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Fig. 1: Freeze frame from an evaluation video showing flow at the aortic root, into branches, and through the entry tear. Streaklines
with halos (a), transparent streaklines (b), and smoke surfaces (c) use flow-direction color mapping: white for antegrade, magenta for
retrograde. Seeding location, structure length, color mapping, and viewing direction are synchronized.

Abstract—Aortic dissection is a life-threatening cardiovascular disease characterized by blood entering the media layer of the aortic
vessel wall. This creates a second flow channel, known as the false lumen, which weakens the aortic wall and can potentially lead to
fatal aortic rupture. Current risk stratification of aortic dissections is primarily based on morphological features of the aorta. However,

hemodynamics also play a significant role in disease progression, though their investigation and visualization remain challenging.
Common flow visualizations often experience visual clutter, especially when dealing with the intricate morphologies of aortic dissections.

In this work, we implement and evaluate different approaches to visualizing the flow in aortic dissections effectively. We employ three
techniques, namely streaklines with depth-dependent halos, transparent streaklines, and smoke surfaces. The latter is a technique
based on streak surfaces, enhanced with opacity modulations, to produce a smoke-like appearance that improves visual clarity. We
adapt the original opacity modulation of smoke surfaces to visualize flow even within the complex geometries of aortic dissections,
thereby enhancing visual fidelity. To effectively capture dissection hemodynamics, we developed customized seeding structures that
adapt to the shape of the surrounding lumen. Our evaluation, conducted via an online questionnaire, included medical professionals,
fluid simulation experts, and visualization specialists. By analyzing results across these groups, we highlight differences in preference
and interpretability, offering insight into domain-specific needs. No single visualization technique emerged as the best overall. Smoke
surfaces provide the best overall clarity and visual realism. However, participants found streaklines with halos to be the best for
quantifying flow, dispite them introducing significant visual clutter. Transparent streaklines serve as a middle ground, offering improved
clarity over halos while maintaining some level of detail. Across all participant groups, smoke surfaces were rated as the most visually
appealing and lifelike, with medical professionals highlighting their resemblance to contrast-agent injections used in clinical practice.

Index Terms—Medical Visualization, Flow Visualization, Hemodynamics, Aortic Dissection.

<+

INTRODUCTION

Aortic dissection is a rare but life-threatening cardiovascular dis-
ease [1,2]. Patients require continuous clinical monitoring to prevent
complications such as branch vessel malperfusion, or aortic rupture [3].
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Aortic dissection occurs when blood enters the media layer of the aortic
vessel wall, creating a secondary flow channel called the false lumen,
which runs parallel to the original flow channel, known as the true
lumen. A thin membrane, the dissection flap, separates the true and
false lumina; this flap is the delaminated portion of the aortic vessel
wall. The extent of the false lumen can vary significantly between
patients. The dissection typically begins at the original entry site, called
the entry tear. It extends along the aorta, and may end at one or more
exit tears distal to the entry tear. Furthermore, additional tears, known
as fenestrations, may be present. Analyzing the anatomy and hemo-
dynamics of aortic dissections is challenging due to the considerable
variability in their configurations.

Currently, the classification, treatment, and prognosis of aortic dis-
section are primarily informed by morphological features [4]. Stud-
ies suggest that true lumen collapse and branch vessel malperfusion
are related to the number, size, and location of intimal tears, as well
as the distribution of branch vessels draining the false and true lu-
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men [5, 6]. Increased false lumen pressure may also relate to false
lumen dilation [7, 8], which can culminate in aortic rupture. Limited
false lumen outflow, on the other hand, contributes to overall disease
progression [9, 10]. These findings demonstrate that the hemodynamics
of aortic dissection significantly impact disease progression.

Previous techniques for visualizing aortic dissection hemodynam-
ics have predominantly relied on line-based methods [11]. These ap-
proaches frequently suffer from severe visual clutter and occlusion
due to the extensive overlapping of numerous lines. Methods aimed at
reducing this clutter, by either limiting the number of lines or enhancing
their depth perception, restrict the exploratory analysis of hemodynam-
ics. Consequently, effective visualization of complex hemodynamic
data, such as that associated with aortic dissections, requires specialized
flow visualization techniques.

Virtual flow visualization is fundamentally inspired by real-life ex-
perimental flow visualization methods, which typically involve intro-
ducing a medium such as smoke or dye into flow and observing its
advection. This methodology is also applied in contrast-enhanced an-
giography, where contrast agent is administered into the bloodstream to
highlight vessels in medical imaging data. Contrast agent is injected at
a single site and dissipates through the vascular system as it is advected
by flow. Although contrast agents in fluids and smoke in gases are gov-
erned by slightly different physical principles, they exhibit comparable
visual characteristics:

* fine-scale local seeding structures,
* opacity correlated with agent concentration, and

 exponential attenuation of opacity with increasing medium thick-
ness.

These parallels inspired our adaptation of a smoke visualization tech-
nique. Specifically, we employ smoke surfaces [12], a method derived
from streak surfaces, for the visualization of aortic blood flow. Building
on previous work by Schroeder et al. [11], which introduced tailored
visualizations for aortic dissection flow, we developed advanced tech-
niques to enhance the depiction of complex hemodynamics in aortic
dissections, aiming to improve clarity and reduce visual clutter. To mit-
igate clutter and occlusion caused by dense seeding, we apply smoke
surfaces and augment the technique introduced by Funck et al. with
opacity modulations that reduce artifacts resulting from the unique
structure of aortic dissection. Our major technical contributions are:

* an interactive exploration of hemodynamics and vascular mor-
phology

¢ a customized seeding strategy to enhance flow visualization in
complex vascular structures, and

* atailored opacity and rendering technique to reduce visual clutter
while preserving critical flow details.

While these contributions address some of the challenges in hemody-
namic visualization, it remains unclear which technique is most suitable
for specific use cases (UCs), different regions along the aorta, and var-
ious user groups such as medical professionals, computational fluid
dynamics (CFD) simulation experts, and visualization specialists. The
effectiveness of different visualization methods may vary depending
on the specific requirements and expertise of the user, as well as the
particular area of interest within the aortic structure.

To address this gap and provide initial insights, we conducted a
comparative analysis of three major flow visualization techniques:
streaklines with depth-dependent halos, transparent streaklines, and our
adapted smoke surfaces. This evaluation aims to explore the strengths
and limitations of each approach in various scenarios and user groups.

We aim to provide initial guidance and generate hypotheses on the
suitability of visualization techniques for specific clinical and research
applications in aortic dissection analysis. This approach not only en-
hances our understanding of flow visualization techniques but also lays
the groundwork for more extensive future studies bridging theoreti-
cal advancements and practical implementation in both medical and
research settings.

The remainder of this paper is structured as follows: Section 2 dis-
cusses related work. Section 3 details our methodology, including data
processing, visualization techniques, augmentation of smoke surfaces,
seeding structures, and color mapping. Section 4 outlines our evalu-
ation design, followed by Section 5, which presents the results and a
comprehensive discussion. Finally, Section 6 concludes the paper and
suggests directions for future work.

2 RELATED WORK

Flow visualization techniques are increasingly used in a medical setting,
particularly in diagnosing and treating cardiovascular diseases [13].
They are mostly based on either magnetic resonance imaging (MRI)
measurements or CFD simulations [14]. Specialized techniques for
flow visualization of specific vascular structures such as the aorta [15]
or carotid arteries [16] and specific diseases such as aneurysms [17, 18]
were presented.

Little work has been done on techniques tailored to the visualiza-
tion of the anatomy and blood flow within aortic dissections. Osten-
dorf et al. [19] assessed shading styles for the rendering of multiple
vessel wall surfaces, specifically the outer vessel wall and dissection
flap. We use their findings to render the aortic vessel wall and dis-
section flap. Schroeder et al. [11] recently presented a visualization
system tailored to the complex flow associated with aortic dissection.
They used pathlines with color coding of hemodynamic information
to show flow, combined with rendering of the outer vessel wall and
the dissection flap. We are extending this work, by using a smoke-like
visualization of flow, to reduce clutter and improve the appearance of
the flow visualization.

2.1 Smoke-like Flow Visualization

The depictions of flow using techniques inspired by experimental flow
visualization can aid in the intuitive understanding of complex flow
dynamics and the interpretability of those visualizations. Line-based
flow visualization techniques do not lend themselves well to creating a
smoke-like appearance.
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To enhance the appearance of smoke while minimizing the number of
particles needed for a convincing effect, various techniques have been
developed. These include surface-particles [20], rendered as points
with normals, semi-transparent billboards [21], and point sprites [22].
Aiming to simulate the injection of particles into the blood flow,
De Hoon et al. [23] created flow visualizations of aortic flow based on
phase-contrast MRI data. A smoke-like appearance was achieved by
advecting numerous particles and rendering them semi-transparently.
Color mapping was applied to the particles, which encoded seeding
position or particle age but no hemodynamic properties.

Particle-based Techniques

2.1.2 Streak Surface Techniques

Stream surfaces have been used extensively in flow visualization [24—
27]. Unlike stream and path surfaces, streak surfaces require periodic
emission and simultaneous advection of vertices, making structural
changes possible anywhere on the surface. This necessitates constant
checks, historically limiting their use in interactive applications.

Von Funck et al. [12] introduced Smoke Surfaces, which avoid re-
structuring by using opacity modulation to simulate smoke. Their
method balances realism and computational efficiency, hiding overly
deformed mesh cells and enabling interactive visualization. We adapt
their method for the visualization of aortic dissection flow, as detailed
in Section 4.2. Shortly after, Biirger et al. [28] enabled interactive streak
surface visualizations with proper mesh restructuring. Ferstl et al. [29]
then adapted their patch-based approach for interactive separating streak
surfaces. Hummel et al. [30] introduced an illustrative rendering ap-
proach for stream, path, and streak surfaces, compatible with interac-
tive visualization without requiring expensive preprocessing. Recently,
Schindler et al. [31] applied the technique of von Funck et al. [12] to
animated streak surfaces. They use smoke surfaces for the comparison
of multiple trajectories emerging from different initial conditions of a
4D biological dynamical system.



2.1.3 Volumetric Techniques

Interactive visualizations of gaseous phenomena became possible with
volumetric approaches, where ray casting replaces geometric rendering.
This technique is common in medical imaging, as MRI and computed
tomography (CT) directly provide volumetric data. Schpok et al. [32] pi-
oneered realistic animated cloud rendering, followed by Zhou et al. [33],
who introduced interactive smoke rendering with dynamic lighting us-
ing compensated ray marching. In flow visualization, flow volumes [34]
emerged as the volumetric counterpart to streamlines, forming integral
volumes by advecting meshes instead of individual seed points. The
resulting segments are subdivided into tetrahedra and rendered via
volume rendering.

2.2 Advection Performance

Cell localization and data access are crucial for achieving interac-
tive frame rates, especially for live advection. While structured data
typically enables quick cell localization, unstructured data requires
specialized techniques for efficient access. Most medical flow data,
such as MRI scans, come in structured grids, enabling easy GPU use
and constant-time cell localization, as shown by De Hoon et al. [23].
For unstructured data, hierarchical structures like octrees [35,36] or
kd-trees can speed up cell localization. Andrysco and Tricoche [37]
addressed kd-trees’ memory overhead with an efficient storage scheme.
Yenpure et al. [38] review state-of-the-art techniques for improving
particle advection performance in flow visualizations. We employ a
two-level structure to improve data access, as described in Section 4.1.

3 VISUALIZATION TASK ANALYSIS

Schroeder et al. [11] identified three UCs that encapsulate the complex
hemodynamics inherent to aortic dissection. Each UC focuses on a
distinct aspect of the disease, requiring specialized anatomical and
functional visualization techniques.

The following sections provide brief descriptions of the tasks as-
sociated with each UC, including their motivation, background, in-
tended target users, and expected benefits. UC 2 is not covered in
detail in this work, as it focuses on dissection flap deformation and
vessel wall properties rather than flow visualizations in the fluid do-
main (blood). For a more detailed task and requirement analysis, please
see Schroeder et al. [11].

Use Case 1: Visualization of True and False Lumen Blood Flow
in Aortic Dissection Hemodynamic visualizations assist CFD sim-
ulation experts in understanding the interaction between morphology
and blood flow, helping to develop hypotheses on how flow dynamics
contribute to late adverse events. In cardiothoracic and vascular surgery,
these visualizations support the development of initial treatment strate-
gies and precise device placement by providing a clear representation
of the complex interplay between morphology and hemodynamics.
Additionally, they aid surgeons in executing treatment approaches by
simplifying otherwise intricate structural patterns. UC 1 encompasses
the following visualization tasks:

* (T1) Visualizing blood flow

* (T2) Highlighting slow and fast flow
* (T3) Identifying retrograde flow

* (T4) Visualizing drainage pattern

Use Case 3: Effect of Dissection-Specific Blood Flow on the
False Lumen Outer Wall False lumen pressurization may result
from multiple factors. Patient-specific CFD simulations suggest that
dissection flap mobility can alleviate pressure [39]. Surgical inter-
ventions, such as creating a distal fenestration, aim to decompress a
hypertensive false lumen [40]. Visualizing blood flow through these
communications could help assess treatment effectiveness. When blood
enters another lumen through an entry tear or fenestration, it accelerates,
forming a flow jet. The first task of UC 3 is to visualize these flow
jets (T5). However, analyzing only the flow through a fenestration may
be insufficient, as the jet may impact the opposing vessel wall, creat-
ing a so-called impingement zone. Understanding these zones, where
morphology and hemodynamics interact, is essential. Thus, the second

task of this UC is to identify and emphasize impingement zones (T6).
For radiologists and surgeons, it is crucial to determine whether lumi-
nal communications significantly affect inflow or outflow. Closing a
hemodynamically significant communication could have unintended
consequences, such as false lumen expansion.

Application to This Work The visualization tasks identified in
Schroeder et al.’s work remain relevant for comprehensive visualization
of aortic dissection flow [11]. Therefore, we used them as a baseline
to select and design the flow visualization techniques compared in this
study. All tasks from UC 1 and UC 3 are addressed by streaklines with
halos, transparent streaklines, and smoke surfaces.

4 METHODS

Smoke surfaces are continuous streak surfaces with opacity modulation
that produce a smoke-like appearance [12]. To evaluate smoke surfaces
for the visualization of aortic flow, we compare them to two commonly
used streakline-based techniques: streaklines with depth-dependent
halos [41] and transparent streaklines.

In addition to the flow visualization, we display the outer vessel wall
and the dissection flap without obstructing the display of flow. The
vessel wall is rendered semi-transparently with a Fresnel effect [42],
allowing internal structures to be seen while enabling assessment of
the vessel’s shape. The dissection flap is rendered opaque to avoid
excessive transparent layers and to emphasize its shape and curvature.
Hemodynamic and derived measures can be visually mapped onto these
surfaces to depict wall motion, flow advection, and contrast agent dis-
sipation, all integrated into a single visualization. All aspects of our
visualization, including dissection morphology display, flow visualiza-
tion, and color mappings, were developed in close collaboration with
cardiovascular imaging scientists, radiologists, and clinicians experi-
enced in aortic dissection treatment, some of whom are coauthors.

4.1 Input Data

Baumler et al. [3] created high-resolution flow simulations of aor-
tic dissections using computed tomography angiography (CTA) and
4D Flow MRI data from patients and phantom models and validated
these simulations by comparing them to 4D Flow MRI measurements
of the same morphology; these simulations serve as input for our vi-
sualizations. CTA data were used to segment the aorta, enabling the
extraction of the vessel wall, blood volume, and dissection flap. The
flow field from 4D Flow MRI provided information on flow velocity
at various locations (e.g., aortic root, branching vessels). Blood flow
and vessel tissue deformation were then simulated using two-way fluid-
structure interaction CFD simulations, spanning multiple cardiac cycles
with 4000 steps per cycle. The final cardiac cycle was recorded every
50th step, yielding 80 timesteps, 40 of which were used to balance
temporal resolution, computational cost, and memory usage. The simu-
lation results included two separate, unstructured tetrahedral meshes:
the fluid volume and the vessel tissue, including the outer vessel wall
and dissection flap. These meshes contain multiple hemodynamic and
mechanical measurements, such as pressure, wall shear stress (WSS),
displacement, position, and velocity.

Interactive advection of hundreds of points inside a fluid requires
fast access to flow data. Due to the unstructured nature of the simulated
data, integration is computationally expensive. To mitigate this issue
and improve access times, we convert the simulation data to a regular
grid data structure.

Vector fields can be organized to satisfy specific requirements for
acquisition, simulation, and visualization [38]. Regular grids with
uniform spacing along each axis are commonly used, as they offer
consistent spatial sampling and allow for fast access. We resample the
tetrahedral mesh data from the CFD simulations to a regular rectilin-
ear grid with isotropic spacing. All values such as velocity vectors,
pressure, and WSS are linearly interpolated, transferring the simulation
results into a structured grid. This approach also improves compatibility
with MRI datasets since their voxel data structure is very similar.

Due to the deformable vessel wall used during simulation, all ver-
tices of the mesh move over the course of a cardiac cycle. When
converting to a structured grid, the same tetrahedron cell can end up in



different voxels of the structured grid depending on its position, which
changes over time. Consequently, each timestep must be converted to a
structured grid individually while maintaining the same bounding box
and voxel size. Finally, all converted timesteps are concatenated.

To reduce the memory consumption of the voxelized flow data, we
convert it into a sparse representation. This data structure—similar to a
two-level octree—eliminates data regions that remain empty across all
time steps. Because the empty regions are consistent over time, only a
single registry is needed to store the memory locations of non-empty
regions. At the same time, constant-time access to the data is retained.

4.2 Smoke Surfaces

When using streak surfaces for visualization, individually advected
vertices can move together or spread apart, compromising the struc-
ture of the streak surface mesh. To address this, vertex spacing must
be monitored during each advection step to determine where vertices
should be inserted or merged. Inserting a vertex requires placing it at
the seeding location and advecting it to match the mesh’s advection
time, a process that can occur at multiple points simultaneously. Subse-
quently, the mesh must be re-triangulated to incorporate new vertices
and maintain high-quality triangles. This process is computationally
expensive, hindering interactive streak surface visualization.

Von Funck et al. [12] avoid mesh modifications by retaining con-
sistent connectivity between vertices of the mesh and modulating the
opacity of severely deformed triangle cells. Since the mesh connectivity
is established only once, there is no need for re-triangulation. Multiple
opacity factors contribute to a smoke-like appearance, helping to avoid
artifacts from the compromised structure of the streak surface mesh.
The vertex opacity for each triangle is calculated as follows:

& = Odensity * Xshape * Keurvature * Afade Y]

where « is the opacity value assigned to each vertex, Qgensity Simu-
lates smoke density, and Otpape €quals 1.0 for equilateral triangles and
decreases as the triangle deforms. This controls the opacity based
on triangle quality. The opacity of the smoke surface is reduced by
Olcurvature a8 curvature increases. Finally, Q4. steadily decreases the
opacity of vertices as they are advected, simulating smoke dispersion.

Smoke surfaces [12], originally tested on aerodynamic datasets, face
challenges when applied to vascular structures like aortic dissections:
When the flow splits between the true and false lumen, vertices advected
into the false lumen remain erroneously connected to those in the true
lumen. This incorrect connectivity suggests flow through the dissection
flap that physically separates the two flow channels. The original
opacity terms failed to adequately hide these false connections, which
tend to be thin and stretch across the flap. These surfaces intersecting
the flap can be observed in Figure 2a and Figure 2c. To address this
issue, we have adapted key aspects of the opacity calculations.

4.3 Surfaces Intersecting the Flap

To address parts of the smoke surface mesh intersecting the flap, we
introduce a per-triangle measurement of the longest edge length, dmax-
We raise the original shape opacity term to the power of dmax, Sig-
nificantly reducing the opacity of elongated cells. A lower limit of

max = 1 ensures opacity is not unintentionally increased for short cells.
Initially, the shape opacity term was calculated as follows:

original _ ( 4 area (XO»X17X2) )S
shape V3 max{dydy,dida,drdy})

where Xq,X1,X, are the three vertices of a triangle, dy,d;,d; are the
triangle’s edge lengths, and s controls the impact of Op,pe on the final
opacity. In contrast, our updated Ogp,pe calculation, which includes the
longest edge length dpax, is:

dmax =max (do,dhdz) )

(@)

4 area (X(),Xl ,XZ) max(1,dmax )\ *
Olshape = ' ®
\@ max{d0d17d1d27d2d0}

As a result of this modification, surfaces intersecting the flap are effec-
tively hidden (Figure 2b and Figure 2d).

Fig. 2: Comparison of original and improved shape opacity terms.
(a, b) show streak surfaces seeded in the ascending aorta that extend
into arch branches and both lumina of the descending aorta. (c, d) show
surfaces seeded near a fenestration in the descending aorta. The left
column (a, c) uses the original aghape, While the right column (b, d) ap-
plies the improved formulation.

4.4 Streaklines

To compare smoke surfaces with more commonly used flow visual-
ization techniques, we selected two representative methods based on
streaklines. The streakline visualization techniques are not part of
this work, but serve as an example of commonly used hemodynamic
visualization techniques. A streakline is formed by tracing individual
fluid particles that pass through a fixed point in the flow and connecting
them to form a line. This results in a visualization of flow similar to
injecting a thin stream of smoke into an airflow. Despite the wide usage
of this technique, it has several limitations. Enabling the analysis of a
significant part of the flow requires multiple streaklines, which quickly
leads to visual clutter and occlusion. We enhance their appearance by
applying two different augmentation techniques to the streaklines.

Depth-dependent Halos The first technique, depth-dependent
halos, was introduced by Everts et al. [41] to reduce visual clutter by
selectively obscuring background lines. In this approach, an additional
set of surfaces is generated behind each streakline, extending beyond
the line itself to form a halo. These halos not only occlude lines in
the background but also reduce clutter caused by numerous small line
segments. This method improves clarity while increasing occlusion.
Streaklines with halos are shown in Figure 1a.

Transparent Streaklines The second streakline augmentation,
transparent streaklines, takes the opposite approach to depth-dependent
halos by enhancing background visibility through transparency rather
than occlusion. Opacity gradually decreases along the length of the
streakline, starting from the seeding location, which helps convey flow
direction. Additionally, a short lead-in fade is applied at the seed point
to create a smoother transition and improve visual clarity. Transparent
streaklines are shown in Figure 1b.

4.5 Seeding Structure

Effective seeding is fundamental for accurately visualizing flow behav-
ior, as it directly influences the distribution and clarity of the generated
structures. In the context of vascular flow, careful placement of seed
points ensures interpretable visualizations. We distinguish between two
primary approaches: grid seeding and adaptive circular seeding.



451 Grid Seeding

For the seeding of streak lines, we use the grid approach from
Schroeder et al. [11]. We generate evenly spaced seed points cov-
ering the cross-sectional area of a lumen. A dense set of seed points is
generated by placing points on concentric circles around the center of
the cross-section. Even spacing between points on the same circle and
between consecutive circles ensures a uniform distribution of points.

4.5.2 Adaptive Circular Seeding

Von Funck et al. [12] used a polygonal seeding structure (Sg, - ..,Sy—1)
composed of N equidistant seed points s; along a continuous line or
curve. This allows for flexible positioning and extent of the surface.
To maintain connectivity and create a closed surface during advection,
the smoke surface is designed with cylindrical topology. In the ver-
tex array X; ; (with i € [0,M[ and j € [0,N[), the vertices in the first
column (Xg,...,Xon—1) are connected to those in the last column
(XM=1,0,- -+, XM—1,N—1). M refers to the number of columns of vertices
emitted from the seed points.

Continuous curve seeding structures work well for visualizing flow
around airfoils and car bodies [12]. To visualize vascular hemody-
namics, however, placement of curve seeding structures is challenging
due to complex morphology, which often results in poor coverage of
relevant flow features or oversampling of others. Therefore, aortic
dissections require specialized seeding structures that can be adjusted
quickly to support exploration and provide precise, uniform seeding.

We modified von Funck et al.’s method [12] by closing the curve to
form a ring, replicating vascular morphology and generating a closed,
tubular smoke surface. In addition to connecting the first and last
columns of the mesh, we connect the first (X ,...,Xy—1,0) and last
(XoN—1;---,XpM—1,N—1) Tows. The resulting smoke surface mesh forms
a closed surface with toroidal topology.

To accommodate the distinct geometry of aortic dissections, we
create a seeding structure based on the cross-section of the surrounding
lumen, resulting in a roughly circular polygon of evenly spaced points
that adapt to the vessel’s shape. The user can adjust the distance be-
tween seed points and the vessel wall, with all points placed at the same
relative position between the wall and cross-section center. This method
yields an approximately circular seeding structure at smaller sizes, with
seed points situated around the center. As the size increases, the seeding
structure progressively conforms to the lumen shape (Figure 3).

4.6 Color Mapping

Color mapping enhances the interpretability of smoke surfaces by
visually encoding various flow parameters. We use the same color
mappings introduced by Schroeder et al. [11] for flow velocity, flow
direction, and lumen-of-origin, with only slight adjustments to the color
scheme. These mappings provide intuitive insights into complex flow
dynamics. When no property is mapped to the flow visualization, we
use a solid white color.

Flow velocity is visualized using a heated-body color scale, ranging
from black (minimum) to bright yellow (maximum), which helps to dis-
tinguish phenomena like flow jets and stagnant flow. Lumen-of-origin
is depicted with a diverging color scale, transitioning from red (true
lumen) through white (transition) to blue (false lumen), effectively
illustrating flow interactions and transitions between different lumina.
Flow direction is mapped using a white-to-magenta monochrome scale,
where white represents normal antegrade flow and magenta highlights
retrograde flow.

4.7 Implementation

Streak surface advection is well-suited for parallelization since each
surface mesh vertex can be processed independently. Smoke surface
generation and animation require not only vertex advection but also
per-frame parameter updates. To ensure interactive frame rates, we
use compute shaders in Vulkan [43]. Our approach involves three
compute shaders: one for vertex advection, one for per-face parameter
and normal computation, and one for per-vertex parameter and normal
computation. The final parameters are combined upon ray intersection
using Vulkan’s closest-hit shader.

(a) Size = 0.1 (b) Size = 0.1
(c) Size D (d) Size = 0.5

(e) Size = 0.9 (f) Size = 0.9

Fig. 3: Adaptive circular seeding in a cross-section of an aortic dissection.
Each example shows a streak surface (white), outer wall (gray), and
dissection flap (green). Seed point distances from center: 0.1 (a,b),
0.5 (c,d), and 0.9 (e,f), demonstrating adaptation to lumen shape. Left:
cross-section with seeding (red). Right: side view showing resulting
smoke surfaces.

The advection shader updates vertex positions by sampling, inte-
grating, and interpolating the vector field. Proper advection depends
on the mesh size (rows and columns) and the time difference between
columns (7.01), which controls delayed vertex advection and determines
when vertices reset to their seeding positions. Elapsed time further
regulates advection delays and resets, as shown in Equation 6. As
described in Section 4.5, each vertex (X; ;) starts at its seeding posi-
tion (s ;) before being advected. Vertices with the same i are released
simultaneously once the elapsed time (i.e., time after 7 qy) exceeds
their release time (t]). They are advected until the time since release
(tstart — trel) SUrpasses fmax. AS fyiart increases, the lifetime of a vertex
{(x;,;) is constrained to the interval (0, 1] by applying a floating-point
modulo operation over multiple cardiac cycles:

fmax =M “Ieols (4)
Trel = i Teols (5)
Istart — 1,
Ox;j)=1- (%ﬂl”l fmod 1) . (6)
ax

The face shader calculates each face’s normal, area, and Oghape,
along with the longest edge length for our enhanced Opap calculation.

The mesh vertex shader converts per-face values to per-vertex
values. It assigns Opape and area as the minimum of adjacent cells,
averages neighboring cell normals for the vertex normal, and computes
Ocurvature- When a ray intersects the surface, the closest-hit shader deter-
mines shading and surface properties. For smoke surface intersections,
Odensity 18 derived from triangle area and ray angle. The final opacity
and color are then passed to the ray generation shader.



Fig. 4: Demonstration of color mappings on the same streak surface.
(a) shows a solid white color. (b) utilizes a heated-body color scale for
flow velocity. (c) displays a diverging red-blue scale for luminal origin.
(d) applies a monochrome scale to highlight retrograde flow in magenta.

5 EVALUATION

The design of our evaluation was developed in collaboration with radi-
ologists experienced in aortic dissection, fluid simulation specialists,
and visualization specialists. The evaluation was conducted through an
online questionnaire to investigate the flow visualizations’ usefulness
to both medical experts and researchers, and to gather detailed feed-
back. Participants (n=14, with 5 being coauthors) included medical
professionals (n=4), fluid simulation experts (n=6), and visualization
specialists (n=4), most with extensive experience in cardiovascular
disease research, particularly aortic dissection.

The online questionnaire included videos of the three visualization
techniques for participants to review, rate, and provide subjective feed-
back on. Participants were not able to interact with our application,
but the videos accurately represent the interactive visualizations and
their frame rates. This video-based approach was chosen to enable
participation from as many members of the three specialized expert
groups as possible. For each visualization method, a preset of visual-
ization parameters was developed in collaboration with domain experts
to produce informative representations. Consequently, the following
parameters remain consistent across all videos in the questionnaire:

¢ Streaklines with halos: line width, halo width.
 Transparent streaklines: line width, fade out.
* Smoke surfaces: ¢ parameters.

The presented regions of the datasets in the videos, as well as the loca-
tion and size of seeding structures, were also chosen in collaboration
with the same experts. The seeding structure location remains consis-
tent across all three techniques within each video scenario, while the
seeding structure type is selected based on the specific flow visualiza-
tion technique being demonstrated. All evaluation videos, along with a
live exploration session, are provided in the supplemental material.
Throughout the questionnaire, a total of nine different visualization
scenarios were presented. Each scenario included a video demonstrat-
ing the three flow visualization techniques (Figure 1), a brief description
of the presented structures and visualizations, and two slice views of the
relevant CT data for medical professionals’ reference. The videos could
be viewed in full-screen, paused, rewound, and replayed as many times
as participants wished, allowing for detailed inspection and comparison.
After presenting the flow visualization techniques in a synchronized
view for each scenario, participants were asked a series of questions.

We asked participants to answer a total of 47 questions. Of these,
33 questions were presented on a 5-point Likert scale, each repeated
for all three techniques. The remaining 14 were open-ended questions,
allowing participants to explain their answers or provide feedback.

Participants were asked to rate the three flow visualization techniques
according to the following aspects using Likert scales:

¢ Confidence: Highly unconfident, Unconfident, Neutral,
Confident, Highly confident

None, Slight, Moderate, High, Overwhelming
Highly not lifelike, Not lifelike, Neutral,
Lifelike, Highly lifelike

Highly unpreferable, Unpreferable, Neutral,
Preferable, Highly preferable

Negative impact, Slightly negative impact, No
impact, Slightly positive impact, Positive impact

¢ Visual clutter:
« Lifelikeness:

¢ Preference:

* Work impact:

In addition to rating these five aspects, participants were asked
whether specific flow phenomena were visible in the visualizations. Un-
like the opinion-based ratings, participants’ responses to these visibility
questions can be assessed for accuracy.

Table 1 presents the aggregated evaluation results. Each cell shows
the rating of a specific aspect by a particular group as mean with stan-
dard deviation, color-coded to reflect the score. Rows correspond
to participant groups, while columns represent the flow visualization
techniques. The first five aspects are based on participants’ subjective
ratings, whereas the remaining five assess their accuracy in identifying
flow phenomena. This layout facilitates simultaneous comparison of
each aspect across techniques and participant groups. The color scheme
provides a visual overview: red indicates poor, yellow represents neu-
tral, and green signifies excellent ratings. Additionally, detailed plots
of the evaluation results are provided in the supplemental material.

Table 1: Evaluation results of visualization techniques (columns) by par-
ticipant group (rows) and visualization aspect (blocks). Each cell shows
mean with standard deviation, color-coded from poor (red) through neu-
tral (yellow) to excellent (green). The first five aspects assess subjective
ratings, while the remaining five evaluate accuracy in identifying flow
phenomena. The final two blocks compare changes in impingement
zone (1Z) location and size without (I) and with (l) pressure-based color
mapping. For visual clutter assessment, lower values are better.

HL TS SS HL TS SS
1. Confidence 2. Visual clutter
MED 350041 3.53+0.36 3.64+0.64 | 3.38+1.01 1.94+0.85 1.63+0.60
CFD 356+0.19 3.69+0.67 3744052 | 2.96+0.89 1.96+£0.19 154043
VIS 375+0.89 3.61+0.55 3.83+0.28 | 3.50+0.35 2.50+0.71 1.81+0.38
3. Lifelikeness 4. Preference
MED 250+£0.35 3.19+043 3.69+0.72 | 3.18+0.49 357+0.30 3.76+0.92
CFD 2.79+0.37 3.38+0.34 3.88+0.38 | 3.05+0.64 350+0.24 3.61+0.67
VIS 2.56+0.77 3.00+£0.67 3.69+047 | 322+0.30 341+0.30 3.60+0.50
5. Work impact 6. Entry tear flow
MED 394+083 4.06+0.88 4.06£0.97 | 4.00+0.82 3.50+1.00 3.50+1.73
CFD 3.13+£041 3424052 3.58+0.56 | 3.50+1.38 3.83+0.75 3.83+0.75
VIS 3.38+0.43 344+0.38 3.75+0.29 | 3.75+1.26 3.25+0.96 3.50+1.29
7. Flow jet origin 8. Drainage pattern
MED 450+£1.00 450+1.00 4.50+1.00 | 450+1.00 4.00+0.96 4.00+0.96
CFD 433+1.63 4.33+1.63 4.33+1.63 | 3.17+1.33 2.83+1.33 2.67+1.51
VIS 450+£1.00 450+1.00 4.50+1.00 | 400+0.82 3.75+1.26 3.25+1.50
9. 1Z change | 10. 1Z change Il
MED 3254050 3.25+0.50 3.00+0.00 | 3.75+0.96 3.75+0.96 3.75:+0.96
CFD 3.67+052 350+055 3.33+0.82 | 417+1.60 4.17+1.60 4.17+1.60
VIS 3.00+£1.41 3.00+1.41 275+1.26 | 2.75+0.96 2.75+0.96 2.75+0.96
MED... medical professional HL ... streaklines with halos
CFD... fluid simulation expert TS ... transparent streaklines
VIS ... visualization specialist SS ... smoke surfaces
1Z ... impingement zone




6 RESULTS AND DISCUSSION

This section presents the results of our flow visualization for aortic
dissections and how it compared to more common techniques. Adap-
tations to opacity terms reduced artifacts and improved visual fidelity
within the vascular setting. Color mappings were used to encode the
flow attributes velocity, direction, and lumen-of-origin, enhancing in-
terpretability and differentiation of flow patterns between lumina.

6.1

The sparse voxel grid structure was tested on three datasets obtained
from simulation results in tetrahedral mesh format. Advection results
from the original mesh were compared to voxel grids of varying res-
olutions. A voxel size of 1 mm provided a good balance, showing
strong agreement with the original mesh while keeping memory us-
age manageable. Each of the 40 timesteps was individually converted
to a structured voxel grid, resulting in sizes of 1.89 gigabyte (GB)
(dataset 1), 13.45 GB (dataset 2), and 4.04 GB (dataset 3). The sparse
voxel representation was then applied with a chunk size of 4, where each
chunk contains 4° voxels. This reduced dataset 1 to 0.43 GB (22.8%),
dataset 2 to 1.18 GB (8.8%), and dataset 3 to 0.82 GB (20.4%).

6.2 Seeding

The streak surfaces used for flow visualization are seeded using a closed
polygonal seeding structure. During the exploration of an aortic dissec-
tion dataset, users can choose size and location of the seeding structure.
The seeding location is defined as a percentage along the luminal center-
line, while its size is determined as a percentage of the cross-sectional
diameter. Users can interact with the seeding structure by adjusting
these two values. Using this technique, the seeding of streak surfaces
can be adjusted to the needs of the user. Seeding at the aortic root may
reveal supply of branching vessels and potential vortices, as illustrated
in Figure 1. Conversely, seeding close before a fenestration can reveal
the magnitude of cross-flow between lumina and possible flow jets, as
seen in Figure 4. The circular seeding structure encompasses all angles
within the luminal cross-section, ensuring comprehensive coverage
of the flow dynamics. In contrast, a line seeding structure requires
selecting both a specific location and rotation, which can lead to missed
flow patterns—especially through fenestrations or branching vessels.
By covering the lumen entirely, the circular seeding structure reduces
this risk and provides a more complete representation of the blood flow.

Sparse Voxel Grid

6.3 Evaluation

Subsequently, we compare smoke surfaces to streak lines (see Sec-
tion 4.4) computed identically but rendered differently. The first aug-
mentation of streaklines lacks opacity modulation, instead using depth-
dependent halos [41] to reduce clutter. The second augmentation uses
transparent streaklines with an opacity gradient along each line.

(a) (b)

6.3.1 Subjective Rating

Participants generally rated their confidence in understanding aortic
flow as “Moderate to Confident” (Table 1, block 1). Across all groups,
smoke surfaces achieved the highest confidence ratings, though by
a small margin. On average, both streakline techniques performed
similarly. This demonstrates that all three techniques support task (T1).

Streaklines with halos exhibited the highest visual clutter, rated as
“Moderate” by CFD simulation specialists and “Moderate to High” by
the other two groups (Table 1, block 2). Multiple participants specif-
ically mentioned that the clutter was distracting and made the flow
harder to discern. Transparent streaklines performed better, receiving
an average clutter rating of “Moderate.” However, some participants felt
they were sometimes too faint for proper clinical assessment. Smoke
surfaces generated the least clutter, rated as “Slight to None” by all
groups. Participants generally appreciated the reduced clutter and
smooth appearance of smoke surfaces, with multiple stating they were
the most visually appealing and lifelike. A radiologist commented that
smoke surfaces performed best at visualizing flow, while two others
highlighted their resemblance to intravascular contrast agent injections
used in interventional procedures. One participant noted that artifacts
from the streakline structure were visible with streaklines with halos,
while they were less noticeable in transparent streaklines and absent in
smoke surfaces. This is illustrated in Figure 5, where streaklines with
halos exhibit spurious connections between lines in the true and false
lumen. While the same connections are present in transparent streak-
lines, they are less noticeable. Only smoke surfaces effectively conceal
these false connections, reducing clutter and eliminating artifacts.

When evaluating realism, smoke surfaces were rated “Lifelike” by all
groups (Table 1, block 3). Transparent streaklines were rated “Neutral”
and streaklines with halos between “Not lifelike” and “Neutral.”

Transparent streaklines were generally preferred over streaklines
with halos, with smoke surfaces being slightly more favored overall
(Table 1, block 4). Several participants noted that transparent streaklines
offered a good compromise between the two techniques, reducing
clutter compared to streaklines with halos but sometimes appearing too
faint. Multiple participants explained that they preferred the appearance
of smoke surfaces but found that streaklines with halos were best for
quantifying flow. Consequently, (T2) appears to be supported by all
techniques, with streaklines with halos providing the best quantification.

The potential impact of the flow visualization techniques varied
among participant groups (Table 1, block 5). CFD simulation and visu-
alization specialists generally rated all techniques as having “No impact”
or only a “Slight positive impact” on their work. In contrast, medical
professionals consistently rated all techniques as having a “Slight pos-
itive impact”. Across all groups, smoke surfaces were considered to
have the most significant positive impact.

()

Fig. 5: Freeze-frame from an evaluation video showing flow through a fenestration. Streaklines with halos (a), transparent streaklines (b), and smoke
surfaces (c), all using lumen-of-origin color mapping with true lumen in red and false lumen in blue. Seeding location, structure length, color mapping,
and viewing direction are synchronized. Dispersed flow fades more rapidly in the smoke surface visualization than in either streakline variant.
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Fig. 6: Freeze-frame from an evaluation video showing flow into abdominal aorta branches. Streaklines with halos (a), transparent streaklines (b
and smoke surfaces (c), all using lumen-of-origin color mapping with true lumen in red and false lumen in blue. Seeding location, structure Iength
color mapping, and viewing direction are synchronized. Flow in the false lumen (top right) appears less prominent in the smoke surface visualization

due to faster opacity fading.

Fig. 7: Freeze-frame from a demonstration video used in the evaluation, showing flow through a fenestration in the dissection flap. Streaklines with
halos (a), transparent streaklines (b), and smoke surfaces (c), all displayed with solid white color and pressure-based color mapping overlaid on the
outer vessel wall. Seeding location, structure length, color mapping, and viewing direction are synchronized.

6.3.2 Assessment of Flow

Participants were asked to determine whether retrograde flow through
the entry tear was visible using the different flow visualization tech-
niques (Table 1, block 6). They were shown a video of the visualization
in Figure 1. CFD simulation specialists assessed the flow most accu-
rately with transparent streaklines and smoke surfaces, while medical
and visualization specialists were most accurate with streaklines with
halos. Overall, streaklines with halos were the most effective, followed
closely by smoke surfaces, with transparent streaklines performing
the least accurately. Participants explain, that streaklines with halos
give the strongest signal for the color map, but smoke surfaces show
retrograde flow well. All three techniques provide a visualization to
support (T3), but transparent streaklines are unpreferable for this task.

All participant groups were able to accurately assess the origin of
a flow jet through a fenestration in the dissection flap, based on the
visualization in Figure 5. All three techniques performed equally well,
achieving the same score (Table 1, block 7).

Next, participants assessed whether a branching vessel was supplied
by the true lumen (Table 1, block 8). Medical professionals accu-
rately determined this using any technique but felt most confident with
streaklines with halos. In contrast, visualization and CFD simulation
specialists were highly uncertain when using transparent streaklines
and smoke surfaces. While visualization specialists correctly identified
the contribution of the true lumen, CFD simulation specialists occa-
sionally misidentified the flow. Although medical professionals could
assess flow accurately using any technique, only streaklines with halos
consistently supported (T4) across all participant groups.

Some participants noted that streaklines with halos provided more
detail in certain cases. One participant explained that they conveyed
the most information about the flow field, while another mentioned
that streaklines with halos performed best for identifying details in
thinner vessels but suffered from occlusion and clutter in larger lumina.
Figure 6 illustrates the visualization used to assess the luminal drainage
pattern. Among the three techniques, streaklines with halos most
prominently highlight the flow into the left renal artery (right side of
the image). While transparent streaklines still reveal the vessel’s supply,
smoke surfaces fail to depict this phenomenon effectively.

Participants were asked to determine whether the impingement zone
caused by a flow jet changed in position and size over time. Initially,
they were shown a visualization without any color mappings. No group
felt confident identifying these changes with any technique (Table
1, block 9). On average, streaklines with halos performed best, but
confidence remained within the range of “Uncertain” to “Probably
yes”. Next, a pressure encoding on the outer vessel wall was added,
as illustrated in Figure 7. With this enhancement, all three techniques
performed equally well across participant groups (Table 1, block 10).
While accuracy improved for medical professionals and significantly for
CFD simulation specialists, visualization specialists’ accuracy declined
for both streakline-based techniques.

All techniques successfully visualized the flow jet, supporting (T5).
Without pressure color mapping, only the streakline-based techniques
were able to support (T6). With the color mapping, smoke surfaces also
supported (T6). While the color mapping generally improved accuracy,
it caused some confusion among visualization specialists.
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Fig. 8: Visualization of aortic flow based on 4D flow MRI in clinical
practice. Image from Dyverfeldt et al. [44], licensed under CC-BY.

Figure 8 demonstrates flow visualization techniques used for 4D
flow MRI in clinical practice. Subfigures (a), (b), and (c) depict meth-
ods that do not incorporate time-varying flow data, each with notable
limitations: (a) is restricted to a single slice, (b) lacks flow trajectory
information, and (c) suffers from clutter and occlusion. Subfigure (d)
demonstrates pathlines, which capture the temporal aspect of flow but
still experience clutter and occlusion. Additionally, pathlines do not
provide the realistic and dynamic representation that streaklines offer.

The three techniques discussed in this work convey more information
while addressing occlusion and clutter to varying degrees. Although
their effectiveness at reducing clutter differs, they provide a more
intuitive and comprehensive visualization of aortic dissection hemody-
namics compared to current clinical methods. This is supported by a
statement from one medical professional, who noted that the informa-
tion gained through our visualization system is prognostically relevant
and potentially informative for the development of future treatments.

6.4 Limitations

Smoke surfaces were effectively used to visualize flow in aortic dissec-
tion, but several limitations emerged during testing. Despite efforts to
conceal artifacts where flow diverges, minor issues inherent to streak
surfaces without remeshing persist, though they were only briefly vis-
ible when a surface passed through a fenestration. Refining opacity
calculations could reduce artifacts but risks overly diminishing overall
visibility. The circular seeding structure often requires user adjustments
for size and placement, particularly when examining flow near com-
plex geometries such as fenestrations. This is due to the significant
differences between flow near the vessel wall and flow at the center
of the lumen. Uniform seeding across the entire cross-section could
help to capture all flow features. While interactive adjustments allow
for exploratory investigation, simultaneous seeding at both the wall
and center is not currently supported. Advection performance varies
with the number of streak surface vertices. Larger surfaces can cause
overlapping transparent layers, slowing rendering and limiting surface
size and resolution to maintain interactive frame rates.

We did not control for visibility and geometric content between the
three flow visualization techniques. Interactive adjustment of visualiza-
tion parameters was not available to participants during the evaluation.
While the presets were developed in collaboration with domain experts
to ensure clinical relevance, the interactive seeding component—which
supports exploratory analysis—was not evaluated as part of the study.

7 CONCLUSION AND FUTURE WORK

This work aimed to develop smoke-like visualizations of aortic dissec-
tion hemodynamics that enhance visualization clarity, information den-
sity, and intuitive blood flow analysis. We compared their effectiveness
to more established flow visualization techniques. We implemented
a streak surface technique by von Funck et al. [12], selected for its
capacity to generate interactive, smoke-like flow visualizations, and
adapted it to address the unique physiological complexities of aortic dis-
section. For comparative evaluation, we also implemented streaklines
with depth-dependent halos and transparent streaklines. To establish a
comprehensive focus-and-context representation, all techniques display
blood flow together with vessel morphology.

We conducted a user study with 14 participants who evaluated each
technique regarding confidence in flow understanding, visual clutter,
lifelikeness, preference, and potential work impact. Results were an-
alyzed separately for three expert groups, revealing domain-specific
preferences and interpretation accuracy. Smoke surfaces demonstrated
the least visual clutter and most appealing appearance, with medical
professionals noting their similarity to interventional methods used in
clinical practice. Participants noted that transparent streaklines and
smoke surfaces dissipated more quickly, while streaklines with halos
performed better for identifying drainage patterns and flow in thin ves-
sels. Despite experiencing the highest visual clutter and being rated
as the least lifelike and least preferred technique, streaklines with ha-
los appeared particularly useful for flow quantification. Transparent
streaklines were generally perceived as offering a balanced compromise
between smoke surfaces and streaklines with halos.

All three flow visualization techniques support the visualization
tasks outlined in Section 3, albeit to varying degrees. Streaklines with
halos performed best for assessing flow in UC 1, while all techniques
supported UC 3 equally well when explicit pressure mapping was
added to the outer vessel wall. Transparent streaklines, while ranking
second in most aspects, did not excel in any particular task, making
them less favorable overall. An interesting finding of our study was that
subjective preference of participants did not coincide with accuracy, as
they preferred smoke surfaces but demonstrated higher accuracy with
streaklines with halos. Due to such contrasting findings and the overall
similar scores, no single technique proved most effective. Therefore, a
hybrid visualization system incorporating both streaklines with halos
and smoke surfaces would likely offer the most effective solution.

This work marks the first attempt to enhance aortic dissection flow
visualizations using a smoke-like technique, leaving room for refine-
ment or exploration of alternative methods. While our circular seeding
structure samples at a relative distance from the cross-section center,
alternative structures, such as spirals or multiple rings, could provide
more even sampling. However, overlapping streak surfaces from such
designs may reduce clarity. One future avenue is a more intuitive
method for interactively adjusting the size and location of the seeding
structure to expand exploratory analysis.

While we adapted the opacity calculations of von Funck et al. [12] to
hide artifacts through the flap, we could implement an intersection test
between the smoke surface and vessel wall to eliminate false connec-
tions in the surface. Beyond streak surfaces, particle- and volume-based
techniques could be explored as alternative visualization approaches.
Adapting particle methods demonstrated by de Hoon et al. [23] for aor-
tic hemodynamics to dissection datasets is another promising direction.

There are also several avenues to extend our user study. Interactive
adjustment of both seeding and visualization parameters would pro-
vide valuable insights into user preferences. Another important aspect
is providing experts with the possibility to directly interact with our
visualization system for interactive exploration, which would better
evaluate the practical utility and usability of the proposed techniques.
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