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Figure 1: Aneurysm in the descending aorta. (a) Pathlines crossing the displayed ROI (white arrow) at t = 100ms. (b) Further subdivision
into pathlines entering the brachiocephalic artery (yellow), the left carotid artery (light blue), and the left subclavian artery (blue). (c) Gray lines
represent particles residing in the aneurysm for more than 150ms. Color-coded lines pass the aneurysm in less than 150ms. (d) Streamlines (at
t = 180ms) with mean velocity greater than 80

cm
s

are directed at the aneurysm wall (white arrow).

ABSTRACT

4D MRI is an in vivo flow imaging modality which has the po-
tential to significantly enhance diagnostics and therapy of cardio-
vascular diseases. However, current analysis methods demand too
much time and expert knowledge in order to apply 4D MRI in the
clinics or larger clinical studies. One missing piece are methods
allowing to gain a quick overview of the flow data’s main proper-
ties. We present a line predicate approach that sorts precalculated
integral lines, which capture the complete flow dynamics, into bun-
dles with similar properties. We introduce several streamline and
pathline predicates that allow to structure the flow according to var-
ious features useful for blood flow analysis, such as, e.g., velocity
distribution, vortices, and flow paths. The user can combine these
predicates flexibly and by that create flow structures that help to
gain overview and carve out special features of the current dataset.
We show the usefulness of our approach by means of a detailed
discussion of 4D MRI datasets of healthy and pathological aortas.

Index Terms: I.6.9.a [Computer Methodologies]: Simula-
tion, Modeling, and Visualization—Applications; I.6.9.b [Com-
puter Methodologies]: Simulation, Modeling, and Visualization—
Flow Visualization; J.3 [Computer Applications]: Life and Medical
Sciences—;
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1 INTRODUCTION

In the cardiovascular system, the blood hemodynamics and the mor-
phology of heart and vessels strongly affect each other. The asym-
metric and curved geometry of the human heart leads to an efficient
ejection of blood into the pulmonary arteries and the aorta [16]. On
the other hand, the flowing blood exerts varying forces on the vas-
cular morphology and causes a continuous remodeling of the heart
and vessel tissue [6]. Therefore, the effective interplay of hemo-
dynamics and morphology, where both are perfectly attuned to one
another, characterizes a healthy cardiovascular system.

As a consequence, this system can be destabilized by alterations
of blood flow or morphology due to disease or surgery. That way,
modified morphology causes changes in the blood flow behaviour
which may lead again to further unfavorable remodeling. In the
long run, serious diseases may result from this vicious cycle [6].

After all, information about patient-specific spatiotemporal
blood flow behaviour, in addition to the traditional morphological
images (CT angiography, MR angiography), turns out to be valu-
able for diagnosis and prognosis of cardiovascular diseases. In clin-
ical routine, however, flow examinations are usually, if at all, car-
ried out in 2D with either Doppler Ultrasound or 2D phase-contrast
MRI measurements.

A relatively new method to obtain more comprehensive blood
flow information is the flow-sensitive phase-contrast magnetic reso-
nance imaging (4D MRI). Here, 3D morphology and time-resolved
blood flow velocities (in 3 directions) are acquired simultaneously
over the complete cardiac cycle and with a high spatial resolution.
The 4D nature allows for a flow analysis at every desired location
without the risk of missing crucial information because of an ad-
versely positioned 2D measurement plane. Valuable insight in car-
diovascular physiology, pathologies, and associated hemodynam-
ics have been gained with this imaging technique. For a recent
overview, we refer to Markl et al. [21].

To exploit the full potential of 4D MRI, appropriate analysis



methods are inevitable. Currently, physicians analyze 4D MRI data
mainly by inspecting the flow or derived flow parameters on 2D
cross-sections defined in the region of interest. For a 3D impression
of the flow dynamics, the course of streamlines or pathlines started
from these 2D planes is examined [1]. The aforementioned research
results were mainly achieved with these approaches. However,
for larger patient studies or the clinical routine, they do not suf-
fice. The main reason is the high degree of user interaction which
makes the analysis very time-consuming and the results strongly
user-dependent. Further, the current methods fail to provide a good
overview of the flow situation. Physicians are not always interested
in a confined anatomical area. Often, they rather want to get insight
into the overall flow dynamics to detect areas with irregular flow
behaviour. Gaining overview can be tedious with current analysis
techniques and with that the risk of missing crucial aspects rises.

In this paper, we start to attend to the problem of lacking
overview. Our aim is to provide an analysis method for 4D MRI
data which captures the overall flow structure instead of local flow
patterns. The flow structure is the division of a flow field into areas
with similar characteristics. A flexible approach of determining this
flow structure are line predicates which have been introduced be-
fore for the analysis of non-medical CFD simulation data [26, 27].
We utilize and adapt this method to blood flow analysis in measured
and, therefore, noisier 4D MRI data.

The entity of integral lines represents the spatiotemporal be-
haviour of a flow field. To make sense of the flow, it is not use-
ful to inspect thousands of single lines. Instead, the idea of line
predicates is to sort these lines into groups according to specific
properties. Thus, each group represents a subflow with a certain be-
haviour. Flow behaviour can be defined according to various char-
acteristics, such as flow paths, vortices, velocity, or residence time.
In blood flow analysis, usually more than one or combinations of
these properties are useful. By choosing the appropriate predicates,
the user can bring in his medical knowledge and query the specific
data according to the current interest. With our method, it is possi-
ble to explore the flow by answering questions like: ”Where are the
main vortices located and which areas are influenced by them?”,
”Where occurs the highest flow velocity and how does this change
over time?”, or ”What part of the blood flows into the left subcla-
vian artery?”.

The establishment of 4D MRI in the clinics is the goal of cur-
rent research. Still, the domain experts we mainly address at this
point are medical researchers who want to understand the role of
blood hemodynamics in the development of cardiovascular dis-
eases. Their findings from clinical studies - in addition to appro-
priate analysis methods - will have a strong impact on the clinical
use of 4D MRI.

In summary, these are our main contributions:

• We present a line predicate approach capturing the main blood
flow structure in 4D MRI data according to various properties,
such as vortices, flow paths, velocity, residence time.

• The method allows the user to set queries to identify areas
with interesting or abnormal flow characteristics, but it is also
suited for automatic overviews.

• We evaluate our work by presenting case studies of two pa-
tients with aortic pathologies and one healthy volunteer show-
ing that our approach allows conclusions that were not possi-
ble with current methods yet.

• We show that vortex detection techniques developed for the
analysis of CFD simulation data are applicable to measured,
and therefore noisier, 4D MRI data.

2 RELATED WORK

4D MRI is a rather young imaging modality which has not found
its way into the clinical routine yet. Mainly 4D MRI experts have
been engaged with the data analysis for research purposes in the last
years. Common 4D MRI analysis methods adopted standard flow
visualization techniques, such a 3D streamlines or pathlines [4, 3]
or the depiction of flow information on 2D planes by means of
color-coding, vector plots, or velocity profiles [19]. These methods
have enhanced a lot [1, 11, 21] but still demand a lot of interaction
and user knowledge to find unknown flow patterns in the data.

As 4D MRI matures, the visualization community discovers 4D
MRI blood flow as an exciting research area. There is interest in
supporting users by improving the existing methods in terms of us-
ability and comprehensiveness. Van Pelt et al. apply an easier in-
teraction for the selection of 2D vessel cross-sections. Further, they
use illustrative methods like arrow-trails to depict time-dependent
blood flow dynamics and exploded planar reformats to connect 3D
and 2D views of the flow [33]. Gasteiger et al. tackle the prob-
lem of occlusion and clutter occurring when vessel morphology and
embedded complex flow are visualized together. They introduce a
ghosted view approach that displays the vessel surface but reveals
the blood flow depending on the orientation between surface and
viewer [9]. An approach to encode a multitude of parameters on the
2D plane separating an aneurysm from the main vessel is presented
by Neugebauer et al [22]. Furthermore, interaction widgets are in-
troduced which are tailored to the needs when examining cerebral
aneurysms. A probing approach introduced recently by van Pelt et
al. allows flow exploration by interactive seed injection into the 4D
MRI flow field and the observation of the flow behaviour based on
illustrative renderings and animations [32].

Thus, there exist several promising approaches to improve the
depiction of 3D integral lines or flow parameters on 2D planes. A
remaining problem, however, is the interpretation of the flow con-
cerning flow patterns and the overall flow behaviour which is still
mainly left to the user. To assist the user in this task, Heiberg et
al. introduced an automatic detection of swirling flow based on a
vector pattern matching technique and showed its applicability to
4D MRI data [10]. Krishnan et al. depict flow with similar paths
by segmenting integral lines starting from a 2D plane according to
their anatomical target area. The clusters are displayed on the emit-
ter planes [17]. Eriksson et al. are concerned with the quantification
of blood flow in the left ventricle [6]. They group pathlines based
on their start and target regions into several groups (entering, exit-
ing, passing, staying in the ventricle) and determine the volume of
the different compartiments from this.

Our approach is related to these methods in the sense that our aim
is also to detect specific behaviour in the flow. But while the afore-
mentioned methods each deal with one specific behaviour, we apply
a more flexible approach that allows to structure the flow according
to several properties. To achieve this, we adapt the line predicate
approach introduced by Salzbrunn et al. [26, 27] to blood flow anal-
ysis. The pathline attributes by Shi et al. are also closely related to
our line predicate approach [28]. They apply linked views to select
pathlines with specific parameters in non-medical data. However,
our concept of line selection based on features of the underlying
velocity or anatomical data is not readily possible with their tech-
nique.

3 CONCEPTS

Our work is based on the application of line predicates. In the fol-
lowing sections, we briefly recapitulate the basics concerning inte-
gral lines and line predicates according to previous work [26, 27].

3.1 Integral Lines

The infinite set of streamlines or pathlines incorporates the informa-
tion about the dynamics of a given 3D flow field. A pathline rep-



resents the trace of a virtual particle emitted into an unsteady flow
field at a specific time and is tangent to the flow vectors. A pathline
p running through an unsteady velocity field v : D×I → R

3 (with
the field domain D ⊂ R

3, timespan I = [t0, tn], and starting time
τ ∈ I) is defined as

pa,τ : Ia,τ → D

pa,τ (τ) = a

t 7→ pa,τ (t)

∂pa,τ

∂t
(t) = v(pa,τ (t), t)

for any position a ∈ D and any time t ∈ I . Ia,τ ⊂ I is the maximal
lifespan of the particle in D during I.

Streamlines depict the flow situation in a steady field, i.e., in our
case a single timestep of the complete 4D MRI measurement, and
are at every point tangent to the field vectors. Steady flow can be
regarded as a special case of unsteady flow and, thus, streamlines
and pathlines coincide here. Along theses lines, streamlines are a
special case of pathlines with time kept fixed (t = ti and τ = 0):

pa : Ia → D

pa(0) = a

s 7→ pa(s)

∂pa

∂s
(s) = v(pa(s), ti)

For streamlines, the line parameter is not equivalent to time and
therefore depicted by s. Integral lines describing the path of the
same particle or, in the steady case, running through the same po-
sition x are equivalent. The set of all equivalent classes of integral
lines is expressed by P .

3.2 Line Predicates

Predicates are boolean functions. Thus, a line predicate P evaluates
to either true or false depending on whether an integral line p ∈ P
meets a certain characteristic:

P : P → {true, false},

p 7→ P (p)

The corresponding characteristic set CP defines all points in space-
time visited by particles fulfilling the line predicate P .

CP = { (x, t) ∈ D × I |P (px,t) = true}

For characteristic sets of streamline predicates is t = ti. By evalu-
ating a line predicate, the flow field (represented by the set of inte-
gral lines P) is therefore divided into two disjoint groups (of sim-
ilar behaviour) which is a simple example of a flow structure. For
blood flow visualization, it is useful to combine several line pred-
icates to more complex queries resulting in more meaningful flow
structures. But here it must be assured that every line is assigned
to one and only one characteristic set. In other words, the chosen
set of line predicates G needs to yield disjoint characteristic sets. A
flow structure is then defined as the partitioning of the flow domain
into these disjoint groups:

P =
⋃

γ∈Γ

CPγ

with an index set Γ. Usually, predicate sets do not yield disjoint
line groups automatically. By defining flow structures (consisting
of predicates PX and PY ) like this, the requirements can still be
met:

G = {PX ∧ PY , PX ∧ PY , PX ∧ PY , PX ∧ PY }

3.3 Line-based and Derived Features

Line predicates can be divided into line-based and derived predi-
cates. They differ in the data that is needed for their evaluation: For
line-based predicates the examined feature depends only on char-
acteristics of the integral line itself. Derived predicates deal with
features detected in the subjacent velocity field or the anatomical
volume dataset. The detection of a derived feature can be reduced
to the evaluation of a point predicate. If a feature is present at a
point x ∈ D, the point predicate P evaluates to true:

P : D ⊂ R → {true, false},

x 7→ P (x)

The result of the point predicate is used as input for the line pred-
icate, i.e., if at time t a line is present at a point x where P (x) =
true, the line predicate resolves to true:

P (p) =







true if p(t) = x andP (x) = true
for some t ∈ I,

false otherwise.
(1)

For the steady case with t = ti and line parameter s:

P (p) =







true if p(s) = x andP (x) = true
for some s ∈ I,

false otherwise.
(2)

4 BLOOD FLOW ANALYSIS

Visualizing flow with streamlines and pathlines is straight-forward
and intuitive, but the large number of lines hinders the insight into
the flow structure. We achieve better overview by grouping the lines
into subsets which can be visualized more comprehensively. As
mentioned before, we use line predicates (introduced in Sec. 3.2)
for this grouping process. The crucial point is to define line pred-
icates that are useful for the physician. Useful means that either a
single or a combination of line predicates results in the display of
flow structures allowing to draw conclusions about the overall flow
behaviour or to answer questions concerning specific flow aspects.

In Sections 4.2 and 4.3, we describe features and the correspond-
ing line predicates that are derived from the input of the domain
experts and, thus, meet this requirement. As a prerequisite for the
predicate approach, several data preprocessing steps are necessary
which are described in the following section.

4.1 Data Preprocessing

With 4D MRI, one acquires a 3D anatomical dataset and the veloc-
ity value in 3 directions at every voxel. A dataset covers an aver-
aged cardiac cycle split into 17 - 22 timesteps which corresponds
to a temporal resolution of ∼ 40ms. The spatial resolution is in
the range of about 1.6 × 1.6 × 2.0mm3. More details about the
data used in this paper are given in Section 5. To use our flow struc-
ture approach on this 4D MRI data, several preprocessing tasks are
necessary.

Vessel Segmentation First, the aorta is segmented, since it
is needed as seed mask for the integral lines and as context for the
visualization lateron. Since the anatomical datasets are not contrast-
enhanced, the segmentation is done based on the velocity data. For
every voxel, the sum of squares of the absolute velocity value over
all timesteps is calculated. The result is a scalar volume dataset con-
taining the average velocity value for each voxel. Therefore, vessels
appear brighter than areas where no blood flow took place. With a
region-growing approach, the vessels are segmented from this data
and, finally, the aorta is manually separated from the neighboring
vessels.



Integral Line Calculation Streamline calculation is carried
out with a DOPRI5 integration [5] for every timestep of the 4D MRI
dataset. To cover the whole aorta and to capture all flow patterns
up to a resolution of at least twice the voxel size, the integration is
started in every voxel of the segmentation mask. Thus, the num-
ber of lines is in the range of the number of aorta voxels (∼25000,
depending on data resolution). Integration is not terminated when
the aorta boundary is reached. Instead, after starting the integration
in the aorta, the course of the lines depends only on the quality of
the 4D MRI data. Lines leaving the vessel are a sign of insufficient
data quality and inefficient data preprocessing [21].

Pathlines are also generated with the DOPRI5 integration. We
request that every temporal flow pattern larger than twice the voxel
size is captured by the pathlines. The trivial approach of seeding
a particle in every voxel at every timestep results in a number of
lines that renders the predicate evaluation inefficient. So we reduce
the number of lines as described in [27]: The goal is that for every
timestep at least one particle is present in a voxel. We seed particles
for the complete segmentation mask only in the first timestep. In
the second timestep particles are emitted in voxels unvisited at that
point in time. In order to capture the complete life span of these
additional particles, the integration is done backward and forward
in time. This procedure is repeated for all timesteps until all voxels
are visited in every timestep. Compared to the trivial approach, the
number of lines is reduced by this method by 81-91%.

Both, streamlines and pathlines, are then represented as line
strips and for each vertex the current velocity is recorded. For path-
lines, the time when the particle passed this vertex, is stored as well.

Voxelization Derived predicates (see Sec. 3.3) evaluate lines
according to whether they run through voxels with a certain prop-
erty (e.g., a detected vortex). To avoid unnecessary computations
of intersections of line strips and voxels, a voxel representation of
the streamlines and pathlines is generated in addition to the line
strips. The velocity and time parameter are transferred into voxel
representation by linear interpolation.

Line Parameters For the line-based predicates (see Sec. 4.2),
several line parameters are necessary which are also precom-
puted for each integral line p (with velocity vi(p) at vertex xi ∈
{0, ..., n}):

• Line length: len(p) =
∑n

i=1 |xi(p)− xi−1(p)|

• Maximal velocity: vmax(p) = max(v0(p), ..., vn−1(p))

• Mean velocity: v̄(p) = len(p)
tmax(p)−tmin(p)

4.2 Analysis of Steady Blood Flow

In the context of 4D MRI data, steady blood flow analysis is con-
cerned with the flow situation at a fixed time during the cardiac
cycle. The following streamline predicates allow to structure flow
such that specific features of interest are pointed out.

Region-of-interest (ROI) Predicate An apparent way of
structuring blood flow is by means of flow paths. With the region-
of-interest predicate, flow paths are depicted by showing the blood
flowing through an anatomical area. By combining more areas, the
paths of the streamlines can be followed even more closely, e.g.,
from the aorta into the left carotid artery. This predicate evaluates
to true, if the course of a respective streamline crosses the anatom-
ical area, i.e., the streamline and the ROI share at least one voxel.
ROIs are subsections of the segmentation of the examined structure
(e.g., vessel slices). The user identifies a ROI by selecting cutting
planes or free-hand cutting surfaces (i.e., on a 2D slice of the seg-
mentaion a free-hand curve is defined and orthogonally extended
into 3D). A special version of the ROI predicate evaluates whether
the beginning of the line is inside the ROI. This helps to select lines
starting at a specific anatomical area.

Vortex Predicate Another main flow feature are vortices,
which are of special interest for blood flow analysis. Vortices
emerging, e.g., in the healthy human aorta or the left ventricle are
rather well-understood [8, 15]. The occurrence of abnormal vor-
tices may therefore be an indication for a pathology and significant
for disease prognosis. Further, blood flow in vortices is slower than
usual. If the velocity falls below a certain threshold, these areas are
likely to develop thrombogenesis, which may have severe compli-
cations.

With the vortex predicate, streamlines running through a vortex
can be determined. This way, not only the vortex itself, but the
flow area influenced by the vortex, is identified. A prerequisite for
this predicate is the detection of vortices in the underlying vector
field (derived predicate). Various methods for vortex detection can
be found in literature. For a survey, we refer to [14]. The only
method that has been applied to medical 4D MRI data is the pattern
matching technique by Heiberg et al. [10]. Since the vortex core
line detection by Sujudi and Haimes [31] and the λ2 vortex region
detection by Jeong et al. [13] belong to the standard methods in
CFD simulation data, we decided to examine to what extent they are
applicable with 4D MRI data. These vortex detection methods can
be restated to the evaluation of point predicates, which determine
for each voxel whether a vortex or a vortex core line respectively
is present at this position or not [27]. Based on this, the vortex
predicate Ps,vor itself is evaluated to true, if the streamline traverses
a voxel where the vortex point predicate is fulfilled (see Eq. 1). The
point predicate for the λ2 method [13] is expressed by

P (x) =







true ifS2 +Ω2 at positionx
has 2 negative eigenvalues,

false otherwise.

S = 1
2
(J + JT ) and Ω = 1

2
(J − JT ) are the symmetric and

asymmetric parts of the vector field’s Jacobian matrix J .
The vortex core line detection by Sujudi and Haimes [31] formu-

lated with the parallel vectors operator by Peikert et al. [24] results
in the following point predicate:

P (x) =







true if v(x) ‖ (∇v(x))(v(x))and∇v(x)
has complex eigenvalues,

false otherwise.
(3)

Since 4D MRI data contains more noise than simulation data, it is
most likely that a vortex detection method produces false positives.
Therefore, we combine the previously described techniques: On the
one hand, we detect vortex core lines and discard lines shorter than
30mm (in the case of aorta examinations). On the other hand, we
apply the λ2-method. Finally, we define a vortex as detected if at a
voxel a core line is present and the λ2 point predicate returns true.

So far, only the vortex core line is detected. The obvious choice
is to determine the vortex region based on the λ2-result. In practice,
however, this depends on a well-chosen threshold, as 0 does not
always give usable results, especially with measured data. As an
alternative, we considered the dilation of the voxelized vortex core
line by one voxel layer. Comparison of the two possibilities shows
that the results of the vortex predicates do not differ significantly
for the majority of vortices (see Fig. 2) and we therefore apply the
dilation method here. However, further research is needed on this
topic as for very small or very large vortices the regions might be
overestimated or underestimated respectively.

Maximal Velocity Predicate This predicate identifies stream-
lines with a maximal velocity in a specified interval [v1, v2]. With
[v1,∞], e.g., this allows the physician to identify areas with high
velocity, which correspond to the main flow paths. If these fast
flow paths are redirected in the pathological case, the adjoining ves-
sel boundaries are likely to be exposed to higher forces and shear



Figure 2: Result of vortex predicate in the aorta aneurysm dataset
based on λ2 (left) and based on a dilated vortex core line (right).
Color mapping shows mean velocity of a line.

stress which may result in further pathological remodeling. Thus,
these flow paths can be a significant criterion in a therapy deci-
sion. The maximal velocity predicate Ps,vmax is line-based, i.e., it
is evaluated according to the precalculated parameter vmax(s) (see
Sec. 4.1) for each streamline s:

Ps,vmax(s) =

{

true if vmax(s) ∈ [v1, v2] ,
false otherwise.

(4)

Mean Velocity Predicate Along the lines of the previous
predicate, this function identifies integral lines with a mean veloc-
ity in a specific interval [v1, v2]. As a result, areas with a high
average velocity can be distinguished from areas with low average
speed. The respective predicate Ps,v̄ is defined analog to Equation 4
and evaluated based on the precalculated mean velocity v̄ of each
streamline (see Sec. 4.1).

Length Predicate The length predicate Ps,len allows to struc-
ture the flow according to streamline length and allows to, e.g., filter
out shorter lines, which oftentimes lead to clutter. It identifies lines
with a length in the interval [l1, l2] and is defined analog to Equa-
tion 4.

4.3 Analysis of Unsteady Blood Flow

While the steady analysis of a single timestep of the 4D MRI data
allows to explore flow patterns at a fixed point in time, the unsteady
analysis allows to capture the path of flowing particles over time.
As the steady case is a special case of the unsteady flow analysis,
the previously explained predicates can be applied here as well. The
predicates concerned with mean velocity, maximal velocity, line
length, and flow through a region of interest can be adopted without
change. The vortex predicate is transformed into a time-dependent
variant. For the ROI predicate an additional time-dependent version
is also useful. Both are explained in the following.

Time-dependent ROI predicate When inspecting the course
of pathlines, one might be interested in pathlines that flow through
a specific area at a certain time ti. This is, e.g., useful to identify
pathlines seeded in an area at given time and examine their subse-
quent behaviour by applying further predicates. As in the steady
case, the region of interest is defined by the user and the ROI pred-
icate then determines all pathlines flowing through this area at the
given time ti.

Pp,ROI(pa,τ , ti) =

{

true if pa,τ (ti) = x andP (x) = true,
false otherwise.

As explained in Section 4.1, for the pathlines a voxelized version is
generated and for each voxel, the time when the respective particles
passes this voxel is available. With this information, the predicate
can be evaluated efficiently.

Time-dependent Vortex Predicate In an unsteady flow field,
the location and shape of vortices change over time. Therefore,
the vortices need to be detected for each timestep and the pathlines

are queried for whether they flow through the respective area at a
specific time t:

Pp,vor(pa,τ , tr) =

{

true if pa,τ (t) = x andP (x) = true,
false otherwise.

Inspecting the influence of a vortex on a pathline over a longer
time is accomplished by combining vortex predicates for subse-
quent timesteps. Tracking a vortex over several timesteps can be
accomplished geometrically, similar to the volume tracking method
of Silver et al. [30]. This approach is feasible, as the vortices occur-
ring in large vessels are rather low in number, their size is relatively
large compared to the vessel diameter, and they do not dislocate a
lot over time. Still, for future work an application of the method
described by Weinkauf et al. [34] is advisible.

Residence Time Predicate This pathline predicate deter-
mines whether a particle spends longer than a specified time span tr
in a predefined area. The residence time of particles in the aorta or
the heart can be used as a measure for the efficiency of the working
heart. Further, long residence times of particles in, e.g., a vortex
region, indicates a higher risk for thrombogenesis. The residence
time predicate Pp,res can be expressed with:

Pp,res(pa,τ , tr) =











true if ∃t1, ∃t2, (t2 − t1) ≥ tr,
∀t ∈ [t1, t2] ,
Pp,ROI(pa,τ , t) = true,

false otherwise.

As with the steady blood flow analysis, the previously described
predicates can be freely combined. When defining the flow struc-
ture with a set of predicates, it is important to make sure that the
resulting characteristic sets are disjoint (see Sec. 3.2).

4.4 Flow Structure Visualization

The line bundles resulting from the predicate evaluations are visual-
ized in the context of the corresponding aorta mesh and the anatom-
ical MRI slice data. The integral lines are rendered as color-coded
tubes. The color-coding represents either the line’s mean velocity,
the change of the velocity or the line parameter along the line. The
latter encoding gives information about the flow direction in case
this may not be clear from the context. Despite of the perceptual
disadvantages of the rainbow color map, it is still the common way
of depicting line parameters in medical software and publications.
Not following this convention, but the advice of Silva et al. [29],
we decided on a diverging map ranging from orange (small values)
to purple (large values). To show the course of lines over time, it
is also possible to display not the complete line but only segments
according to the line parameters s (for streamlines) and time t (for
pathlines) (see Fig. 4).

Rendering single line groups directly is appropriate in many
cases as this results in a compact representation emphasizing the
shape of the flow fulfilling a certain property. However, when oc-
clusion hinders insight in more complex flow, the reduction of lines
is necessary. Here, it is important that the thinned line bundle still
represents the flow behaviour of the original bundle. For this, we
applied the deterministic streamline placement method as described
in [25]. The skeleton of the voxel representation of the bundle’s
characteristic set is generated with the topology-preserving thin-
ning approach by Palàgyi and Kuba [23]. Then the minimal set of
integral lines visiting all skeleton voxels is calculated. So, for every
line the number of visited skeleton voxels are determined and the
line with the maximal number of visits, is included in the thinned
bundle. This is repeated for the remaining lines until all skeleton
voxels are visited by at least one line (see Fig. 3(b) for an example).

If only the area of the identified flow is of interest or to achieve
a less dense representation if several line groups are visualized, it
is possible to show line groups as isosurfaces. Here, the surface of



(a) (b) (c) (d)

Figure 3: Healthy aorta (a,b). (a) Yellow isosurface represents the union of all streamlines running through the vortex in the ascending aorta.
Yellow lines are a subset running also through the vortex in the descending aorta. The color-coded streamlines through the arch vortex are
outside this isosurface and, thus, do not interact with the ascending vortex. (b) Characteristic set of streamlines starting at the ROI (white
arrow) and running through vortex in the descending aorta reveal retrograde vortical flow in late systole. Distorted aorta dataset (c,d). Pathlines
representing particles which are at some point faster than 130

cm
s

. (c) Velocity color mapping reveals these areas of fast flow. (d) Time color
mapping shows at what time during the cardiac cycle the velocity was high. Note also the left-handed swirl developing further downstream of the
bent in late systole.

the voxelized characteristic set is displayed transparently and thus
allows to overcome occlusion (see Fig. 3(a)).

We implemented the line predicate approach as a scene graph
addition to our medical visualization framework. The predicates
are represented by separate scene graph nodes, which can be com-
bined freely by drag-and-drop during run-time. Except for the user-
defined predicate parameters (e.g., velocity of interest), no parame-
ter adjustment is necessary.

5 APPLICATION AND RESULTS

In this section, we discuss the application of our line predicate
method to 4D MRI aorta datasets of one healthy volunteer and two
patients with different pathologies. As a full discussion of each
dataset is beyond the scope of this paper, we present selected fea-
tures of each case. The datasets were preprocessed as introduced
in [2, 20]. After that, aorta segmentation, precalculation of inte-
gral lines, as well as vortex detection is accomplished as described
previously. For a typical 4D MRI dataset, the complete preprocess-
ing (until the predicates can be applied to the data) takes around
1.8 hours wherein only for the segmentation task explicit user in-
teraction is needed. This time can be reduced, e.g., with a GPU-
acceleration of the line integration which we have not implemented
yet. The evaluation of predicates is done in real-time. However, for
the derived predicates (e.g., ROI predicate) a delay in the order of
seconds occurs depending on the number of lines being processed.

5.1 Healthy Aorta

Using the example of the 4D MRI (spatial resolution: 1.67 ×
1.67 × 2.2mm3 ; temporal resolution: 40.8ms; 17 timesteps; ve-
locity sensitivity (maximal velocity that can be measured): 150 cm

s
)

of a healthy volunteer, we examine typical flow patterns occur-
ring in the aorta during a cardiac cycle. It is known, e.g., that a
right-handed vortex forms in the healthy ascending aorta during
systole [3, 12, 15]. In the present dataset, two other vortices de-
velop in the descending aorta at t = 100ms (one close to the arch,
one further downstream). Applying vortex predicates to streamlines
reveals the interplay of these three vortices at a specific timestep.
The yellow isosurface in Figure 3(a) represents the characteristic
set of the vortex predicate for the ascending vortex, i.e., all stream-
lines flowing through this vortex are within this surface. The color-

coded streamlines result from the vortex predicate for the arch vor-
tex. These lines are outside the characteristic set of the ascend-
ing vortex. This indicates that these vortices do not interact at this
timestep. We can confirm this finding by evaluating the combined
vortex predicate for the ascending and the arch vortex which re-
sults in an empty characteristic set. The yellow streamlines display
a subset of streamlines flowing through the ascending and the de-
scending vortex. Exploring the interaction of vortices as shown here
for the steady or unsteady provides insights into the overall flow be-
haviour, which is not possible with current methods yet.

During end systole (at around t = 300ms) rotating and retro-
grade flow evolves in the healthy aorta, especially in the descending
part [3, 12, 15]. Figure 3(b) shows streamlines involved in the de-
scending vortex at t = 350ms that are starting in the depicted ROI
(white arrow). This reveals the course of reverse flow in the vortex.
Again, we have an advantage to current methods. In addition to the
possibility to inspect reverse flow by starting integral lines from a
2D cross-section, we can select and visualize the reverse flow in a
specific vortex. Other subsets as the reverse flow into an anatomical
region of interest or the like are also thinkable and useful.

5.2 Distorted Shape in Descending Aorta

This 4D MRI (spatial resolution: 1.67 × 1.67 × 2.2mm3 ; tempo-
ral resolution: 40.8ms; 22 timesteps; velocity sensitivity: 150 cm

s
)

of a female patient (72 years) was acquired after an MRI revealed
an uncommonly bent shape of the descending aorta. This distortion
leads to changes in the blood hemodynamics compared to a healthy
aorta [18]. A consequence of the kink is, e.g., an increase in veloc-
ity. Flow with unusual high velocity occurring at any time during
the cardiac cycle can be easily identified with a maximal velocity
predicate applied to the complete pathline set. In this dataset, this
predicate reveals an (expected) high-speed flow at the proximal as-
cending aorta where the blood enters from the left ventricle (purple
arrow in Fig. 3(c)) and the aforementioned area of high velocity at
the kink in the descending aorta (yellow arrow in Fig. 3(c)). To
find out in what phase of the cardiac cycle the high velocities occur,
the line color mapping can be switched from velocity to time (see
Fig. 3(d)). Thus, we provide a method to quickly identify the flow
with unusually high velocity. With this information, these areas can
be further inspected with streamlines of the respective timesteps or



Figure 4: Vortex in the proximal descending aorta of the 4D MRI of the distorted aorta. Pathlines run through the evolving vortex at t = 102ms.
The dark line represents the vortex core line at t = 102ms, the light blue line (leftmost image) represents the core at t = 347ms. The remaining
images show the course of the pathlines from seeding time until (from left right) 140ms, 200ms,300ms, 350ms ,500ms, 600ms, 700ms.

2D analysis planes, for example.
A further specialty of this dataset is a vortex in the proximal

descending aorta [18], which is depicted in Figure 4. A time-
dependent vortex predicate identifies pathlines running through the
vortex area detected in the third timestep of this dataset (t =
102ms). The single images show the swirling of the pathlines
around the core and the temporal development of the vortex.

We are certain that the structuring of the flow according to vor-
tical flow and velocity as presented in this section, is not possible
with other methods yet.

5.3 Aneurysm in Descending Aorta

This patient (19 years, male) underwent surgical repair of aortic
coarctation several years ago. During a regular follow-up with
MR angiography the development of a postoperative aneurysm in
the descending aorta had been observed, which was further exam-
ined with 4D MRI (spatial resolution: 1.77 × 1.77 × 2.6mm3

; temporal resolution: 40ms; 20 timesteps; velocity sensitivity:
150 cm

s
) [7].

In the aneurysm a strong vortex prevails and influences the flow
patterns in the whole aorta. Since the vortex takes up the whole
aneurysm over large portions of a cardiac cycle, it is interesting to
analyze to what extent the blood flow is interrupted by this. The
residence time of the particles in this vortex is a measure for the,
probably decreased, efficiency of the blood transport and is very
likely to correlate with the risk of blood clot development. We can
examine this aspect with the residence time predicate. We pres-
elect all pathlines of a certain minimum length (length predicate
with l1 = 10cm and l2 = ∞) crossing a region of interest in
the aortic arch during the second timestep (time-dependent ROI
predicate). This set of pathlines is then divided into lines resid-
ing in the aneurysm for more or less than 150ms respectively (see
Fig. 1(c)). With the residence time predicate, we could also iden-
tify a large number of particles staying in the aneurysm for more
than 300ms which corresponds to the duration of an average sys-
tole (not shown). ROI definition, predicate evaluation, and visual-
ization take no longer than 2min altogether and allow insight into
the residence times of particles and their paths. This information is
of interest when assessing the risk of blood clot development.

For the estimation of the risk of an aneurysm rupture, high-
velocity jets are of interest. The application of the mean velocity
predicate to streamlines at t = 180ms shows the high-velocity
flow faster than 80 cm

s
during that timestep (see Fig. 1(d)). Here,

it is especially interesting that these fast streamlines are directed at
the aneurysm wall which is an indication of high forces on the ves-
sel boundary. This flow behaviour is likely to be connected to the
aneurysm development.

Further, we show how line predicates can be used to inspect flow
into the main branches of the aortic arch. Assuming that we want to
inspect the flow of particles entering the aorta during early to mid-
systole, we select a ROI at the proximal ascending aorta and apply
the time-dependent ROI predicate (t = 100ms). These pathlines

can then be subdivided by means of one ROI predicate for each
branching vessel (see Fig. 1(a,b)). It can be learned from the result
that, e.g., blood entering at the ventral part of the aorta flows into
the left carotid artery, that parts of the vortical flow in the ascending
aorta find the way in the brachiocephalic artery, and that a consid-
erable vortex evolves at the entry to the left subclavian artery. With
current methods, findings like these are only possible by observing
a larger number of pathlines over time and visually detecting the
interesting patterns. However, it is not possible to preselect and vi-
sualize only the lines that are of interest, i.e., that flow into a certain
region, as we provide it here.

6 DISCUSSION AND CONCLUSION

4D MRI is a relatively new imaging modality which has the poten-
tial to significantly enhance diagnostics and therapy of cardiovascu-
lar diseases. One of the remaining challenges, however, is to over-
come problems in the data analysis, which still requires a lot of time
and expert knowledge. Authors have asked for more automated and
standardized visualization techniques to open the door for the ap-
plication of 4D MRI in the clinics or for larger patient studies [21].
This request incorporates methods which are capable of allowing
the physician to gain a quick overview of the main characteristics
and any anomalities of the respective dataset. We believe that the
development of methods illustrating the overall flow behaviour in
3D is an important step towards this goal.

Our approach is based on the fact that the main behaviour of a
flow field is encoded in its full set of integral lines. To make the
flow visualization more comprehensible, we segment these lines
into groups of similar behaviour. For this grouping, we adapted the
line predicate approach by Salzbrunn et al. [26, 27] which allows
to structure integral lines according to certain characteristics and to
combine these queries flexibly. We defined line predicates based on
the physicians’ needs. Thus, they are concerned with, e.g., velocity,
anatomical passage areas, and vortices. With our method, users can
freely combine these predicates and create flow structures answer-
ing their questions about the current dataset. With that, we provide
a better insight into the main flow characteristics of 4D MRI data
than other methods presented in literature so far.

Current analysis techniques that rely on the seeding of integral
lines from 2D planes have two major problems. First, the seeding
pattern on the plane strongly influences the features that can be de-
tected. Second, the tracking of all integral lines leads to clutter and
makes it difficult to spot the interesting aspects. With our approach,
the seeding problem does not evolve and the clutter problem is re-
duced by the grouping of lines according to similar properties.

The discussion of the results with a 4D MRI expert revealed sev-
eral advantages and potential improvements of our line predicate
approach. The reliable and automated in vivo identification of sec-
ondary flow patterns was considered one of the main benefits, since
it may help identify patients with a high risk of developing vascu-
lar complications. Especially, the detection of vortices and helical
flow was mentioned as an advancement compared to current anal-



ysis methods. Further, it was positively valued that the visualiza-
tion of altered hemodynamics and the possible correlation to car-
diovascular pathologies in clinical studies may contribute to the un-
derstanding of the mechanisms leading to disease development. It
was emphasized that previous in vivo flow studies relied mostly on
purely visual analysis and manual definition of regions of interest.
In contrast to this, our approach is considered helpful for the im-
provement of this procedure by systematically identifying regions
with irregular flow. Concerning the visualization, the simultaneous
display of multiple information by showing several line bundles and
color-codings was regarded as an improvement of the flow depic-
tion. Our decision to rely on static renderings was supported as
animations are difficult to introduce in a potential clinical setting.
Finally, the expert suggested standardized color maps for the dif-
ferent quantitative information (line parameters, residence times)
and emphasized that automatic methods would decrease the inter-
observer variability of the findings. Automatic analysis could be
achieved by introducing predefined predicate combinations.

There are many starting points for future work. Line clutter
could be further decreased by displaying a line bundle’s represen-
tative flow behaviour and direction by more abstract methods. As
this approach is limited to the detection of features covered by the
predicates, more predicates can become necessary when examining
other anatomical structures. So, the development of new predicates
and the design of the aforementioned standardized flow visualiza-
tions are thinkable. Finally, the analysis is mainly qualitative so
far, which helps in gaining overview and understanding the data’s
overall flow dynamics. Still, for diagnostics and therapy decisions
quantitative flow measures are necessary as well. We are confi-
dent that our method is suited for an expansion towards a combined
qualitative and quantitative analysis of 4D MRI data.
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