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Abstract

Rupture risk assessment is a key to devise patient-specific treatment plans of cerebral aneurysms. To understand and predict
the development of aneurysms and other vascular diseases over time, both hemodynamic flow patterns and their effect on the
vessel surface need to be analyzed. Flow structures close to the vessel wall often correlate directly with local changes in surface
parameters, such as pressure or wall shear stress. Yet, in many existing applications, the analyses of flow and surface features
are either somewhat detached from one another or only globally available. Especially for the identification of specific blood
flow characteristics that cause local startling parameters on the vessel surface, like elevated pressure values, an interactive
analysis tool is missing.

The explorative visualization of flow data is challenging due to the complexity of the underlying data. In order to find meaningful
structures in the entirety of the flow, the data has to be filtered based on the respective explorative aim. In this paper, we present
a combination of visualization, filtering and interaction techniques for explorative analysis of blood flow with a focus on the
relation of local surface parameters and underlying flow structures. Coherent bundles of pathlines can be interactively selected
based on their relation to features of the vessel wall and further refined based on their own hemodynamic features. This allows
the user to interactively select and explore flow structures locally affecting a certain region on the vessel wall and therefore
to understand the cause and effect relationship between these entities. Additionally, multiple selected flow structures can be
compared with respect to their quantitative parameters, such as flow speed. We confirmed the usefulness of our approach by
conducting an informal interview with two expert neuroradiologists and an expert in flow simulation. In addition, we recorded
several insights the neuroradiologists were able to gain with the help of our tool.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Three-Dimensional Graphics and

Realism—Color, shading, shadowing, and texture 1.4.8 [Computer Graphics]: Scene Analysis—Shading

1. Introduction

For the study of vascular diseases, such as aneurysms, both mor-
phological features and hemodynamic parameters as well as their
complex interaction need to be evaluated. More precisely, physi-
cians are often interested in exploring blood flow patterns that
cause specific hemodynamic features, such as changes in pressure
or wall shear stress, on the vessel wall. Studies have shown that
these hemodynamics correlate with the rupture of aneurysms and
are therefore vital for risk assessment [CDM*17, DCHS*17]. Since
both the rupture as well as the treatment procedure can lead to se-
vere consequences for the patient, improved risk assessment helps
to optimize patient-specific treatment plans.

A common and accepted visualization for cerebral blood flow is
to display the vessel morphology as a 3D model and convey flow
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patterns through either stream- or pathlines or map hemodynamic
parameters directly onto the surface using a color scale. Pathlines
are often filtered by their parameters, such as velocity magnitude
or vorticity, to prevent occlusion. However, these filters require a
general idea of which flow structures the user expects to find. For an
explorative approach, where the physician wants to figure out what
kind of flow causes a specific phenomenon on the vessel surface,
their usefulness is limited.

In this paper, we present a set of techniques to interactively select
and filter flow structures based on their effect on the vessel wall.
Our approach combines the tasks of parameter visualization and
pathline selection to create an intuitive and robust tool for explo-
rative pathline filtering. By selecting regions on the vessel surface
with hemodynamically interesting parameter values, such as local
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extrema in pressure or wall shear stress, underlying flow structures
are automatically highlighted. These highlights can then be further
refined by applying filters based on parameters such as velocity,
pressure or residence time.

Our work was designed in cooperation with an experienced neu-
roradiologist to identify complex interactions between hemody-
namic parameters in general. The user’s goal is to find flow struc-
tures correlating to medically interesting surface features. A gen-
eral workflow would therefore involve finding those surface fea-
tures, selecting a subset of them for further investigation and ex-
tracting flow structures related to the selected features. Based on
this workflow, we identified the following key requirements for our
application in cooperation with our clinical partners:

Req. 1 It should support finding medically interesting surface re-
gions through the visualization.

Req. 2 The user should be able to easily select one or more surface
regions and explore the associated local flow structures.

Req. 3 To support exploration, the user should have control about
what kinds of flow structures are extracted.

Req. 4 The flow structures extracted from each selected feature
should be visually distinguished.

Req. 5 The user should be able to further explore the extracted
flow structures based on their own features.

To evaluate our work, we specifically selected nine datasets,
which yielded contradicting results using conventional analysis.
The evaluation was carried out with two expert neuroradiologists
and an expert of flow simulation. One of the neuroradiologists was
involved in the design of our application, whereas the other is com-
pletely independent. In the evaluation section, we provide our ex-
ploration results for these datasets as well as an informal qualitative
evaluation.

During the evaluation, we were able to show that our approach
allowed for a systematic exploration and quantitative assessment of
flow structures in aneurysms. Interesting structures such as vortices
could be reliably detected and comprehensibly visualized, allowing
the user to gain insights into the flow patterns both on a local and
global scale.

2. Related Works

In this section, we discuss previous work on the visual exploration
of medical flow with a focus on, but not restricted to, blood flow.
Visual clutter is a main problem in 3D visualizations including
stream- or pathlines. Interesting structures, such as vortices, are
often hidden within other, more laminar flow. Therefore, a va-
riety of methods have been developed to automatically or semi-
automatically highlight important flow structures.

Van Pelt et al. introduced an implicit filtering technique by inter-
actively selecting vessel cross sections as seeding planes [vBB*10].
By positioning these planes the user can gain insights into global
flow patterns, such as splitting flow. However, focusing on specific
flow structures within these patterns beyond color-coding the flow
velocity is not possible.

Gasteiger et al. presented a focus-and-context visualization tech-
nique that allows exploring blood flow directly beneath an interest-

ing area on the vessel surface [GNBP11]. By positioning an ellipti-
cal "lens" in screen-space, the user can clip away the vessel surface
and reveal underlying flow. However, this is limited to the flow di-
rectly underneath the selected surface area. There is no way to trace
the revealed pathlines to other interesting areas or even through the
entire vessel. Additionally, since the lens is placed in screen-space,
camera movement may result in an undesired change of the focal
region.

Another approach of filtering lines based on screen-space was re-
alized by Lee et al. [LMSC11]. They employed a filtering technique
based on screen-space entropy and occlusion to determine whether
a pathline should be shown. The calculated screen-space entropy
can also be used to determine an optimal viewpoint. A drawback
of this approach in an explorative scenario is its lack of real-time
capabilities. Since the entropy is determined in screen-space, it has
to be recalculated after each change of perspective.

Lawonn et al. used an automatic cut-away technique where the
vessel surface is always removed when occluding any pathlines
[LGV™*16]. This allows for a simultaneous visualization of blood
flow and parameters on the vessel wall, such as thickness. Since
the vessel is usually completely filled with pathlines, the lines have
to be animated. While this reduces the amount of surface area that
needs to be culled, it also prevents the entire flow course from being
visible at one time.

Oeltze et al. used clustering to reduce visual clutter in simulated
cerebral bloodflow data [OLK*14]. Pathlines were clustered based
on their geometry or attributes and visualized by a single represen-
tative for each resulting cluster. In a later publication, Oeltze et al.
added dynamic seeding capabilities to better convey complex flow
structures such as embedded vortices [OJCJP16]. While both ap-
proaches highlight existing flow patterns in a dataset, the reduction
of each of these patterns to a single line may fail to capture its full
structure and shape as well as its relation to the vessel surface.

Instead of highlighting all flow structures present in a cere-
bral flow dataset, Gasteiger et al. presented a method to specif-
ically extract and visualize the inflow jet and impingement zone
in aneurysms [GLv*12]. Van Pelt et al. extended this approach to
allow for a comparative visualization of different stent configura-
tions in the same aneurysm [VGL"14]. The inflow jets of all con-
figurations are displayed simultaneously using multiple colored ar-
rows. Glyphs are employed for the visualization of the impinge-
ment zones from all configurations. Since the resulting visualiza-
tion is tailored to a very specific application, it is not suitable for a
more general, explorative approach.

Zachow et al. used information visualization techniques to ex-
plore nasal airflow data [ZMH*09]. By linking a volume visualiza-
tion with brush-based selection in parallel coordinates and scatter-
plots, the user is able to interactively highlight interesting parame-
ter combinations, such as temperature or velocity. Our method al-
lows for parameter selection based on scatterplots or parallel coor-
dinates as well. However, the filtering capabilities of this approach
are limited to parameters and cannot take the spatial position of
certain flow phenomena into account.

Salzbrunn et al. introduced pathline predicates, a method of
grouping vertices in a pathline based on their fulfillment of user-
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defined criteria [SS06]. Multiple predicates can be combined us-
ing Boolean algebra to create more complex criteria. Born et al.
adapted line predicates to support the exploration of cardiac blood
flow by designing a set of pre-defined predicates [BPM*13]. Users
could adapt and combine these predicates to suit their specific
needs for exploring cardiac flow data. In addition to predicates
based on flow structures, such as vorticity or velocity, they also
added a region-based predicate that would detect flow that passes
by or originates in a certain anatomical area. However, these pred-
icates were designed to work based on entire anatomical regions,
such as a specific heart chamber. Therefore, the ability to assess
local correlations between surface features and flow structures is
restricted. A similar method for 4D PC-MRI data was presented
by Broos et al. [BHK*16]. They employed a user-defined trans-
fer function to determine possible seed points for pathlines from a
flow field. In conjunction with a mostly automatic surface visual-
ization, this alleviates the need for a segmentation of the underlying
data. Kohler et al. implemented line predicates to extract vortices
from cardiac blood flow data [KGP*13]. Although these vortices
are reliably detected, this approach only allows for global filtering.
Specifying a region of interest or focusing on only a single vortex
that may correspond to a surface feature is not possible.

Meuschke et al. presented a combined visualization of hemody-
namic flow and vessel surface information with a focus on near-
wall flow [MVB*17]. To prevent occlusion, the vessel surface is
mapped onto a 2D plane and displayed alongside the 3D visual-
ization. This approach focuses on correlating multiple surface pa-
rameters, such as wall shear stress and wall thickness. Although
wall-near flow is visualized as context information, there is no way
to extract flow bundles directly corresponding to interesting local
surface features.

A surface-based filtering approach was realized by Neugebauer
et al. [NLB*13]. They employed an automatic detection of poten-
tially interesting surface regions based on the surface geometry, al-
though manual selection of a region is also possible. Instead of fil-
tering existing pathlines according to their distance to the selected
region of interest, they dynamically seed new lines close to the re-
gion. The generated lines are then classified based on a 2D repre-
sentation. Further filtering of such a line bundle is not possible.

3. Medical Background

Cerebral aneurysms are pathologic dilations of brain-supplying ar-
teries bearing the risk of rupture. Aneurysm rupture is mostly ac-
companied with subarachnoid hemorrhages that may cause fatal
consequences for the patients. The treatment options comprise en-
dovascular intervention and neurosurgical clipping. However, both
endovascular and surgical therapy can cause severe complications.
In the case of small aneurysms, the complication rate may even
exceed the rupture rate [Wie03]. To minimize the risk for the other-
wise healthy patients, careful pre-treatment assessment of the rup-
ture risk is mandatory. In clinical practice, the most important rup-
ture risk factors are the type of aneurysm (i.e., asymptomatic or
symptomatic), age, sex, and aneurysm size and position [Wvd-
SARO7]. Furthermore, morphological parameters, e.g., irregular
shape, orientation and diameter [LEBB09] were correlated with
rupture risk. However, the study of aneurysm-specific hemodynam-
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ics with computational fluid dynamics (CFD) plays an increasing
role [XTSM14].

Recent studies reported a correlation between certain hemody-
namic information (e.g., concentrated inflow jets, small impinge-
ment regions and increased wall shear stress) and prior aneurysm
rupture [CDM™17,DCHS™ 17]. However, the clinical application is
limited by the lack of an exploration tool that allows a systematic
analysis of the complex intra-aneurysmal flow or a detailed, ob-
jective and reproducible correlation of qualitative and quantitative
parameters. To understand local blood flow phenomena and their
impact on local characteristics like pressure or wall shear stress,
an adapted exploration technique, as presented in this paper, is re-
quired.

4. Pre-Processing

In this section, we provide a brief overview about the data acquisi-
tion and computational fluid dynamics simulation. Afterwards, we
will discuss what parameters are derived from the simulation data.

4.1. Extraction of Simulated Blood Flow

The patient-specific datasets that are considered within this study
were acquired using 3D digital subtraction angiography on an Ar-
tis Q angiography system (Siemens Healthcare GmbH, Forchheim,
Germany). Segmentation was performed using a threshold-based
segmentation with the open-source software MeVisLab 2.7 (MeVis
Medical Solutions AG, Bremen, Germany). To account for multiple
aneurysms, large vascular domains were considered. Hence, small
artifacts such as melted vessels or holes, which occurred during
the segmentation process, were manually removed on a sub-voxel
level [GBNP15].

Before the hemodynamic simulations were carried out, each
dataset was spatially discretized using tetrahedral as well as poly-
hedral elements. In order to account for the occurring velocity gra-
dients, particularly close to the vessel wall, an appropriate grid size
of Ax = 0.1 mm was chosen [JBB*13]. This resulted in a number of
elements ranging from 5.3 to 8.9 million depending on the domain
size.

The subsequent blood flow simulations were performed using
the commercial fluid dynamics solver STAR-CCM+ 11 (Siemens
Product Lifecycle Management Software Inc., Plano, TX, USA
75024). Here, the governing equations of mass and momentum
conservation were solved. Regarding the boundary conditions, flow
measurements of a healthy volunteer using 7T phase-contrast mag-
netic resonance imaging were applied at each inlet cross section
[BSJ*14]. A healthy volunteer provides highly resolved and repre-
sentative intracranial flow rates, which are adapted depending on
the size of the vessel and the locations of interest. Specifically, flow
rates are scaled by the corresponding ratio of inflow areas. Acquir-
ing patient-specific measurements is not clinical practice at the mo-
ment. Once these measurements are readily available in the future,
they can be easily applied as inflow boundary conditions.

All vessel walls were assumed to be rigid, since information
about wall thickness and wall properties cannot be extracted from
clinical data. The assumption of rigid vessel walls in the context
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Figure 1: Workflow for our application starting with the medical image acquisition.

of cerebral vasculature is commonly used and well accepted. Com-
pared to vessel movements close to the heart (e.g. the Windkessel
effects within the aorta), intracranial arteries experience only small
radial dilatations. However, cerebral aneurysms can possess differ-
ences regarding the local wall thickness and hence their rupture
probability. Nevertheless, precise and reliable in vivo wall thick-
ness measurement are not possible with recent imaging modalities.

At each outlet boundary, zero-pressure conditions were applied.
Blood was considered as an incompressible (p = 1055 %), New-
tonian (N = 4 mPa -s) and laminar fluid, which is appropriate in
this range of vessel diameters. In total, three cardiac cycles with a
time step size of At = 0.001 s were considered for each case. This
allows for the generation of a periodic solution [BB17]. The analy-
sis commonly considers one representative cardiac cycle. However,
initialization effects can occur within the simulation. To avoid this,
three cycles are calculated and the first two are discarded.

4.2. Parameter and Pathline Calculation

The hemodynamic simulations result in a time-resolved flow field.
Some parameters, such as pressure, velocity or directional wall
shear stress on the surface, are already calculated during the simu-
lation. Other parameters, as well as the pathlines themselves, have
to be derived.

While the directional wall shear stresses can be directly extracted
from the simulated data, physicians are more interested in the wall
shear stress magnitude. This value is therefore automatically gen-
erated from the directional wall shear stress for each surface vertex
when loading a dataset. Since the numeric values of the wall shear
stress are not suitable to compare multiple aneurysms in either the
same or different datasets, we computed the normalized wall shear
stress. This is done by normalizing the wall shear stress magnitude
on the aneurysm surface with the average wall shear stress magni-
tude on the parent vessel.

Here, we also generate the oscillating shear index (OSI), which is

a metric quantifying the alignment of the wall shear stress with the
average wall shear stress vector over time. It is calculated using the
instantaneous shear stress vector wss and the cycle period 7', and
yields values from O (strong alignment) to 0.5 (weak alignment).

1 ‘fOT WSSdt‘
osi==-[1-5—1
2 Jo Dwss|dt

The pathlines are integrated from evenly distributed seed points
on the inlet planes using fourth order Runge-Kutta integration. To
sample values from the flow field, we employ Shepard interpolation
with 16 samples.

Another clinically important measure is the residence time of
blood inside an aneurysm. To calculate this parameter, we per-
formed a manual mesh segmentation by assigning a Boolean value
to each surface vertex denoting whether it is part of the aneurysm or
not. We then determine for each vertex from every pathline whether
it resides inside a segmented aneurysm by searching the closest
surface point using a KD tree and checking if that surface point
belongs to an aneurysm. Whenever a pathline enters an aneurysm,
i.e. the current vertex belongs to an aneurysm while its predeces-
sor does not, we store the vertex ID and current time point of that
vertex. On encountering the first vertex that does not belong to the
aneurysm, we calculate the temporal difference between the cur-
rent vertex and the previously stored vertex and assign the resulting
residence time to all vertices in that aneurysm. Vertices that do not
belong to an aneurysm are assigned a residence time of zero. As a
side effect, this parameter makes it easy to filter pathline segments
in an aneurysm, as they can be exclusively described as having a
non-zero residence time.

5. Surface-based Pathline Filtering

In this section, we will give an overview over the intended work-
flow for our tool (Fig. 1). As we have already discussed the image
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acquisition and flow extraction, we will begin with the vessel visu-
alization. Starting from there, the structure is as follows:

1. Visualization of the vessel surface with mapped surface parame-
ters

2. Selection of one or more interesting surface regions

3. Extraction of pathlines related to the selected regions

4. Further filtering of extracted pathlines

For each of these steps, we will provide information about the
user’s interaction possibilities and explain our design decisions as
well as the technical implementation.

5.1. Vessel Visualization

Initially, the user is presented with an empty visualization of the
vessel surface. We employ Phong shading with a single headlight
to convey the vessel shape. To prevent the surface from occluding
the inner flow that the user will eventually add, it is always rendered
semi-transparently. The amount of transparency can be configured,
but defaults to an empirically determined value of 33%. While re-
ducing the surface opacity does increase visibility of the inner flow,
it also decreases the visibility of lighting effects and therefore re-
duces shape perception. We therefore decided to adopt a different
strategy for applying lighting and transparency to the vessel surface
that we call "glass lighting mode".

To emphasize the vessel boundaries even at higher transparency
settings, we added a Fresnel effect to the lighting. Similar to
[GNKP10], the lighting intensity is then multiplied with the vessel
opacity for each vertex, although we consider both the Fresnel and
the Phong lighting for this. Regions with strong lighting therefore
appear more opaque, highlighting the vessel shape and creating an
effect similar to looking through a glass bottle. The glass lighting
mode is enabled by default, but can be disabled by the user in favor
of using traditional Phong-shading with semi-transparent surfaces.
A comparison between both modes can be seen in Figure 2.

To prevent visual clutter from overlapping parts of the vessel, the
user can set the backfaces of the vessel to be always fully opaque,
despite the previously mentioned transparency setting. This is dis-
abled by default to prevent the user from missing details in the flow
that otherwise may be hidden. Figure 2 shows an overview of the
effect of this setting both in the traditional as well as the glass light-
ing mode.

To ensure correct image composition despite multiple, overlay-
ing transparent fragments, we employ Order Independent Trans-
parency (OIT) [Thil1]. Instead of rendering fragments directly into
a framebuffer and resolving overlays using a depth test, we write
their color and depth values into a shader storage buffer using a
linked list structure. Fragments with an opacity of 1% or lower are
discarded to reduce memory usage and GPU load during composi-
tion, as such fragments barely contribute to the visualization. The
final image is composed by a separate fragment shader that is ap-
plied to a screen-filling quad, effectively being executed exactly
once for each pixel on screen. Using the linked list from the pre-
vious rendering stage, the shader gains access to all fragments for
the pixel and is therefore able to sort them according to depth and
to perform appropriate alpha blending. This results in a correctly
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Figure 2: Different rendering modes for the vessel surface in the
pathline viewer; Disabled (A,B) and enabled (C,D) glass lighting,
disabled (A,C) and enabled opaque backfaces.

Figure 3: Comparison of parameter visualization using a smooth
(left) and discrete color scale with five shades (right).

composed image generated entirely on the GPU without having to
perform any pre-processing or ordering on the vertices prior to the
rendering step.

5.2. Parameter Visualization

To add pathlines to the visualization, the user has to select at least
one area on the vessel surface based on surface parameters. When
the user is selecting these features on the vessel surface, naturally
the surface is considered as the focus object. Therefore, it is now
rendered fully opaque and allows mapping parameters using a color
scale. The glass lighting mode is not available during this selection.

To map the surface parameters onto a color scale, they are up-
loaded to the GPU as vertex attributes. The fragment shader re-
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Figure 4: Wall shear stress visualized on the vessel surface using
a color scale with 2 (left), 5 (middle) and 10 (right) discrete shades
ranging from white to orange.

ceives the value range of the active parameter as a uniform vari-
able and calculates the fragment color based on the currently se-
lected color scale. In order to highlight interesting hotspots, which
are characterized by local extrema of surface parameter values, we
employ discretized color scales. This makes it easier for the user to
detect and estimate the size and extent of a hotspot (Fig. 3), there-
fore fulfilling requirement 1.

The user can freely choose from a set of pre-defined color scales
and configure the amount of discrete shades. Figure 4 shows a com-
parison of different settings for the amount of shades. A higher
amount of shades adds more details to the image, but can also lead
to a cluttered visualization. To further emphasize the transition be-
tween shades, the boundaries are highlighted using black outlines.
Our clinical partners were interested in specific parameter ranges,
i.e. areas with a normalized wall shear stress value below 20%. To
identify these regions, more than five different shades were rarely
necessary.

Since the color scale and range settings need to be changed in
real-time, the color scale is applied entirely in the fragment shader.
Parameter values are normalized to a [0-1] range and uploaded to
the GPU as vertex attributes. Settings such as value ranges or the
selected color scale are stored as uniform variables for the shader.
Therefore, setting changes can be applied without the need to per-
form any changes to the stored parameter values.

To convey the meaning of the selected color scale, a color legend
showing the parameter ranges for each shade is permanently visi-
ble on the left side of the image (Fig. 4). Any change to the color
scale, the amount of shades or parameter range is reflected on the
legend in real time. The selected color scale’s domain is initially
determined based on the active parameter’s value range and can
later be adjusted. This is useful in case the parameter value distri-
bution in the dataset does not fully cover the natural range of that
parameter or if the user is only interested in a specific sub-range.
The adjustment can be performed manually by simply entering new
minimum and maximum values, or semi-automatically by basing
the scale only on the currently visible surface area instead of the
entire parameter range.

Using the latter approach increases the detail dynamically when
only a smaller part of the dataset is visible on screen (Fig. 5). To
achieve this, the fragment shader responsible for rendering the sur-

Figure 5: Comparison of a color scale mapped to the entire pa-
rameter range (left) against only mapping the currently visible
range of parameter values (right).

face writes the parameter values it encounters into a buffer using
atomic min/max operations. However, it may lead to overestima-
tion of parameter differences, since smaller changes in the param-
eter value may lead to higher differences in the mapped color. To
remedy this effect, the color legend will always show the entire pa-
rameter range, clearly indicating that the color scale currently only
covers a part of the parameter range (Fig. 5). At any point, the user
can fixate the current automatically determined range to prevent it
from changing as a result of adjusting the camera.

5.3. Surface Patch Selection

When the user clicks on the vessel surface, we determine the ver-
tex closest to the cursor position in screen-space. A simple way to
select a feature on the surface would be to place a marker at the
position of the closest vertex and then select all adjacent vertices in
a specific distance. This type of selection is available in our toolkit,
but it is not the default setting. We decided against this approach
as the primary method to select patches for several reasons. Using
a distance threshold based on user input would add another step to
the interaction, which we want to keep as simple as possible, ac-
cording to requirement 2. It may also lead to confusion whether
the distance threshold refers to the distance on the surface (result-
ing in a circular selection) or in 3D space (resulting in a spherical
selection around the marker). Additionally, this type of interaction
would limit the user to selecting circular or spherical sections of
the surface.

Instead, we decided to allow selecting arbitrary regions on the
surface. Unlike the approach by Neugebauer et al. [NLB*13], we
decided to base the region selection on hemodynamic instead of
geometric features. We presume that a medically interesting region
characterized by dissonant geometry would also be characterized
by their hemodynamics. Therefore, we derive the selection shape
directly from the surface parameter the user has enabled. We deter-
mine the color shade of the selected vertex and iteratively search for
adjacent vertices with parameter values that would lead to the same
color shade, effectively performing a flood fill on the surface (Fig.
6, top middle). Alternatively, the user can choose to also include
"higher" or "lower" shades in the selection. This allows selecting ar-
bitrarily shaped regions on the surface using a single click, whereas
the parameter visualization itself works as a "selection preview".

We refer to these selections as "patches". It is possible to change
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Figure 6: Workflow of selecting surface patches; surface visual-
ization without any selection (top left), selection of one patch (red
arrow), second selection using a different parameter (green ar-
row); pathlines passing each of the selected patches highlighted
with matching colors (bottom).

the active surface parameter during the selection. Previously cre-
ated patches will remain, whereas the placement of new patches
will be based on the currently active parameter (Fig. 6, top right).
We decided against using dynamic surface parameters, as they
would likely make both the selection process and interpretation of
the results more difficult.

By default, each singular selection creates a new patch. It is also
possible to have multiple selections contribute to the same patch,
even if the resulting surface is not coherent. If a selection based on
surface parameters provides unsatisfactory results, the patch can
manually be adjusted by drawing or erasing regions directly on the
mesh. Visually, these patches are differentiated using pre-defined
colors. Since the association of vertices to their respective patches
is stored as flags in a 16 bit integral vertex attribute, it is possi-
ble for different patches to overlap. The total number of patches is
therefore limited to 16. We assume this technical limitation to be
unproblematic, as there would rarely be a situation where the user
would need to create more than 16 different patches.

5.4. Pathline Visualization

After the user completes the selection of interesting surface regions,
they have the option to select a distance from which to extract path-
lines representing the associated blood flow. Only pathlines that
come closer to the selected vertices than the distance threshold at
least once during their course are selected. The chosen distance
can be changed at any time, causing the pathline extraction to be
repeated. The extraction is done by building a KD tree from the
surface patch vertices and calculating the shortest distance for each
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pathline vertex from this patch. Only pathlines where at least one
vertex is within the selected distance to the surface patch is in-
cluded in the line bundle associated with that patch. We decided to
use pre-integrated streamlines instead of dynamically seeding new
lines close to the selected path due to the explorative nature of our
application. Filtering existing pathlines only takes a few seconds,
whereas creating new pathlines with dynamic seeding would take
significantly longer.

If the user has selected multiple patches on the surface, the dis-
tance threshold can be configured individually for each patch. The
resulting pathline bundles are colored according to the patches they
belong to (Fig. 6, bottom), making them visually distinct (recall re-
quirement 4). Pathlines belonging to different patches can be indi-
vidually configured, such as by toggling their visibility or mapping
parameters to their color, thickness or opacity. The patches them-
selves are visible on the vessel surface by default, but can also be
individually hidden or rendered semi-transparently. This is useful
for extensive patches that may otherwise create occlusions.

The pathlines are drawn as lines, then converted into view-
aligned quads using the geometry shader. This allows the ad-
justment of the line on a per-vertex basis and also circumvents
OpenGLs limitations on line width. Alongside each vertex, we
store the integration time point as a vertex attribute. This allows
animating the flow by mapping the temporal distance of the time
point stored for each vertex with the current animation time point
to opacity. The temporal range for which vertices are visible can be
adjusted by the user.

5.5. Pathline Filtering

To further refine the previously selected lines, pathline bundles can
be filtered based on their parameters, such as pressure or velocity.
This gives the user the ability to restrict the visualization of a pre-
viously extracted line bundle to a certain combination of features
(requirements 3 and 5).

One way of filtering the bundles is to map their hemodynamic
parameters to line thickness or opacity, effectively reducing visi-
bility of lines with certain high or low parameter values. By map-
ping the residence time of a pathline in an aneurysm to opacity and
thickness, for example, it is possible to highlight pathlines that stay
inside the aneurysm for a larger amount of time (Fig. 7).

Instead of implicitly filtering pathlines using thickness or opac-
ity, the user can explicitly select parameter ranges in a scatterplot or
parallel coordinated view of the current pathline bundle. The scat-
terplot displays two parameters from the currently selected pathline
bundle and allows the user to draw a selection rectangle. To allow
filtering based on more than two parameters at the same time, we
included a parallel coordinates diagram. The user can select which
parameters are shown in this diagram and change their order. For
each enabled parameter, they can interactively specify a range to
filter pathline vertices.

Both the scatterplot and parallel coordinates diagram are syn-
chronized. When the user performs a range selection on one pa-
rameter in a diagram, the selection is propagated to the other. In
the parallel coordinates diagram, all lines belonging to a selected
vertex are highlighted.



B. Behrendt & P. Berg & O. Beuing & B. Preim & S. Saalfeld / Explorative Blood Flow Vis. using Dynamic Surface-based Filtering

Figure 7: Visualization highlighting long-residing flow in an

aneurysm by mapping residence time on line width, opacity and

color (temperature scale) at the same time.

Figure 8: Scatterplot and parallel coordinates view showing three
parameters of the same line bundle with synchronized selection.

Figure 9: Line chart comparing two pathline bundles with the
global set of pathlines with respect to their speed and flow distance.

To quantitatively compare two pathline bundles, they can both
be plotted in a line chart (Fig. 9). Here, one parameter of each
bundle (such as speed) is plotted either over time or flow distance
with respect to their average, minimal and maximal value as well as
their 25% quantile, median and 75% quantile. Each of these met-
rics can be individually toggled by the user. Figure 9 shows the
area between the average speed as well as the 25% and 75% quan-
tile of two line bundles (red and yellow) and the complete set of
pre-integrated pathlines (grey) plotted over the flow distance. The
graphs use the same color as the pathlines in the 3D visualization.

Once the user has performed a selection in any of the diagrams,
the 3D view will be updated accordingly. There are several differ-
ent ways in which highlighting or culling a certain parameter range
can be performed (Fig. 10). The first method is vertex-based selec-
tion (Fig. 10, A and D). In this mode, only vertices matching the
selected parameter ranges will be kept. While this approach repre-
sents the user’s selection exactly, it tends to produce very short line
segments in some areas (Figure 10, A). The line-based selection
mode keeps an entire line if at least one vertex fits the parameter
range (Fig. 10, B and E). This solves the problem of having very
short line segments, but can lead to confusion as to which exact part
of a pathline actually lies within the parameter range. The third
mode is a combination of both previous modes. Like in the line-
based mode, the entire line is kept. Additionally, vertices matching
the parameter range are highlighted with white outlines (Fig. 10, C
and F).

In addition to these three modes, the user can also choose how
vertices or lines that do not match the parameter range are handled.
They can either be removed from the visualization completely (Fig.
10, A-C) or be shown with strongly reduced opacity (Fig. 10, D-
F). Completely removing them reduces visual clutter, but may also
remove context information about the flow surrounding the selected
areas. To convey these rather technical options to the user in an
understandable way, they are presented in the user interface using
expressive icons (Fig. 10, bottom).
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Figure 10: The six different combinations of filtering settings;
vertex-based selection (A,D), line-based selection (B,E) and line-
based selection with vertex highlights (C,F). Vertices / lines outside
the selected parameter range are removed completely (A,B,C) or
have their opacity reduced to 20% (D,E,F). Icons used to represent
these option in the user interface (bottom).

5.6. Reverse Surface Selection

The usual workflow involves selecting an interesting surface re-
gion and then extracting pathlines that pass this section closely. In
some situations, however, physicians would not only be interested
in which flow structures cause a specific surface feature, but also
what other surface features the selected flow structure may pass.
Therefore, it is possible to select additional surface regions based
on their distance to an already extracted pathline bundle (Fig. 11).

This is implemented similarly to the way the pathline bundles
are selected, except now the pathline vertices are written to the KD
tree and compared against the surface vertices. By default, the same
distance threshold is used, although this can be adjusted. The user
can then map any parameter to the generated surface to look for
other interesting surface features (Fig. 11, right). Since we found
the black outlines around the different shades of the color scale to
be distracting in a view that also includes pathlines, we disabled
them by default.

At any point during the described workflow, the user can go back
to previous tasks without losing any information. For example, if
the pathline filtering pointed the users to possibly interesting sur-
face regions they have not yet selected, they can return to the sur-
face patch selection mode and add additional patches.

6. Evaluation
To evaluate our methods, we asked two experienced neuroradiolo-

gists and an expert in flow simulation to apply it to nine aneurysms
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Figure 11: Original surface patch used to select a pathline bundle
(left); additional surface regions extracted using the same bundle,
with wall shear stress mapped to the color scale (right).

Vortex 1

Vortex 2

Vortex 1

Figure 12: Using the line chart plotting average residence time
over flow distance to differentiate multiple vortices from a com-
plex flow structure; the line chart (bottom) clearly shows multiple
structures being present in a flow bundle (A) and helps creating a
selection that only contains one of the structures (B, green lines).

and recorded their findings. Two of these datasets were from a lon-
gitudinal study, acquired three years apart from each other. We also
asked for general feedback in an informal interview afterwards.

The first neuroradiologist and the flow expert were able to use the
tool themselves after a short introduction and demonstration on one
dataset. The second neuroradiologist participated over the internet,
using remote control. While she gave precise instructions on which
patches to select, the actual interaction with the application was
performed by us.

All three experts described our method as an advancement in the
field of explorative flow visualization. They were able to quickly
find interesting surface regions that almost always yielded interest-
ing flow patterns such as vortices when selected. The color-coding
proved especially useful for assessing which adjacent vessels a par-
ticular flow pattern drains into. According to the experts, a precise



B. Behrendt & P. Berg & O. Beuing & B. Preim & S. Saalfeld / Explorative Blood Flow Vis. using Dynamic Surface-based Filtering

selection of specific flow patterns based on their relation to surface
features has previously not been possible. They highly appreciated
the visualization of splitting flow. Overall, our combination of inter-
action, visualization and filtering techniques allows for systematic
exploration and qualitative assessment of flow structures.

The first neuroradiologist was primarily interested in patches
with either high or low normalized wall shear stress or high OSI.
His main goal was to correlate vortex structures in the flow with
specific hemodynamic parameters on the vessel wall. To facilitate
comparability between datasets, the expert used similar or identical
parameter ranges for the placement of surface patches and extrac-
tion of pathlines. In a few cases, the expert made use of the function
to manually draw patches, for example when a patch would other-
wise "bleed" into the parent vessel. The expert also used the line
chart to determine if a pathline bundle contains more than one ac-
tual vortex structure. To correlate features from the line chart with
the 3D visualization, the expert used vertex-based filtering (Fig.
10, A). He also used the line chart to determine if a pathline bundle
contains more than one actual vortex structure by plotting the resi-
dence time over flow distance. Figure 12 shows an example of such
a situation from the evaluation. The red line bundle contains two
different vortices, which is not instantly obvious due to the com-
plex nature of the flow in the 3D visualization, but clearly visible
in the line chart. With this information, the expert was able to add
another patch that captures a flow bundle only passing through one
of these vortex structures (green line bundle).

Placing a single patch took the expert between 24 and 110 sec-
onds, depending on the complexity of the vessel geometry and if
he had to manually draw a patch. Since settings such as mapped
surface parameter, number of color scale shades or custom param-
eter ranges were reset to a default value when switching between
datasets, he wished for a way to change the default values or create
custom presets to accelerate the process of placing patches.

Figure 13 shows two pathline bundles the first neuroradiologist
selected in an aneurysm. The red bundle was selected based on a
local pressure minimum, the green bundle based on a wall shear
stress minimum. Both the red and green vortices only appear after
the blood flow hits the vessel wall. The flow decelerates when enter-
ing the aneurysm and accelerates when leaving it (Fig. 13, right).
Although the aneurysm is located at a bifurcation, the flow from
both vortices drains exclusively into only one of the adjacent ves-
sels.

The second and third dataset were acquired from the same pa-
tient at different points in time. The neuroradiologist was therefore
interested in visualizing the development of the aneurysm and flow.
Since our application did not directly support the comparison of
datasets, he improvised by running two instances at the same time
and manually adjusting the camera to show a similar angle (Fig.
14). Selecting a patch at a similar location in both datasets allowed
for a qualitative comparison of the changes in flow patterns.

The second, independent neuroradiologist was primarily inter-
ested in visualizing splitting flow in aneurysms for the purpose of
optimal flow diverter placement. She stated that highlighting the
splitting flow structures can provide decision support for the place-
ment of flow diverters. Usually, the physician wants to place a flow
diverter to reduce pressure from the aneurysm without covering

neighboring vessels completely since this would stop blood sup-
ply via these vessels. According to the expert, experienced neuro-
radiologists are often able to infer this information from the wall
geometry alone. However, visualizing the splitting flow could be a
valuable help to less experienced neuroradiologists. Since the ex-
pert had limited interest in correlating flow structures with surface
parameters, she mostly placed patches based on geometric features,
such as bleps or the aneurysm dome. When filtering pathline bun-
dles based on their hemodynamic parameters, this expert preferred
line-based filtering with reduced opacity for filtered lines (Fig. 10,
F) We did not record the time she took for patch selection since the
interaction was not performed directly by the expert.

Our method proved to be stable in respect of the parameter cho-
sen for the surface patch selection. Interesting flow structures often
manifest in multiple surface parameter changes, either in different
locations or different parameters. For example, the red line bundle
in Figure 13 could have also been selected using the OSI param-
eter. In cases where a selection either did not yield an interesting
flow structure or resulted in multiple structures at once, the result-
ing pathlines usually contained clues about more promising surface
regions that could be selected instead. The ability to manually draw
patches onto the surface without regard to the underlying parame-
ters proved to be useful when the experts wanted to select a region
based on vessel morphology that did not fully correlate to any sur-
face parameter.

A point of criticism was that manually adjusting the surface color
scales was often necessary. The color scale domain is initialized us-
ing the global parameter minimum and maximum, yet the physician
is generally looking for local minima and maxima. These values
may not always be visible initially due to the discrete nature of the
color scale, therefore requiring manual adjustment. They requested
various (possibly customizable) presets for these adjustments to be
added to the application in order to save time when selecting sur-
face patches with recurring parameter configurations.

All experts expressed their interest in being able to further quan-
tify various aspects of our visualization. An example for that would
be the ability to measure the size and extent of detected structures.
More complex measures, such as the amount of flow that passes
through a certain structure or directly underneath a surface patch,
would be desirable as well. Adding quantitative measures for each
line bundle would allow the physician to gain a deeper understand-
ing of the flow patterns and also enable comparisons between the
detected flow structures.

Another requested feature was the ability to place a plane into
the parent vessel of an aneurysm and record the color and spatial
positions of pathlines passing through it. This would generate a
flow profile depicting which regions of the vessel cross section feed
or drain into different flow structures. A potential use for this kind
of information would be the optimization of stent placement.

7. Discussion

The feedback from all experts shows that our method can support
the visual exploration of blood flow and its relation to surface fea-
tures. According to their feedback, we were able to fulfill the re-
quirements presented in Section 1. The use of a discrete color scale
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Figure 13: Flow selection performed by one of the neuroradiologists from three different perspectives; the right image has the flow velocity

mapped onto the pathlines using a temperature color scale.

Figure 14: Comparison of the same aneurysm acquired in 2011
(left) and 2014 (right); the residence time is mapped onto a tem-
perature color scale.

allows for a fast localization of extreme hemodynamic parameters.
Unlike previous approaches such as [vBB*10,ZMH* 09, GNBP11],
the local flow structures associated to an interesting surface struc-
ture can be visualized with only a few mouse clicks. Further explo-
ration of the resulting pathline bundles is possible by either map-
ping their parameters onto a color scale for filtering them in real-
time using a parameter scatterplot, parallel coordinates view or line
chart. Both the extraction of pathline bundles as well as the ad-
ditional filtering can be performed in real-time. Color-coding the
selected patches and associated pathlines allows for an easy visual
assessment of the entire course of a bundle, similar to [vBB*10].

At present, our application’s ability to perform quantitative anal-
ysis in addition to qualitative assessments is limited. Users can eas-
ily find interesting flow structures and visually compare their quan-
titative parameters using the line chart. To remedy the lack of ad-
ditional, in-depth analysis features, the quantitative data from any
pathline bundle can be exported as a CSV file. This allows the user
to employ an external application of their choice to perform further
analysis.

8. Conclusion & Future Work

We have presented a set of intuitive techniques to allow for an in-
teractive exploration of local blood flow based on surface features.
Both clinical and the flow simulation expert appreciated the local
selection techniques to analyze blood flow characteristics in com-
bination with surface parameters. In fact, both of them stated that
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they were missing this opportunity in their respective known tools.
They also were interested in the visualization of the flow splitting
and appreciated the presentation of the pathlines for the entire ves-
sels. Furthermore, the sophisticated real-time filtering techniques
including parameter-based filtering and usage of parallel coordi-
nate views as well as the scatterplot could fulfill all of their requests
regarding selection of specific blood flow characteristics.

Although tailored for the use on cerebral aneurysms, our meth-
ods can be easily adapted to other applications both in- and outside
of the medical field. All that is required for our tool to work is
a surface model and a set of arbitrarily generated pathlines. Hav-
ing quantitative parameters mapped to them extends the filtering
possibilities, but is not strictly required for our application to be
used. Problems could arise when working with complex intertwin-
ing surface models, since occlusions might hinder the user’s abil-
ity to select certain parts of the surface. Possible solutions in this
scenario would be to use semi-transparent surfaces in combination
with an automated selection algorithm, as presented by Miihler et
al. [MTRP10].

For the scope of this paper, we limited our application to work
with pre-integrated pathlines. This ensures that all interactions with
our tool can be performed in real-time. For the future, we plan to
add dynamic seeding capabilities to our application. If the users
feel that a certain interesting area is under-detailed due to a lack of
pathlines, they may dynamically add more detail by seeding addi-
tional pathlines.

At the moment, our tool is only focused on the exploration of a
single dataset. There are, however, many scenarios in which physi-
cians would like to compare different datasets. For example, a
physician may want to see how a treatment procedure they have
performed affected the blood flow in comparison to a dataset ac-
quired before the procedure. To support these comparisons, further
quantitative values in addition to the existing ones should be ex-
tracted, for example about the flow directly underneath a patch or
the patch itself. Instead of simply showing multiple datasets side-
by-side in isolated views, an integrated visualization would be de-
sirable. This would require translating either the surface patches or
the seed points for a selected pathline bundle to highlight how the
flow has changed between datasets.
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