. The
final focus-and-context visualization is shown in Figure 10.

6.4 Implementation

The implementation of the FLOWLENS visualization templates is
straightforward and based on the Visualization Toolkit (VTK) as well
as the prototyping environment MEVISLAB. We render the focus vi-
sualization and the additional context visualization in two offscreen
buffers using the standard visualization techniques. The lens is ren-
dered in two additional buffers. In one buffer, the lens shape is stored
as blending mask with white as inside the lens and black as outside.
The transition zone is encoded as black-to-white gradient. The second
lens buffer consists of the color information of the lens appearance
(contour line and handles). In a subsequent fragment shader, we lin-
early blend between the two visualizations of the focus-and-context
attribute by employing the blending mask. Thereby, full white cor-
responds to an opaque rendering of the context visualization and full
black to the focus visualization. Within the transition zone both vi-
sualizations are smoothly blend. The lens appearance is rendered as
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(d

Fig. 11. Overview of the FLOWLENS application in the aneurysm scope. In (a) the inflow and outflow is depicted with illuminated streamlines.
The spatial perception of the flow pattern is enhanced by (b) incorporating depth-dependent halos. For a detailed view of the internal vorticity, the
FLOWLENS shows (c) a LIC visualization on a view-aligned probe plane (d) which can be sliced through the flow volume.

overlay onto the resulting visualization.

7 RESULTS AND INFORMAL USER FEEDBACK

We employed seven flow datasets to evaluate our approach. For five
datasets, the flow was derived from CFD simulations based on clinical
patient scans. For two datasets, we employed an aneurysm phantom
dataset with three artificial aneurysms where the flow was obtained by
a CFD simulation and from a measurement with a 7 Tesla 4D PC-MRI
scan (spatial resolution: 144 x 256 x 128, voxel size: 1 x 1 x Imm,
temporal resolution: 107ms). The measured flow data was linearly in-
terpolated onto the CFD volume grid. The first five datasets are steady
flow and the two phantom datasets represent unsteady flow with 10
time steps. On our prototypic system, the preprocessing time of the
datasets ranges from 10 to 40 sec on a mid-class desktop computer
(Core 2 Duo 3.16GHz, 8GB RAM, nVidia GeForce 9800 GT). The
preprocessing includes dataset loading, the extraction of the ostium
as well as streamline and pathline tracing. The density filtering of
the resulting lines, the viewpoint changes, the adjustment of color
schemes as well as the FLOWLENS interaction and blending, could
be performed at interactive rates. However, the update rate of the LIC
generation and time slicing are not interactive.

7.1 Results

In Figure 11, an overview of the FLOWLENS application in the
aneurysm scope is presented. The flow as focus attribute is depicted
with illuminated streamlines in Fig. 11(a), where the velocity is color-
coded according to Sec. 6.1. Since the vertices of the ostium mesh
are used to seed the streamlines, only the inflow and outflow of the
aneurysm is depicted. In the current example, the ostium mesh con-
sists of 395 vertices from which we only employ every fifth as seed
point to reduce the amount of lines. For comparison, the streamlines
in Fig. 11(b) are enhanced by using halos. In both images, the turbu-
lent flow pattern within the aneurysm is visible. However, the spatial
perception of individual lines is increased by the halos, as can be seen
for the helical outflow in the parent vessel. To present a detailed view
on the flow pattern at a region of interest, the FLOWLENS (green) is
placed in Fig. 11(c) and the vorticity is depicted by a LIC plane within
the lens. The plane is placed according to the probing facility of the
FLOWLENS and overlaid by a color coding of the velocity. The plane
is set back in Fig. 11(d) to illustrate the 3D slicing capability.

As a demonstration of the time slicing possibility of the FLOWLENS, a
sequence of pathlines is shown in Figure 12. In the left image, the flow
for one time step of the cardiac cycle is shown by depth-dependent
streamlines. The visualization depicts a helical flow structure within
the aneurysm. To investigate the development of this flow feature, the
FLOWLENS is placed over the aneurysm. Within the lens shape, a se-
quence of pathlines over three time steps is shown, capturing a time
frame of 214ms up to 1075ms within the cardiac cycle. The restriction
of the time-varying visualization to the lens shape minimizes visual
clutter and draws attention to the region of interest.

7.2 Informal User Feedback

To gain a qualitative user feedback, we conducted three informal
interviews with two clinicians and one biomedical researcher who
are actively involved in the exploration of cerebral or cardio-vascular
blood flow. They were not involved in the FLOWLENS design. The
interviews were designed to determine if the requirements in Sec. 4
were principally met and which details might need an improvement.
Each interview was divided into two parts. The first part consisted
of an introduction of the FLOWLENS. Each expert had to evaluate
the lens design and its transformation options (translation, scaling,
rotation). All experts considered the interaction as intuitive since it is
similar to daily used 2D tools like 2D measurement tools. Especially
the rotation capability of the ellipsoidal lens shape was valued
as useful to adapt the lens region to relevant anatomic structures.
However, one clinician stated an increased effort to adjust a specific
ellipsoidal shape and prefers a circular shape with uniform scaling.

In the second part of the interview, we presented the three spa-
tial scopes subsequently. For each scope, the focus attribute was
shown at first and then individual context attributes could be investi-
gated within the lens. During the presentation of a particular scope,
the experts had to evaluate the amount of visual information, the
visualization of the individual attributes and the interaction as well as
the usefulness of the FLOWLENS.

For the global scope, all experts stated an improved spatial perception
of the streamlines and pathlines with depth-dependent halos in
comparison to a standard illuminated line rendering. The improved
perception was most clearly if the camera has zoomed closer to the
lines. One expert preferred the pure illuminated line rendering for the
investigation of the velocity distribution. He noticed that the halos
occluded some parts of underlying lines which caused a decreased
perception of the velocity color-coding. All experts rated the adjust-
ment of the number of lines as very useful and the blue-to-red color
map as intuitive. All experts stated the need for a color legend to
map color values to numerical values. After an overall investigation
of the flow attribute, one clinian employed the FLOWLENS for a
specific and typical task. He placed the lens over a surface region at
the ostium to investigate the local pressure distribution. Thereby, the
corresponding isosurface rendering was initially not comprehensible
but became clear after a short explanation. During the exploration,
one expert preferred a low number of extracted isosurfaces and the
exclusion of the thin and semi-transparent flow lines as the attenuated
focus attribute. The visual information was too complex and not
necessary for him. Additionally, he preferred a more saturated color
distinction of different pressure levels. The biomedical researcher
valued the pressure isosurfaces as useful to convey the parabolic
flow profile, especially the restriction of the pressure visualization to
the lens content. He agreed that an integrated visualization of flow
lines and pressure is disturbing and he suggested to display them
on demand. All experts preferred a more saturated color distinction
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Fig. 12. Example of the time slicing possibility of the FLOWLENS. The lens is placed over the aneurysm (left) and a sequence of pathlines over three
time steps is depicted within the lens. The time steps capture a time frame of 1075ms. Outside the lens, the flow is visualized with streamlines.

of the different pressure levels. The focal point displacement by
the FLOWLENS was valued as very useful by all three experts. It
simplifies the investigation of the focus and context attribute from
different view points by reducing the number of camera adjustments.

In terms of the near-wall scope, all three experts denoted the WSS
and surface pressure as important focus attributes. The correlation of
WSS or surface pressure to the underlying flow as context attribute
was comprehensible. For example, one expert placed the FLOWLENS
over a region of high WSS to validate a high velocity distribution of
the underlying flow. However, the contour lines of WSS or surface
pressure within the lens was valued as disturbing since the flow was
also depicted with lines.

The most interesting spatial scope for both experts was the aneurysm
scope. Two experts rated the depiction of the vorticity by the
view-aligned LIC plane within the FLOWLENS as intuitive and
comprehensible, especially the depth slicing of the plane. However,
all three experts denoted the visual information within the lens as too
complex due to the additional depiction of the ostium and the flow.
These information should be optional (see Fig. 11)(d). The overall
separation of the inflow and outflow region at the ostium was rated
as important to visually assess the amount and location of inflow and
outflow. In terms of enhancing the separation by the contour lines,
two experts suggested a more discrete distinction, e.g., a discrete
color map or an inflow and outflow arrow glyph. Again, the experts
suggested to provide the short and semi-transparent streamlines at
the ostium optionally and a color legend about the contour lines is
necessary. According to the inflow jet, all three experts rated the
glyph representation as intuitive and depicted the 3D shape well.
For this context attribute, the displacement of the focal point by the
FLOWLENS as well as the rotation of the ellipsoidal shape were rated
as useful to investigate the jet shape from different views. For the
two clinicians it was quite interesting to get an impression of the
impingement zone at the aneurysm wall.

All three experts valued the time slicing capability in each scope and
its restriction to the lens content as useful. It draws the attention
to a certain focus region where changes of the context attribute can
be observed. In terms of the transition zone, the two clinicians
preferred a clear border of the FLOWLENS. They argued that a
smooth transition zone attenuate the values at this region and can lead
to a misinterpretation.

8 CONCLUSION

We presented a focus-and-context visualization approach to explore
hemodynamic data in cerebral aneurysms. The qualitative analysis of
these data involves the investigation of focus-and-context attributes at
different spatial scopes. We identified relevant pairs of hemodynamic
focus-and-context attributes and assigned them to different anatomic
scopes: global, near-wall and aneurysm. For each scope we proposed
several visualization templates to depict the corresponding focus at-
tributes and additional context attributes. The FLOWLENS was intro-
duced to enable a flexible visual filtering between these attributes. The
placement of the lens occurs in 2D and provides several interaction
possibilities, like a 2.5D probing with the volumetric flow data. For
the visualization templates, we employed depth-dependent streamlines
and pathlines as well as LICs, which are applicable to steady and un-

steady flow data. Although our work was focused on the exploration
of cerebral aneurysms, we believe that it can be transferred to support
the treatment of other vascular diseases, in particular diseases where
the coronary arteries are involved and an understanding of the flow is
also important (see also Markl et al. [23]).

The qualitative evaluation within the frame of informal user interviews
confirmed the general usefulness of the aggregation of hemodynamic
focus-and-context pairs and their assignment to the presented spatial
scopes. The experts valued the FLOWLENS as an intuitive explo-
ration tool to support a flexible visual filtering and the investigations
of hemodynamic correlations. This user feedback provides a valuable
basis for further research in terms of a quantitative evaluation. The
design of this user study will be oriented at the work of Laidlaw et
al. [20]. The FLOWLENS approach will be compared with a standard
side-by-side view and a multiparameter visualization without focus-
and-context mechanism. For this comparison the participants have to
fulfil representative tasks that domain experts want to perform from
visualizations. This will include finding of regions with elevated near-
wall velocity and WSS, identifying and describing the inflow jet and
its impingement zone as well as counting the number of critical points
and evaluating their stability within the aneurysm. The three different
visualization approaches will be evaluated with respect to the partici-
pants’ accuracy, response time, and their personal preferences.
Furthermore, it would be worthwhile to investigate how effective and
expressive seeding strategies can be incorporated during the visual ex-
ploration. In its current state, our approach used a fixed seed point
strategy (e.g., the ostium). However, it might be of interest to provide
a flexible seeding in the parent vessel or the aneurysm to trace the flow
in detail within the FLOWLENS. To cope with the high visual com-
plexity of streamlines and pathlines, flow clustering techniques could
be used to create expressive and more abstract flow representations.
The FLOWLENS can then be used to reveal the flow in the lens region.
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