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Abstract

Phase-Contrast Magnetic Resonance Imaging (PC-MRI) measures volumetric and time-varying blood flow data, unsurpassed
in quality and completeness. Such blood-flow data have been shown to have the potential to improve both diagnosis and risk
assessment of cardiovascular diseases (CVDs) uniquely.

Typically PC-MRI data is visualized using stream- or pathlines. However, time-varying aspects of the data, e.g., vortex shed-
ding, breakdown, and formation, are not sufficiently captured by these visualization techniques. Experimental flow visualization
techniques introduce a visible medium, like smoke or dye, to visualize flow aspects including time-varying aspects. We propose a
[framework that mimics such experimental techniques by using a high number of particles. The framework offers great flexibility
which allows for various visualization approaches. These include common traditional flow visualizations, but also streak visual-
izations to show the temporal aspects, and uncertainty visualizations. Moreover, these patient-specific measurements suffer from
noise artifacts and a coarse resolution, causing uncertainty. Traditional flow visualizations neglect uncertainty and, therefore,
may give a false sense of certainty, which can mislead the user yielding incorrect decisions. Previously, the domain experts had
no means to visualize the effect of the uncertainty in the data. Our framework has been adopted by domain experts to visualize
the vortices present in the sinuses of the aorta root showing the potential of the framework. Furthermore, an evaluation among
domain experts indicated that having the option to visualize the uncertainty contributed to their confidence on the analysis.

CCS Concepts
o Human-centered computing — Scientific visualization; e Computing methodologies — Scientific visualization; e Applied

computing — Life and medical sciences;

1. Introduction

Blood flow plays a decisive role in the occurrence and progression
of many cardiovascular diseases (CVD’s) [HBB*10, MFK*12].
This group of conditions is responsible for the highest mortality
and morbidity rates in the world [MBG*15]. The blood flow can be
acquired using phase-contrast enhanced magnetic-resonance imag-
ing (PC-MRI). PC-MRI provides blood-flow information that facil-
itates the understanding and diagnosis of CVD’s. These measure-
ments consist of volumetric vector fields that vary in time, captur-
ing quantitative blood-flow information.

The observed patterns in a patient’s blood-flow determine the
probability of a disease, and, ultimately, can establish a final di-
agnosis. For example, for certain CVDs, vortex-flow patterns are
considered to be an essential factor in the development of these
diseases [CCB*05, HHO8, KGP*13, AKT*16]. Therefore, visual-
ization of the flow is important, such that it is possible to locate and
qualitatively analyze the flow features of interest [CCB*05, HHOS,
vdGG16]. For the flow visualization often streamlines or pathlines
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are [vVPBB*10]. However, these visualizations do not capture any
of time-varying aspects of the data, such as, how and when vor-
tices form and breakdown, and how they move through the flow
(shedding), i.e., information on the evolution of a vortex over time.
Which is, for example, important when analyzing the flow in the
heart [AKT*16]. An example of vortex formation and breakdown
in the aorta with our framework is shown in Fig 1, notice that an-
imation is essential for this type of visualization and is provided
in the supporting material. While vortices can be visualized using
pathlines, they cannot be used to visually show how they change
over time. The pathlines show a static representation of the tempo-
ral behaviour of particles, since they only show a single trajectory
for a given seeding position, not how this trajectory can change
over time. Streaklines, on the other hand, are more adequate to
reveal time-varying flow behaviour [Lan96]. To obtain streaklines
in physical flows visible foreign material is continuously added.
For example, in the medical setting, an angiographic catheter are
used to inject contrast dye into the artery to evaluate the flow inside
it [CF76]. By continuously seeding particles from a fixed seeding
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position, the temporal relation between the particles is maintained
and flow changes over time are visually encapsulated. Hence, us-
ing streaklines one can recognize both local and global spatial and
temporal changes in the flow, that cannot be directly provided by
streamlines nor pathlines.

One of the reasons streak visualization is rarely applied for the
computer-based visualization of blood flow is that it typically has
a higher computer memory footprint, i.e., more temporal data must
be available to the visualization. To the best of our knowledge, no
system uses streak visualization for PC-MRI data.

Another aspect of PC-MRI data that is often not considered in
visualization is the presence of several sources of uncertainty, e.g.,
phase-wrap artifacts, motion artifacts, partial volume effects and
measurement noise, for example, due to inhomogeneity of the mag-
netic fields. Using traditional flow visualizations, uncertainty is ig-
nored, which can be misleading and generating a false sense of re-
liability, or it can even cause distrust and conflict. For example, it is
known that the presence of measurement noise has a significant in-
fluence on the quantification of the vorticity of the flow [vSCG*15].
The flexibility of our framework allows for an interactive uncer-
tainty visualization based on a per-voxel probability distribution,
and therefore, presents the user with a way to assess the uncer-
tainty of the flow visualization. Uncertainty analysis is recognized
as an essential stage in any decision making process [Fre03], more-
over, the visualization of uncertainty is recognized as one of the key
challenges in flow visualization [BHJ* 14, BAOL12,PV13].

In conclusion, we present a framework for the visualization of
PC-MRI data using a high number of mass-less semi-transparent
particles. We apply GPU-based particles that are are traced and re-
leased in parallel to be used in the context of PC-MRI data. The
flexibility of our framework allows for various visualization ap-
proaches. These include common traditional flow visualizations
and adds the possibility for streak visualizations and uncertainty
visualizations. The source code and executable of our framework is
open source and publicly available at https://gitlab.com/
NielsDeHoon/QFlowExplorer.

2. Related work

In this section, we present related work on flow and uncertainty vi-
sualization since these are the main fields our contributions extend
on.

2.1. Flow visualization

In the last years, a focus has been put on identifying and visualiz-
ing blood-flow characteristics [KBvP*16,LGP14, VPvP*12] to aid
identification of abnormal blood-flow patterns. Many of such flow
visualizations are in essence Lagrangian, i.e., mass-less particles
advected through the vector field. Often these particle trajectories
are shown in the form of lines [vVPBB*10] or surfaces [vVPBB*11].

In computer-based flow-visualization approaches, experimental
visualizations are often mimicked using particles. A method is us-
ing Surface Particles [VW92], i.e., particles with a normal vector
based on the surface of the particle defined by the flow. Another
method is to use semi-transparent textured billboards, where the

density of the particles is proportional to the opacity [KSWO04].
More advanced techniques use smoke surfaces [VFWTS08] recon-
structed from a high number of particles advected through the flow.
To the best of our knowledge, these methods were not yet applied
for blood-flow visualization.

Domain experts often use streamlines and pathlines as these pro-
vide a static overview of the flow and are commonly used to com-
municate findings [MFK* 12, HH08, KYM*93, vPBB*10]. How-
ever, finding the right moment and location for the seeding of
the visualization is crucial and non-trivial and choosing the wrong
settings can lead to missing essential flow features. One com-
mon approach is to place a fixed number of random seeds over
space and time that cover the whole vessel. The disadvantages of
this approach are that the clutter becomes high, and interpreting
the trajectories started at different points in time becomes unfea-
sible. To understand the temporal behavior of the flow the user
has to have a mental map of the various moments in time that
are presented. In general, this method of seeding is considered
non-optimal [MLP*10]. Streak visualization requires a continu-
ous seeding over time, giving the user a complete overview of the
flow along with its temporal behavior. Therefore, streak visualiza-
tion can be used minimizing the demands on the adequate seed-
point definition and facilitating interpretation given the experimen-
tal physical flow counterpart.

2.2. Uncertainty of flow data

Several uncertainty-visualization methods have been proposed in
the last decades, also specifically for vector fields [GHP*16,
HCLS16, OGT11]. However, few have been applied to PC-MRI
data.

A first attempt to include uncertainty information in PC-MRI vi-
sualizations was presented by Friman et al. [FHH" 10]. They have
modeled the noise in measured blood-flow unsteady data as a mul-
tivariate Gaussian distribution and have presented the uncertainty
information using a flow map. They visualize and quantify the un-
certainty using conventional flow visualization techniques, such as
streamlines and particle traces which often suffers from occlusion.
The extension of their work includes pathlines and particle traces.
Given some initial conditions, it shows the probability distribu-
tion [FHH*11] of a particle passing through a volumetric area, pro-
viding a quantitative measure for uncertainty.

Both works by Friman et al. [FHH" 10,FHH* 11] rely on sequen-
tial Monte Carlo sampling of the probability space of the 4D PC-
MRI data, which is computationally expensive, hampering inter-
action. The visualizations proposed by Friman either summarize
independent pathlines without indicating the trajectories or only
shows pathlines for one seeding position. The work Schwenke et
al. [SHFF12] represents the uncertainty by the likeliness of the tra-
jectories using a fast-marching method. However, the technique by
Schwenke et al. is non-trivial to extend to unsteady flow, and thus
can only capture streamlines. For derived flow features and their
uncertainty, the amount of research is still very limited. For the
computation of the stroke volume and regurgitation fractions, es-
sential indicators of the effectiveness of the flow, the method by
Kohler et al. [KPG*15] takes the uncertainty of the measured data
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