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A B S T R A C T

Aortic dissection is a life-threatening cardiovascular disease constituted by the delamination of the aortic
wall. Due to the weakened structure of the false lumen, the aorta often dilates over time, which can –
after certain diameter thresholds are reached – increase the risk of fatal aortic rupture. The identification
of patients with a high risk of late adverse events is an ongoing clinical challenge, further complicated by the
complex dissection anatomy and the wide variety among patients. Moreover, patient-specific risk stratification
depends not only on morphological, but also on hemodynamic factors, which can be derived from computer
simulations or 4D flow magnetic resonance imaging (MRI). However, comprehensible visualizations that depict
the complex anatomical and functional information in a single view are yet to be developed. These visualization
tools will assist clinical research and decision-making by facilitating a comprehensive understanding of the
aortic state. For that purpose, we identified several visualization tasks and requirements in close collaboration
with cardiovascular imaging scientists and radiologists. We displayed true and false lumen hemodynamics
using pathlines as well as surface hemodynamics on the dissection flap and the inner vessel wall. Pathlines
indicate antegrade and retrograde flow, blood flow through fenestrations, and branch vessel supply. Dissection-
specific hemodynamic measures, such as interluminal pressure difference and flap compliance, provide further
insight of the blood flow throughout the cardiac cycle. Finally, we evaluated our visualization techniques with
cardiothoracic and vascular surgeons in two separate virtual sessions.
1. Introduction

Aortic dissection is a rare, life-threatening cardiovascular disease
1], that is characterized by the formation of a secondary blood flow

channel, called false lumen, which carves its way through the media
layer of the aortic wall. Both flow channels, i.e., true and false lumen,
are separated by the dissection flap, a thin and elastic membrane. The
weakened outer wall of the false lumen consists of the remaining aortic
media and the adventitia. Classification, treatment, and prognosis of
aortic dissections strongly depend on morphological features captured
by imaging studies [2,3]. However, potential collapse of the true lumen
and subsequent malperfusion of the branch vessels are related to the
number, size, and location of intimal tears and to the distribution of
branch vessels that are draining the false and true lumen, as shown
by phantom studies [4,5]. Additionally, increased false lumen pres-
ure possibly promotes false lumen dilation and aortic rupture [6,7].
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Limited false lumen outflow was shown to contribute to overall disease
progression [8,9].

While the prognostic assessment of patients with aortic dissection
primarily still relies on morphological features, the blood flow can be
measured and evaluated with 4D flow MRI. Stroke volume, primary en-
try tears, helical flow, and velocity are found to be related to the rate of
aortic expansion [10]. Noninvasive hemodynamic measurements, using
4D flow MRI, provide insight into these functional aspects of a patient’s
vascular system. However, due to limited availability and high cost,
these scans are not routinely obtained. Alternatively, computational
fluid dynamics (CFD) simulations provide an increasingly reliable and
accessible way to obtain patient-specific hemodynamic data [11,12].
These data could be useful for clinical decision-making, such as timing
and selection of drug, endovascular, or surgical treatment, and aid the
development of new treatment approaches. Precise and clear visual
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representation of complex hemodynamic data, however, is pivotal for
correct interpretation and treatment.

Efficient and clinically meaningful visualization of the complex
natomical and relevant functional information of aortic dissections
oses considerable challenges and has not been adequately addressed.
urrent visualizations depict only common hemodynamic measures,
uch as velocity and wall shear stress (WSS). Extending these ap-
roaches to the lumina of the dissected aorta is not straightforward,
nd it is further impacted by luminal communications (fenestrations).
espite preliminary work in this area [13,14], the visualization of
ultiple aortic wall surfaces with the dissection flap (anatomy) and
emodynamics (function) is still unexplored.

In this paper, we introduce visualization techniques to display pre-
sumptive clinically and pathophysiologically relevant morphological
and functional information of aortic dissection based on CFD simulation
results. The required blood flow simulations were performed according
to Bäumler et al. [15]. Besides combining established techniques to
create visualizations optimized for the intricate anatomy and hemody-
namics of dissections, we also present novel derived measures that yield
previously unrecognized insights. Our major technical contributions
are:

• Correct mapping of blood flow in true and false lumen, which
occasionally intersect, essentially preventing incorrect integration
of pathlines through the dissection flap.

• Effective demonstration of dissection flap deformation along with
its associated hemodynamic repercussions, such as interluminal
pressure difference and flap compliance.

• Display of the impacts of blood flow dynamics, such as flow jets
caused by fenestrations, on the weakened false lumen outer wall.

All contributions have been developed through an iterative process in
collaboration with our international multidisciplinary team, including
cardiovascular imaging experts, experts on computer simulations and
experienced cardiovascular radiologists. The clinical innovations of this
work enable medical experts to:

• Effectively visualize complex scenarios involving both morphol-
ogy and hemodynamics, thereby supporting the development of
preliminary treatment strategies and precision in device place-
ment.

• Gain a thorough understanding of intricate blood flow dynamics.
This understanding mimics the insights gained through catheter
angiography, thus providing a viable method for illustrating com-
plex cases.

The results of this work were reviewed and evaluated by cardiothoracic
and vascular surgeons specialized in open surgery and endovascular
rocedures for aortic dissection.

2. Related work

In this section, we discuss CFD simulations and visualizations, com-
bining vessel wall and hemodynamics, and focus-and-context tech-
niques to highlight specific structures while de-emphasizing surround-
ing tissue.

2.1. Computational fluid dynamic simulations

Patient-specific CFD simulations of aortic dissections are typically
ased on computed tomography (CT) or MRI scans that are used to
reate the geometric model and computational mesh. Simulations with
igid wall assumptions showed a correlation of elevated false lumen

pressure and WSS with subsequent disease progression [16,17]. Simula-
tions of thoracic endovascular aortic repair also showed increased false
lumen pressure with restricted outflow and a reduction in false lumen
2

pressure with restricted inflow [18,19]. Effective visualization of pres-
sure inside the aorta could therefore help to predict disease progression
and consolidate the understanding of aortic dissection hemodynamics.

Studies aiming to validate CFD simulations against 4D flow
RI [20] found errors of 20% or more between measured and sim-

lated flow data. Reasons for these errors could be rigid wall as-
sumptions and measurement inaccuracies. To more accurately simulate
hemodynamics in aortic dissections, dynamic deformation of the vessel
wall and, most importantly, of the dissection flap have to be incor-
porated into the simulation as they affect pressure differences and
other relevant hemodynamic quantities. However, realistic depictions
of physiological deformations are challenging, due to the varying
thickness and material properties of the vessel wall and external
issue support [15]. Bäumler et al. [15] performed CFD simulations

with fluid-structure interaction (FSI) that captured wall and flap mo-
tion throughout the cardiac cycle. The simulations were informed by
4D flow MRI data, and results compared to in-vivo measurements.

2.2. Hemodynamics visualization

Oeltze-Jafra et al. [21] performed an extensive survey on visu-
alization of medical flow data. They consider the visual exploration
of flow in cerebral aneurysms, the nasal cavity, and the aorta. They
also describe medical imaging, segmentation, mesh extraction, and
flow data acquisition. In the subsequent paragraphs we describe work
specific to rendering multiple vessel wall layers and visualization of
hemodynamics.

Gasteiger et al. [22] visualize blood flow in aneurysms by ap-
plying a ghosted view approach to the aneurysm surface and line
drawings for morphological features. Blood flow is visualized using
streamlines and depth perception is improved with shadow casting in
conjunction with atmospheric attenuation. Lawonn et al. [23] combine

ultiple techniques for their visualization of blood flow in aneurysms.
hey use an improved ghosted view approach with pathlines that are
olor-coded using a 2D texture lookup table and suggestive contours.
ehrendt et al. [24] use a Fresnel-inspired blending mask to simultane-

ously map surface parameters and pseudo chroma depth to the vessel
wall using the color channel. Red and blue colors are reserved for the
depth and green for mapping a surface parameter, such as WSS. The
pseudo chroma depth is applied using the idea of ghosted views, which
employ the Fresnel effect, resulting in a shading that only encodes
depth on the edges of the mesh, while displaying the surface parameter
on the entire surface.

Behrendt et al. [25] also presented a visual exploration frame-
work for intracranial aneurysms, that employs glass lighting to create
a transparent vessel wall visualization. It combines the Fresnel ef-
fect with traditional Phong lighting, to make internal pathline struc-
tures visible, while still displaying vessel wall contours. Pathlines are
seeded using evolutionary algorithms based on user-specified regions-
of-interest on the vessel wall. This reduces clutter, caused by unwanted
athlines, while also reducing undersampling in important areas. Köh-
er et al. [26] display pathlines together with a vessel mesh outline
nd direct volume rendering (DVR) as context. Pathlines can be filtered

according to different flow features and criteria while hemodynamic
easures are displayed with minimum and maximum intensity pro-

jection. However, a simultaneous visualization of both, pathlines and
hemodynamic measures with intensity projection, was not investi-
gated. Motivated by this approach, we map hemodynamic measures
to the vessel surface instead of using intensity projections. Moreover,
our approach allows us to simultaneously display the different aortic
wall layers, pathlines, and hemodynamic measures while retaining the
spatial anatomical context information.

Visualization of blood flow alone without the corresponding vessel
surface is often insufficient. Usually, one aspect can be considered as
the focus (e.g., hemodynamics), while the other (the vessel surface)
serves as a context to navigate the data and provide an overview.
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Table 1
Task-requirement diagram for the design of anatomical and functional displays of dissections. In three use cases (UC), we identified nine
tasks (T) modeled with twelve requirements (R). Requirements that necessitated novel approaches are highlight in bold.
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Straka et al. [27] proposed the VesselGlyph, an approach to render
vascular structures. They focus on assessing stenotic regions using a
tailored visualization of the vessel lumen while providing contextual
information using DVR. This concept can also be applied to render-
ing hemodynamics. Glaßer et al. [28] color-coded WSS on the inner
vessel wall and depicted wall thickness using distance ribbons on
the outer wall. The vessel’s lumen can be assessed by modulating
the transparency of the outer vessel wall with the Fresnel effect. La-
wonn et al. [29] visualized blood flow (focus) with glyphs together with

all thickness (context) color-coded on the vessel surface. Depending
on the current visualization goal, either flow or vessel geometry act as
context information.

Specifically for aortic dissection treatment planning, Ostendorf et al.
[14] recently assessed different shading styles for the dissection flap
and the inner and outer vessel wall. Multiple vessel wall surfaces

ere also rendered by Mistelbauer et al. [13]. They implicitly modeled
arbitrarily shaped cross-sections of aortic dissections and rendered the
walls semi-transparently. Apart from rendering the inner and outer
aortic wall surfaces, our work includes additional surfaces constituting
the dissection flap.

3. Task and requirement analysis

We identified three use cases (UCs) that encapsulate the intricate
emodynamics inherent to aortic dissection. Each UC concentrates on a
istinctive aspect of the disease, thus necessitating specialized anatomi-
al and functional visualization techniques. An overview detailing each
C and their associated tasks is presented in Table 1. From these

asks, we derive the requirements for our visualization design. Any
equirements where we contributed technically are highlighted in bold.

Subsequent paragraphs provide descriptions of the tasks, grouped per
UC, including the motivation and background, intended target users,
and the expected benefits.

Use case 1: Visualization of true and false lumen blood flow in aortic dis-
ection. Hemodynamic visualizations assist CFD simulation experts to
omprehend the interaction between morphology and hemodynamics,
3

and foster hypotheses regarding how blood flow dynamics relate to late
dverse events. In cardiothoracic and vascular surgery, visualization is
nstrumental in devising initial treatment strategies and precise device
lacement, aiding in mentally mapping the complex interplay between

morphology and hemodynamics. Moreover, these visualizations facili-
tate surgeons in executing treatment approaches, simplifying otherwise
intricate structural patterns.

The motivation for such visualizations comes from understanding
hat acute complications, like branch vessel malperfusion, as well as

chronic complications, such as aneurysm formation, are fundamentally
tied to blood flow in each channel. Visual representations facilitate
understanding these complications (T1). False lumen pressurization,
a key driver of false lumen dilation and aortic growth, is potentially
related to the direction of the false lumen blood flow and might be
moderated by flap motion [30,31]. Additionally, traditional flow visual-
ization methods for patients with aortic dissection are often hindered by
he spatial configuration of the true and false lumen and unpredictable
ranch vessel connectivity. These lumina tend to twist around each
ther, increasing the complexity of the situation. Therefore, displaying
hanges in blood flow velocity (T2) and direction (T3) could aid the
nvestigation of these correlations and potentially assist in treatment
tratification.

The representation of flow direction (T3), particularly in the evalu-
ation of conditions such as heart valve defects, further necessitates the
imultaneous visualization of forward (antegrade) and backward (ret-
ograde) flow [32]. The importance of retrograde flow is further cor-

roborated by Burris et al. [33]. As false lumen pressurization promotes
aortic growth [34], the display of false lumen ejection fraction (FLEF),
the ratio of retrograde to antegrade flow at the entry tear, gains special
relevance.

The configuration of branching vessels that drain the false lu-
en (false lumen drainage pattern), is associated with late adverse

events [9]. FLEF and entry tear dominance (ETD), are both thought to
correspond to reduced false lumen drainage through distal openings,
which could lead to an increase in false lumen pressure. Currently,
there is no straightforward method for assessing the drainage pat-
tern (T4) in aortic dissection. Color-coding flow pathlines based on
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Fig. 1. Workflow for visualizing hemodynamics of aortic dissections. Starting with simulation data as input on the left side, we extract the centerline of the aortic true and
false lumen. Proceeding to the right, pathlines are seeded at relevant locations, such as the primary intimal tear, fenestrations, or a reentry tear. Pathlines represent luminal
hemodynamics with different color-coding and halos to reduce visual clutter. The flap and outer wall surfaces either serve as context, represent pressure, or convey derived,
dissection-specific measures. (Left image created using Paraview [38]).
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their lumen would allow experts to examine the originating lumen of
 branch’s blood supply.

Use case 2: Visualization of dissection flap deformation, stiffness, and
nterluminal pressure difference. The dissection flap’s movement, cor-
elating with the hemodynamics in both lumina, plays a role in the
rue and false lumen’s volume and pressure fluctuations. The flap’s
tiffness influences this movement, resulting in geometric adaptations
o the flow channels owing to varying interluminal pressure gradients.
he degree of the flap’s motion, revealing its flexibility, changes as
he disease progresses. This motion can be irregular, with the flap
luctuating multiple times in a single cardiac cycle and exhibiting in-
onsistent movement along its length. The cause of such unpredictable
lap movements, even in the same cross-section, is yet to be determined.
isualizing the flap’s motion and deformation (T5) is critical as it
rovides insights into these intricate disease dynamics. It elucidates
he interplay between various disease factors and could potentially
ead to the development of more effective therapeutic strategies or
reventative approaches.

Understanding the causes of false lumen pressurization poses a chal-
enge due to the limited availability of interluminal pressure data. Di-
ect measures of pressure differences between true and false lumen can
e obtained from CFD simulations in patient-specific geometries [15,17,

35]. Indirect measures to estimate pressure, such as FLEF derived from
D flow MRI measurements [34] or morphological measurements like

ETD seen on computed tomography angiography (CTA) scans [36,37],
were investigated.

The visualization of interluminal pressure differences (T6) in com-
bination with flap motion could facilitate a better understanding of the
driving forces in flap motion and false lumen pressurization, as studied
by Marlevi et al. [34]. Additionally, the flap motion is modulated by

echanical properties of the dissection flap, i.e. flap compliance (T7)
hich can provide insights into the observed stiffness of the dissected

issue.
From a simulation expert’s perspective, there is a clear need for

uch visualization, as there is currently no tool for visualizing these
easurements. This technological gap is significant, especially when

esearching phenomena such as pressure pulse wave reflection, which are
uspected, but cannot be verified due to the lack of suitable visual-
zation instruments. Clinicians can substantially benefit from advanced
isualization of the complex aortic hemodynamics, the interplay be-
ween these hemodynamics and flap and wall properties, and the
isualization of physiological and pathophysiological phenomena.

Use case 3: Effect of dissection-specific blood flow on the false lumen
outer wall. Additional factors could contribute to false lumen pres-
surization. Patient-specific CFD simulations suggest that the mobility
of the dissection flap may alleviate false lumen pressurization [34].
 d

4

Surgical management may involve creating a fenestration in the flap’s
distal part, which could decompress the hypertensive false lumen [39].
Visualizing the blood flow through such an artificial luminal com-
munication (T8) would be important to validate the intervention’s
success.

When blood flows into another lumen via the entry tear or fenes-
rations, it accelerates, forming a flow jet. Hence, an investigation that
nly focuses on the flow through a fenestration might not be sufficient.

Specifically, complexities arise when such a flow jet strikes the oppos-
ing aortic vessel wall, deflecting at what is termed an impingement
zone. Visualizing the intricate interrelation between morphological and
hemodynamic effects on the false lumen’s outer wall and highlight-
ing these zones (T9) is crucial. For radiologists and surgeons, it is
pertinent to ascertain if communications are influencing the inflow
or outflow. Understanding if any communication significantly impacts
hemodynamics is important; closing a hemodynamically significant
communication could introduce adverse effects like false lumen growth.

Requirements. After defining the tasks for each use case, we deter-
mine their common requirements. Subsequently, we describe the vi-
sualization techniques we developed to satisfy all requirements and,
ultimately, support all three use cases.

4. Aortic dissection hemodynamics visualization design

The complex anatomy of a dissection and the resulting flow charac-
teristics require special attention and tailored visualization techniques
to understand and predict the progression of this disease. In this work,
we bridge the gap between individual visualizations for anatomy and
hemodynamics of the dissected aorta. As the delamination of the intima
wall layer causes the formation of the flap, multiple surfaces need
o be displayed to convey the dissected anatomy. Carefully selecting

suitable rendering styles for anatomy and hemodynamics is essential
o prevent visual overload, especially in their combination. Even more
hallenging is conveying the hemodynamics of the multiple flow chan-

nels. Understanding the complex interplay of the flap with the flow
hannels of the dissected aorta requires more advanced, derived, and
issection-specific measures.

To summarize the proposed tasks and requirements in a single
visualization that conveys both anatomy and luminal as well as surface
emodynamics, a sequence of steps is required (see Fig. 1). It starts

with CFD simulations [15] of the entire cardiac cycle at a specified
requency. To define user-specified seed planes for pathline generation,
he centerlines of the aorta and both lumina are extracted. Finally,
 rendering style is chosen to present the anatomy with the hemo-
ynamics. In the subsequent subsections, we explain our workflow in
etail.
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4.1. Input data

The surface geometries for the CFD simulations were extracted
from CTA data, and two-way FSI simulations were carried out with
000 time steps in a single cardiac cycle, as described by Bäum-

ler et al. [15]. They compared their simulations results to in-vivo 4D
Flow MRI data from the same patient, and found good agreement
n terms of vessel wall and flap deformation as well as flow inside
oth lumina. To provide detailed visualization of the simulation over
he entire cardiac cycle at interactive frame-rates, we limit the tem-
oral resolution rather than reducing the spatial resolution. We use
0 evenly-spaced time steps at an interval of 0.8 seconds for a cardiac
ycle, leading to a frequency of 50 time steps per second.

These simulations comprise two unstructured tetrahedral meshes,
one for the fluid domain (blood) and one for the vessel tissue. The
etrahedral elements of the tissue mesh are further divided into flap do-
ain (dissection flap) and outer domain (outer vessel wall). These do-
ains are used during simulation to distinguish between blood (fluid)

and vessel material (deformable solid), and to assign different material
roperties to the flap and outer domain. Each mesh is associated with
emodynamic and mechanical measurements. These include velocity,
ressure, displacement, and derived quantities such as WSS.

4.2. Centerline extraction

The visualization of pathlines requires the definition of seed points,
ptimally in a cross-section perpendicular to the centerline of a vessel.

To accomplish this, we first convert the tetrahedral mesh of the fluid
domain into a volumetric representation using voxelization. Subse-
quently, the skeleton of the fluid domain is extracted [40]. This results
in the vessel tree of the true and false lumen in voxel space. We then
convert this tree into a directed graph representation [41]. Centerlines
of aortic branches and possible erroneous connections between true and
alse lumen, introduced by skeletonization, are manually removed. This
eads to two distinct centerlines, one for the true and false lumen.

4.3. Pathline generation

We compute pathlines to visualize the constantly changing flow
fields associated with the hemodynamics of aortic dissection. Selecting
a proper seed point is important to reduce cluttering and undersam-
ling artifacts [25]. When integrating pathlines, the velocity vector at
 given 3D position needs to be calculated in each integration step. To
roduce accurate results, we use linear interpolation for, both, space
nd time. Consequently, the tetrahedral cell containing the currently
ntegrated position has to be located and accessed several times in
ach integration step. This is a time-consuming operation that can be
ccelerated as described in the following paragraph.

4.3.1. Grid acceleration structure
Finding the tetrahedral mesh cell corresponding to a particular 3D

position usually requires sequentially iterating through the cells of that
esh. To facilitate search in constant time and, consequently, improve

endering performance, an acceleration structure is employed. There
re multiple well-known approaches to partition space and accelerate
he search process, such as octrees or binary space partition trees [42].

We employ a data structure that partitions space into a grid of cubes
with uniform edge length, called grid elements. The space is constituted
by the axis-aligned bounding box of the entire tetrahedral mesh. All
mesh cells of the outer, flap, and fluid domains are assigned to their
corresponding grid element.

The simulation data provides only a single fluid domain that does
ot distinguish between true and false lumen. However, to obtain this

information, we use the grid structure to assign the corresponding flow
channel to each cell of the fluid domain. Initially, all grid elements 𝑒
are unassigned, i.e., labeled as (𝑒) = 0.5. Cross-sections perpendicular
5

Fig. 2. Illustration of seed area generation and seed point distribution. The lumen’s
oundary is determined using ray casting from the centerline point outwards. The
oints are then placed on concentric circles in a constant arc-length interval. Points
oo close to or beyond the boundary are discarded.

to the true and false lumen centerlines are then computed at regular
intervals. Grid elements containing either the true or false lumen
ortions of these sections are then labeled accordingly, i.e., (𝑒) = 0.0

and (𝑒) = 1.0, respectively.

4.3.2. Seed area generation
To choose appropriate seed points, we first define a cross-sectional

seed plane along the vessel centerline in an area of interest, e.g., the
primary intimal tear, fenestrations, or at the maximal extent of the
false lumen. Secondly, we distribute seed points in this plane. Pathlines
seeded in the center of the lumen may distribute differently than those
seeded at the vessel wall. To avoid overseeing relevant flow patterns,
pathlines are distributed evenly across the entire cross-section of the
lumen. This is accomplished by casting rays from the centerline point
outwards to identify the lumen’s boundary (see Fig. 2). Seed points
re then evenly placed on circles centered at the centerline point.

By successively increasing the radius of the next placement circle
hile keeping the arc-length distance between points and performing
 polygon inside–outside test of every seed point, the entire lumen is
illed. Points too close to the vessel wall are rejected. Both, the spacing
etween points and the minimum distance from the vessel wall are set
y the user. We use a spacing of 1.0 mm and a minimum distance
f 0.5 mm for all cases presented in this work.

4.3.3. Pathline integration
Starting at the seed point location, the trajectory of a pathline is

hen computed forward along the vector field. The interpolation of
a local velocity vector at a (seed) point utilizes the grid acceleration
tructure. The position of the next vertex along the pathline is deter-
ined using 4th-order Runge–Kutta integration. A pathline is extended
ntil a predetermined maximum number of steps is reached.

Although the velocity vector of fluid–solid interface in FSI simu-
ations is required to conform to the wall motion, the solid domain
oves at an identical velocity, resulting in a ‘relative’ wall velocity

f zero. This motion of the solid domain causes pathlines to leave
heir confining lumen, enter the flap, and possibly continue into the
ther lumen (see Fig. 3(a)). This phenomenon can also be caused by

overly large step sizes during integration and can occur in rigid wall
imulations.

To prevent pathlines from crossing the dissection flap or the inte-
ration domain, we introduce early integration termination of pathlines.
nstead of integrating a fixed number of steps, the pathline is stopped

when it approaches the vessel wall or the dissection flap too closely (see
Fig. 3(b)). This prevents spurious interluminal communications, while
still modeling flow through the entry tear, fenestrations, and reentry
tears.

4.4. Visualization of luminal hemodynamics

We use pathlines to visualize the hemodynamics provided by the
FSI simulation (R01). They can be visualized using different techniques,
as surveyed by Brambilla et al. [43], e.g., using lines, ribbons, tubes,
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Fig. 3. Artificial communications between true and false lumen caused by incorrectly
integrated pathlines. The pathlines shown in (a) originate in the true lumen (red) at the
pper right side, spuriously integrate through the flap, and even continue in the false
umen (blue). Our solution confines the pathlines to the true lumen (red), as presented
n (b).

or arrows. In this work, pathlines are formed by view-aligned triangle-
trips. Flow direction and velocity are conveyed by animated pathlines,
.e., displaying the portion of the path line that corresponds to the
urrent time step of the cardiac cycle (R02).

4.4.1. Depth-dependent halos
While lines and ribbons depict twisted flow well, they tend to cause

isual clutter in dense hemodynamic data. To mitigate this problem,
e use depth-dependent halos [44]. These halos form a border on both

sides of the pathline that only obstructs pathlines further away from the
iewer, but not the dissection flap and vessel wall surfaces. This allows
he viewer to gauge the depth and distance of intersecting or adjacent
athlines, as shown in Fig. 4.

4.4.2. Flow velocity encoding
The velocity of the blood flow is an important hemodynamics

easure to understand complex flow phenomena, such as flow jets.
or this reason, we map the magnitude of the flow velocity vector
o a heated-body color scale, ranging from black (minimum) to bright
ellow (maximum). An example is shown in Fig. 4(a) and this fulfills

requirement (R05).

4.4.3. Flow direction encoding
It is particularly important and relevant to observe the development

of the already weakened false lumen. To visualize flow direction,
e determine the difference between a pathline’s direction and the

designated luminal flow. For a given position 𝐩 on a pathline with
elocity vector 𝐯 we calculate the corresponding luminal flow direction

as the tangent vector 𝐭 at the centerline point closest to 𝐩. The angle
= ∠(𝐯, 𝐭) then allows us to distinguish between antegrade (𝛾 ≤ 90◦)

nd retrograde (𝛾 > 90◦) flow. To represent a continuous change of di-
rection, we modulate the colors of antegrade and retrograde path lines
depending on 𝛾, therefore fulfilling (R06). When using a monochrome
color scale from white to red, as shown in Fig. 4(b), the predominant,
normal, antegrade flow is shown in white, while the retrograde flow is
highlighted.

4.4.4. Lumen-of-origin encoding
To show the originating lumen of branching vessels, we identify the

originating lumen of pathlines (R07) based on the lumen classification
assigned to each grid element (recall Section 4.3.1). Each pathline starts
t a seed point whose lumen label is associated with its enclosing
umen. During integration, the lumen label 𝑡(𝑠) of pathline 𝑠 at time 𝑡

adapts to the visited grid element 𝑡(𝑒) as follows:

𝑡(𝑠) = (1 − 𝛿)𝑡−1(𝑠) + 𝛿𝑡(𝑒), (1)

with 𝛿 = 0.05 controlling the rate of adaptation. This allows pathlines
to slowly change their flow channel association when transitioning be-
tween channels. Fig. 4(c) shows how this information is displayed using
 o

6

Fig. 4. Pathlines seeded close to an entry tear and color-coded according to various
hemodynamic measures. (a) shows flow velocity encoding using a heated-body scale,
from black (slow flow) to yellow (fast flow). (b) uses flow direction encoding with
a monochrome scale, ranging from white (antegrade flow) to red (retrograde flow).
Pathlines with lumen-of-origin encoding are presented in (c) with a diverging color
cale from red (true lumen) over white (transitioning) to blue (false lumen).

a diverging color scale, from red (true lumen) over white (transition) to
blue (false lumen). The continuous color scale reflects a pathline’s grad-
al change in lumen association and reveals the immediate interaction
f the flow at a fenestration, while the contrast between the individual
athlines is reduced when the flow unifies downstream.

4.5. Visualization of anatomy and surface hemodynamics

To fulfill R03 and R04, we display the dissection anatomy with
surface meshes. The purpose of this is twofold. When analyzing lu-
minal hemodynamics, the anatomy plays a secondary, contextual role.
However, when studying the interaction between flow and flap motion,
natomy plays a primary, focused role.

The visualization of vessel wall motion and, in particular, flap
motion facilitates the understanding of the complex luminal hemody-
amics of the dissected aorta. For this reason, we represent the tissue
otion with surface animation, i.e., by cycling through their deformed
eshes of a single cardiac cycle (R08). Surface animation and pathline

nimation are synchronized to provide an integrated view of blood flow
along with vessel motion.

4.5.1. Anatomical context
The visualization of the aortic wall and the dissection flap com-

plements the luminal hemodynamics displayed with pathlines. To
create an effective context visualization, we employ shading tech-
niques suggested by Ostendorf et al. [14]. Their study favored Cook-
Torrance [45] (specular) combined with Oren-Nayar [46] (diffuse)
shading. Fig. 4 shows these styles applied to the dissection flap, the
uter vessel wall surfaces, and the pathlines.
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Fig. 5. Pressure color-coded on the aortic outer wall using opacity modulation and
a heated-body color scale, from black or dark red (low pressure, transparent) to
yellow (high pressure, opaque). (a) shows the descending thoracic aorta with a proximal
entry tear and a distal fenestration. A close-up of the impingement zone associated
with the entry tear is presented in (b) using a continuous color scale and in (c) with
a discrete color scale.

Fig. 6. Flap color-coded with derived, dissection-specific flow measurements. (a) shows
he interluminal pressure difference with a diverging color scale, from blue (lower
ressure) over white (equal pressure) to red (higher pressure). (b) presents the flap
ompliance with a heated-body color scale, from black (high compliance) to yellow (low
ompliance).

4.5.2. Outer wall pressure
Wall pressure is displayed with a heated-body color scale, from

lack (low) to yellow (high), as shown in Fig. 5. To further em-
phasize pathological regions with elevated readings while avoiding
obstructing flow elsewhere, we perform opacity modulation, i.e., higher
values become opaque while lower values become transparent (see
Fig. 5(b)). Analogously to importance-driven rendering [47] and se-
mantic visualization mapping [48], this highlights important regions
while minimizing obstruction of pathlines in less important regions,
hereby satisfying requirements R11 and R12.

Since distinct values are difficult to visually gauge on a continuous
scale, we provide a discretized alternative, see Fig. 5(b) vs. Fig. 5(c).
The user can interactively control the number of discretization steps
and the value range that is mapped to the color scale (similar to the
windowing function).

4.5.3. Interluminal pressure difference
Studying the effects of luminal pressure on flap motion (R09) de-

mands a novel, dissection-specific flow measure, namely interluminal
ressure difference (see Fig. 6). It is defined as the difference in luminal

pressure between two corresponding positions on opposite luminal
sides of the flap. These positions are calculated using the normal vectors
of the luminal surface meshes. This signed and dynamic measurement
is visualized with a diverging color scale, with blue (lower pressure)
over white (equal pressure) to red (higher pressure).
 i

7

4.5.4. Dissection flap compliance
Another important objective is recording both, flap motion and

interluminal pressure differences (R10). For that reason, we developed
lap compliance, a derived and dissection-specific measure. It is defined
s the ratio of a flap’s vertex maximum displacement and absolute
nterluminal pressure difference. A compliant flap is characterized by
 high flap displacement at a low pressure difference, i.e., the flap
esponds with strong deformation even at a low pressure difference.
ow flap displacement and high interluminal pressure indicate a stiffer
ortion of the flap that is less compliant to the applied pressure. This
nsigned and time-independent measurement is visually represented
ith a heated-body color scale, whereby a high compliance is depicted

n black and low compliance in yellow (see Fig. 6(b)).

5. Implementation

The triangular surface meshes of the vessel wall layers and the dis-
ection flap are extracted from the tetrahedral meshes of the CFD sim-
lation (vtu file format) using VTK 9.3.0 [49]. These meshes are then

rendered with pathlines using the ray tracing extensions of
Vulkan 1.3.224 [50]. Ray tracing has the advantage that shadows,
reflections, and transparency are integrated without much effort. These
illumination effects facilitate understanding of the aortic anatomy and
flow pathlines. Jagged edges at high-contrast lines in image-space,
which mainly appear on pathlines, are smoothed with multisample
anti-aliasing (MSAA).

Ray tracing is accompanied by some performance disadvantages
compared to rasterization especially, when employing anti-aliasing,
illumination effects, and transparent surfaces. To mitigate this problem
and increase rendering performance, we employ the following two
strategies. Firstly, the number of rays cast is reduced by only using a
single point light source, approximating surface roughness using Oren-
Nayar shading, and limiting the number of reflections. Secondly, the
number of MSAA samples is reduced to one when meshes are animated
or the camera is moved. This improves frame rates during interaction,
while still providing high-quality renderings when stationary.

All visualizations of this paper were created on a desktop computer
unning Windows 10 Pro with an AMD Ryzen 5 3600 6-Core CPU
t 3.59 GHz, 32 GB RAM, and an Nvidia GeForce RTX 2070 GPU.
isplaying 55 pathlines with 400 segments each (30000 segments in

otal), an average of about 30 frames per second (FPS) were achieved.
hen the camera is stationary and no animation is shown, MSAA is

ncreased, leading to an average of 6 FPS, which is sufficient as the
endered image does not change.

6. Results and discussion

The visualizations for the three use cases described in Section 3 are
demonstrated on CFD simulations of three different patients, i.e., one
patient per use case. In all cases, the flap is rendered opaque with
Cook-Torrance and Oren-Nayar shading and the vessel wall layers are
rendered semi-transparently with a Fresnel effect. This visualization
allows users to assess the morphology of a dissection. The configuration
of the dissection flap, including its extent and curvature are clearly
visible through the surface shading. At the same time, the size and
shape of the outer aortic wall as well as the location of branching
vessels is visible. For each case, we present the entire dataset and then
specific regions in detail. We also discuss how the tasks are addressed
using our proposed visualizations.

Use case 1 deals with the visualization of true and false lumen
blood flow in aortic dissection. Fig. 7(a) presents a type B aortic
issection from the descending thoracic aorta to the left iliac artery,
here the exit tear is located. Two specific regions, represented by the

olored rectangles, are subsequently explained in more detail.
The first region encompasses the entry tear of the dissection located

n the proximal portion of the descending thoracic aorta (magenta
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Fig. 7. Use case 1. (a) presents the entire dataset. (b) and (c) depict the proximal
ortion of the descending thoracic aorta with blood flowing through the entry tear

from true lumen into false lumen. (b) displays pathlines with velocity encoding, from
low (black) to fast (yellow) flow. (c) shows flow direction, highlighting retrograde flow
n red. (d) shows the renal arteries with lumen-of-origin encoding. The left renal artery
s mostly supplied by the false lumen (blue) but also partially by the true lumen (red).

rectangle). Animated pathlines (T1) present the flow through the entry
tear and are visualized in Fig. 7(b) with velocity encoding (T2). The
athlines shown in Fig. 7(c) present the flow direction, with regions

of retrograde flow being highlighted in red (T3). This particular image
displays retrograde flow proximal to the entry tear (see blue rectangle).
Visual proof of this backward component of flow in the false lumen
uggests a risk of proximal extension of the type B dissection into a
otential type A aortic dissection. This progression requires entirely
ifferent patient management strategies. While it is currently challeng-
ng to predict proximal extension of the dissection, visualizing this
nformation could lead to more informed clinical decisions.

The second area of particular interest pertains to the dissection’s
rainage pattern (T4). The lumen-of-origin color mapping demonstrates

this in Fig. 7(d). All branches of the aorta connect to the true lumen,
except the left renal artery. As a consequence of the aortic intima’s
delamination induced by the dissection, this branch exhibits a fenes-
tration. This allows a portion of the blood from the true lumen to
pass through and also sustain this artery, indicated by the red pathline.
Malperfusion of organs, such as the kidney, is one of the severe compli-
ations associated with aortic dissection. In clinical practice, treatment
ecisions are often based on an imprecise assessment, as traditional CT
maging does not fully display the perfusion dynamics of the kidney. By

providing a more comprehensive visualization of blood flow, clinicians
can better estimate the contributions from the true and false lumina to
the perfusion of the kidney. In the case of Fig. 7(d), the pathlines reveal
that a substantial portion of the renal artery perfusion comes from the
false lumen. Clinicians might opt for a more strict monitoring or early
urgical intervention to prevent kidney damage.

Fig. 8 demonstrates use case 2, which is concerned with the vi-
sualization of dissection flap deformation, stiffness, and interluminal
pressure difference. This case presents a type B aortic dissection that
starts in the aortic arch and extends distally into both iliac arteries,
with each having an exit tear, see Bäumler et al. [15].

In this case, we focus on the dissection flap in the abdominal
orta (magenta rectangle) and, in particular, on the flap deforma-
ion (T5). To accomplish this, we animate the flap’s surface throughout
8

Fig. 8. Use case 2. (a) presents the entire dataset. (b) and (c) show a close-up of
he abdominal aorta. In (b) the flap displays the interluminal pressure difference, from

blue (lower pressure) to red (higher pressure). The flap compliance is shown in (c),
from black (high compliance, mobile) to yellow (low compliance, stiff).

the cardiac cycle. Flap motion is mainly driven by local pressure
ifferences between true and false lumen. This is conveyed by our
ntroduced measure interluminal pressure difference (T6), as displayed in

Fig. 8(b).
When combining both, flap motion and interluminal pressure differ-

nce, the flap’s local stiffness becomes apparent. This newly proposed
easure, called flap compliance (T7), has not yet been studied in aortic

dissection research but may provide insight into local flap dynamics.
As shown in Fig. 8(c), highlighted regions deform less drastically
in response to high pressure differences (yellow) compared to more

obile regions (dark red).
Use case 3 highlights the presence of a flow jet through a fenestra-

tion in a type B aortic dissection that starts at the beginning of the
descending thoracic aorta and reaches distally just before the celiac
trunk.

The analyst starts by examining the anatomy of the vessel to locate
regions-of-interest. One of these interesting regions are fenestrations,
because they affect false lumen dilatation. To assess the blood flow
through a fenestration, pathlines are generated in its proximity and,
subsequently, animated during inspection (T8). Without color cues, it
is difficult to determine from which lumen a pathline originates and
where it leads (see Fig. 9(b)). Our lumen-of-origin encoding on the
pathlines shows which lumen supplies the blood through the fenes-
tration (red, true) and which receives it (blue, false). As the pathlines
transit through the fenestration, they gradually change their color from
red to blue over white, as displayed in Fig. 9(c).

This visual encoding can also be used to inspect the effect of flow
jets on the opposite vessel wall, so-called impingement zones (T9).
Since pathlines are contextual information in this situation, they are
displayed without colors. The focused impingement zone is represented
with a discrete heated-body color scale that conveys the local pressure.
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Fig. 9. Use case 3. (a) represents the entire dataset with a synthetic fenestration in
the descending thoracic aorta. The pathlines shown originate in the true lumen (red)
and transit (white) through the entry tear and fenestration into the false lumen (blue).
Since the color transition starts at the luminal communication, the delayed transition
o blue allows users to clearly identify the origin of the lumen. (b) and (c) depict a
lose-up of blood flow through the fenestration, without color-coding and with lumen-
f-origin encoding, respectively. The effect of the flow jet on the outer vessel wall,
he impingement zone, is displayed in (d) with a discrete color scale and opacity
odulation. A heated-body color scale is used, which maps low pressure to black and
igh pressure to yellow. The opacity is proportional to pressure.

In addition, opacity modulation makes areas of low pressure on the wall
surface transparent (see Fig. 9(d)).

Localized impingement zones with high-pressure flow jets could
lead to more aggressive tissue remodeling, potentially increasing the
risk of aneurysm formation or rupture. This information can prompt
clinicians to monitor these areas more closely or consider preemptive
interventions to mitigate the risks. Moreover, understanding the char-
cteristics of impingement zones can motivate future research into the
echanical and biological responses of aortic tissue to different flow
atterns. Investigating how these zones influence tissue remodeling
ould lead to new therapeutic strategies aimed at reinforcing vulnerable
reas of aortic dissection progression and develop more targeted and
ffective treatment approaches.

Limitations. Our current workflow (see Fig. 1) involves two predom-
nantly manual and time-consuming components: the generation of a
essel tree and pathline generation. We provide a discussion of these
omponents below, including possible enhancements.

Building a dissection-specific vessel tree is a complex and demand-
ing task [13]. Initially, we manually edited the vessel tree to ad-
ere with our requirements. Nevertheless, this step could be bolstered

with the assistance of automatic segmentation methods [51–53], lead-
ing not only to a reduction in required time but also an improved
reproducibility.

Pathline generation, particularly the determination of their seed-
ing location, is the second component. Identifying suitable seeding
locations to examine flow phenomena, like impingement zones after
fenestrations, is vital but notably time-consuming. Furthermore, the

density and distribution of pathlines in the seeding area influence

9

the overall depiction. For instance, densely arranged pathlines might
obstruct certain phenomena. Implementing smart interactive filtering
strategies could enhance this component [54].

7. Evaluation

To formulate an appropriate set of questions (see Table 2), we
conducted a pilot study with a small group of radiologists experienced
in aortic dissections. The results of this preliminary study were not
ncluded in the final analysis.

The primary evaluation was conducted in two separate online ses-
ions during weekly endovascular and vascular surgery conferences,
ith the goal to present our visualization to a large audience. Partici-
ants were cardiothoracic and vascular surgeons possessing substantial
xperience in management of patients suffering from aortic dissec-
ion. A total of 16 questions were asked, distributed across the three
se cases (recall Section 3) with UC1: Q1-Q9, UC2: Q10-Q12, and
UC3: Q13-Q15. Each question was associated with either a 10 s video
or a still image showing the respective visualization. Additionally, a
series of answers were shown on a Likert scale.1 Participants were
hen asked to post their answers (Likert score) into the open chat
f the virtual conference. The entire session was recorded for later
xtraction of results. We had contributions from 20 unique participants
including one of the co-authors) spread across the two sessions, with
5 contributing in the first session and 5 in the second. The combined
esults from both sessions are presented in Table 2 and subsequent

descriptive statistics are reported as median and interquartile range
(IQR).

The combined visualization of anatomy and flow (Q1: 4 (3-4)) was
mainly rated as helpful. Color-coding improved both, the assessment
of flow direction (Q2: 3 (3-4) vs Q3: 5 (4-5)), and velocity (Q4: 3 (2-
3) vs Q5: 4 (4-5)). Using lumen-of-origin encoding on pathlines that
transit through a fenestration showed no difference to the uncolored
ones (Q6: 100% vs Q7: 100% correct answers), although two partic-
ipants explicitly mentioned clarity was improved. For assessing the
drainage pattern, lumen-of-origin encoding was decisive (Q8: 21.4% vs
Q9: 64.3% correct answers), especially with complex hemodynamics
such as fenestrations near branching vessels. Two participants rated
the vessel supply as unclear, while two participants indicated that
they could even approximate the amount of blood supply to a branch
based on the colors. Participants consistently rated surface anima-
tion (Q10: 4 (4-4)), interluminal pressure difference (Q11: 4 (4-4)), and
flap compliance (Q12: 4 (3-5)) as helpful. The evaluation showed that
the location and extent of impingement zones caused by flow jets can-
not be derived from the anatomy alone (Q13: 2 (2-3)). Adding pathlines
considerably increased the participants’ confidence (Q14: 4 (4-5)). This
was further corroborated by color-coding the pressure on the vessel
wall (Q15: 5 (5-5)).

Throughout the development of our hemodynamics visualizations,
we noticed the occurrence of interluminal pressure gradients moving
long the dissection flap. We speculated that this could represent a
ressure wave (see Fig. 9(b)) that moves distally during systole and

relocates proximally shortly after. This phenomenon was hypothesized
to exist but had never been visualized before. The intent of Q16 was
to validate this observation. All participants confirmed the movement
as oscillatory in nature. One participant suggested that it might be the
reflection of a pulse wave in the distal parts of the vessel.

8. Conclusion and future work

Several factors are thought to contribute to false lumen degenera-
tion, unfavorable tissue response, and thrombus formation [8,31]. To

1 Link to the complete evaluation material

https://drive.google.com/file/d/1JKKbhbNNdOub9m1EciXQt5TJpeskaLjZ/view?usp=sharing
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Table 2
Evaluation of our visualizations. We start with a brief description of the presented visualization, followed by the question
itself and the participants’ answers. The answer scales and choices are shown at the bottom. Results are reported as median
and interquartile range (IQR). The questions are grouped by UC1: Q1-Q9, UC2: Q10-Q12, and UC3: Q13-Q15.
h
p

date, their complex interplay is yet to be understood. Furthermore, de-
spite the availability of various data, their interpretation is challenging
and benefits greatly from novel visualization techniques that highlight
complex relationships between pressure, flow, mechanical forces, and
wall movement in a given dissection anatomy.
10
In this work we contribute to the understanding of aortic dissection
emodynamics, a transdisciplinary research endeavor [55]. To com-
rehend flow measurements in relation to the shape and volume of

true and false lumen, we display the dissection flap and the outer
vessel wall as context. Besides color-coding existing hemodynamic
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measurements on pathlines and vessel wall surfaces, we introduced
wo derived measures to study the interplay of both lumina. Both are
isually encoded on the flap. The first depicts the interluminal pressure
ifference and the second relates this measure with the flap’s ability to
eform in response to those pressure differences. Flap deformation was
hown through surface animation. Together with animated pathlines,
ur visualization simultaneously depicts the dynamics of blood and
essel tissue in the dissected aorta during the cardiac cycle.

To corroborate the clinical value of our contributions, we conducted
an evaluation with experts on cardiothoracic and vascular surgery. It
was executed in a virtual setting to reach a larger audience, and the
overall response was favorable. Above all, new insights were gained
that can promote new ideas for downstream surgical decision-making.
To draw a more informed conclusion, a more profound study, which
could involve participants directly interacting with the application
(guided evaluation) and streamlined workflow are required, both of
which being subject to future work.
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