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Abstract

We propose a technique for vortex extraction in cardiac 4D PC-MRI blood flow data that employs an intravascular, relative
pressure calculation. The method is easy to implement, runs fully automatically, and requires no user-defined parameters. We
qualitatively evaluated 100+ datasets of the aorta, pulmonary artery, or left ventricle from healthy volunteers as well as from
patients acquired with different MR scanners. In all cases, the results suffer from significantly less noise than comparable

approaches using the common A, vortex criterion.
CCS Concepts

eComputing methodologies — Image processing, eApplied computing — Life and medical sciences;

1. Introduction

Four-dimensional phase-contrast magnetic resonance imaging
[WSWO96] (4D PC-MRI) facilitates the assessment of 3D blood
flow velocity vectors of one heart beat. Common flow visualiza-
tion techniques, such as pathlines, enable a qualitative analysis of
occurring flow patterns. Vortex flow was linked to various cardio-
vascular diseases, e.g., aneurysm development in patients with bi-
cuspid aortic valves [BHB*13] and in patients with narrowed ves-
sel sections [FAH*08]. Some methods to extract such flow features
employ assumptions about the flow’s local pressure characteristics.
For 4D PC-MRI data, there is a group of specialized techniques to
calculate relative, intravascular pressure [KBV*17]. To the best of
our knowledge, no one yet used the latter group of methods for the
purpose of vortex flow extraction. In this work, we show that this
approach is superior to conventional techniques.

2. Related Work

Vortex flow extraction: Vortex extraction methods either yield
vortex core lines or vortex regions. Giinther and Theisel [GT18]
summarized the state of the art. Local techniques usually operate
on the velocity vectors and their derivatives. Typical measures are
vorticity, helicity, the Q criterion, reduced velocity, and torsion. The
A, criterion [JH95] assumes that there are local pressure minima
inside a vortex. From the Navier-Stokes, the vorticity transport and
the strain-rate transport equations, a calculation based on the vector
field’s Jacobian matrix J is derived: {A; > Ay > A3} = eig(S2 +Qz)
with § = 1/2-(J+JT) and @ = 1/2- (J —JT) A vortex exists where
the second eigenvalue is negative (A, < 0). Global techniques in-
corporate more of the domain and, thus, are computationally more
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expensive. They are, for instance, based on the integral lines” wind-
ing angles.

4D PC-MRI: Surveys about 4D PC-MRI were published by
Dyverfeldt et al. [DBB*15] in a consensus statement and by Nayak
et al. [NNB*15]. Kohler et al. [KBV*17] provided an overview
about the data processing pipeline from a technical perspective.

Vortex flow extraction in 4D PC-MRI data: Vortex extrac-
tion in 4D PC-MRI data is challenging due to low spatio-temporal
image resolution, noise, magnetic field-related MR artifacts, and
motion-related artifacts due to vascular pulsation and breathing.
Kohler et al. [KGP*13] compared the results of different local
vortex criteria for the cardiac context. They found A, as most
suitable and proposed a semi-automatic, three-step procedure to
extract high-quality, vortex flow-representing pathlines using line
predicate-based filtering [SS06, BPM*13]. They first calculated the
A criterion for each pathline point, then smoothed the values along
each pathline with a binomial filter. Subsequently, average A, val-
ues for connected pathline sections were determined where A, is
constantly above a given threshold. In a last post-processing step,
short and straight lines were filtered out using a bending energy
predicate. Elbaz et al. [ECW ™ 14] used the A, criterion to extract left
ventricular vortex rings — a mechanism to optimize blood transport.
Other approaches employed cross-sectional vector pattern match-
ing [HEWKO3, VFCV14] to find swirling flow structures.

Relative pressure in 4D PC-MRI data: Relative pressure is
an important measure to assess the degree of vessel narrowings
(stenosis). Pressure drops are a typical observation, i.e., high and
low pressure before and behind the narrowing, respectively. Tyszka
et al. [TLASOO] described an iterative solver for the pressure Pois-
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son equation (PPE), which is based on the Navier-Stokes equations,
to obtain relative pressure inside the vessel. This was the basis for
more refined methods that separated pressure into transient, con-
vective, and viscous components [LPK*14], or methods that used
the work-energy equation instead of PPE [DFS*15], or methods
that used geometric models instead of segmentations to describe
the vessel lumen [MRG*14]. Schumann and Hennemuth [SH15]
presented a custom minimum / maximum intensity projection to
visualize pressure maps via volume rendering. They also provided
diagrams of the average, relative pressure along a centerline to eval-
uate pressure drops.

3. Data Acquisition and Pre-Preprocessing

Our data were acquired with at least five different 4D PC-MRI
sequences using 1.5 [T] and 3 [T] MR scanners from Siemens
and Philips. Typical spatio-temporal resolutions are about 1.5-2 x
1.5-2 x 2-3 [mm]/40-60 [ms] in a 140 x 200 x 25/20 grid.

A 3D segmentation, as approximation of the dynamic vessel, is
carried out using a graph cut [BK04]. A surface is subsequently
extracted via marching cubes and smoothed.

We integrate 30,000 pathlines via RK4. The seeds are uniformly
distributed over time within the vessel segmentation. Our employed
line visualization enhances aberrant flow patterns [KGGP17].

4. Methods

In the sense of the A, criterion, we employ relative pressure as an
indicator of vortex regions. But instead of a purely local computa-
tion, we use the iterative approach for the whole vessel by Tyszka
et al. [TLASOO]. The implementation is detailed in Algorithm 1.
The values for viscosity and density are derived from related liter-
ature [PS05, BFL*11].

The original method stops on convergence. We use a fixed num-
ber of 1,000 iterations instead. This allows us to more easily and
accurately provide a progress bar during computation for a better
user experience. For each of our datasets, the calculation converges
below 1,000 iterations, so we assume this upper threshold as safe.

We smooth each temporal position of the resulting 4D, scalar,
relative pressure map separately with a 3 x 3 x 3 binomial filter
(1 iteration). Then, we clamp the values to the 1 % and 99 % quan-
tile to increase robustness against outliers. Afterwards, we re-shift
the values so that they are relative to the average again, i.e., the
mean of all time steps is subtracted from each value. We convert
the values from [Pa] to [mmHg], since this is commonly used in
the cardiac context and preferred by our clinical collaborators. All
of these steps are applied only within the binary vessel segmenta-
tion.

Analogous to vortex regions defined as A, < 0, a relative pres-
sure P < 0 [mmHg] is required. We employ line predicate-based
filtering to extract the pathline parts within vortex regions. L.e., P is
interpolated linearly from the pressure map for each pathline point,
and a pathline segment consisting of two subsequent points is only
shown if the average P of these points is below the threshold.

Algorithm 1 Relative pressure calculation [TLASO00].

1: function CALC_RELATIVE_PRESSURE(F [R* — R3 flow field])
2 Density = 1,060.0 [kg/m?]

3 Viscosity = 0.0035 [Pa-s]

4 gs = F.size() [4D grid size]

5: $¢ = F.scale() [4D spatio-temporal resolution]

6

7

8

9

P = 0 [4D scalar image of size g§]

for v = 0 to num vessels —1 do [for each vessel separately]
S = 3D binary vessel segmentation

* GENERATE PRESSURE GRADIENT #*###3]

10: VP =0 [4D vec3 image of size gs]
x 0 gs[0] — 1
11: for |y| = 0| to |gs[1]—1| do
Z 0 gs[2] -1
12: if S xy,; == 0 then continue [outside vessel]
13: for 1 = 0 to gs[3] — 1 do [Eq. | in [TLAS00]]
14: dvdt = (F Hl_F ;jy{z) / (2- s?:[fﬂ) [vec3]
15: lapV = 0 [vec3]
16: fori=0to2do
17: lapV[i]=F' |  +F% —2F%, /s[0]?
18: lapV[i|=F' | +F' . —2-F, /&[1]?
19: lapV[i|=F' | +F. . —2-Fl, /]2
20: dx = (F ;-H yz:—F ;_l’y,z) / (2 . S_E:[O]) [vec3]
21: dy = <F£c,y+1.,z7F§c.y71,z>/<2's_é[l]> [vec3]
22: dz = <F oy —F;‘y’z_l) / (2~§c[2]) [vec3]
23: vdv =0 [vec3]
dx[i]
24: for i = 0 to 2 do vdv[i] = dot <F vz |dyli] >
dz[i]
25: VP %, .= (dvdt+vdv)-Density—lapV- Viscosity
26: [#***% CALCULATE RELATIVE PRESSURE ##%#3#*]
27: Pk[2] = {0,0} [2 4D scalar images of size &5]
28: for i = 0 to 999 do [1,000 iterations]
29: r = Pk[mod(i,2)] [alternating read/write]
30: w = Pk[mod(i + 1,2)]
x 0 gs[0] — 1
31 for |[y| = |0f to [gs[l]—1]| do
Z 0 gs[2] -1
32: if S x,y,; == 0 then continue [outside vessel]
33: for = 0 to g5[3] — 1 do [Eq. 5 in [TLASO00]]
34: why=rky, /2 [witha=0.5]
35: W;7Y7Z; (r ﬁc—l,y,z"’riﬂ,y,z)/]z
. t + (.t t 12
36: Wiyz=\T xy—1,z +r xy+l,z /
+
37: W;,)kZ: r;,y,zfl +r;’},1z+l)/12
+ o
38: W liye =S¢[0] - (VP wiye ™ VP %Z) /12
+ =
30: Wiy Dsell] (VP =~ VP ) /12
+ =
40: Wiy Ee2] - (VP = VP, 1) /12
41: copy last w to P if inside S
42: return P
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Figure 1: Results of a healthy volunteer (k=l), or patients with aneurysms (a—b, o—p, s—w), aortic valve defects (e—f, m—n), an aortic arch
prosthesis (i—j), an aortic arch bypass (q-r), an insufficient pulmonary valve (g—h), or with a mitral valve defect (c—d). Except for the bottom
row, side by side comparisons between extracted pathlines using the Ay criterion and relative pressure are shown. The bottom row shows
relative pressure-based filtering with increasingly strict thresholding. The top and bottom rows additionally show pressure maps at the
corresponding temporal positions. Red and blue corresponds to relative pressure above and below intravascular average, respectively.
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5. Results and Discussion

Fig. 1 shows ten diverse datasets. The top and bottom rows ad-
ditionally show the pressure maps at the corresponding temporal
positions. Figs. k-1 show the systolic blood flow of a healthy vol-
unteer. There is a slight helix in the aortic arch, which is normal
behavior. Figs. a-b, o—p, and s—w show aneurysm patients during
systole. All have severe vortex flow in the widened ascending aorta.
A similar behavior can be observed in aortic valve defect patients
(Figs. e—f and m—n). Prominent vortex flow emerges in the descend-
ing aorta of the patient with an aortic arch prosthesis (Figs. i—j). The
flow of the patient with an aortic arch bypass (Figs. g—r) forms an
elongated helix along the whole ascending aorta and aortic arch.
Figs. c—d show the left ventricle and left atrium of a mitral valve
defect patient during diastole, when the ventricle is refilled with
oxygenated blood. Notice the vortex rings [ECW™*14] in the bot-
tom of the images. The pulmonary artery (Figs. g-h) is of a patient
with insufficient pulmonary valve. It does not close properly, caus-
ing about 30 % retrograde blood flow back into the right ventricle
during diastole.

The last row (Figs. s—w) shows pressure-based vortex extraction
with different relative pressure thresholds. Stricter thresholds only
preserve lines closer to the vortex core. This value can be adapted
by the user in real-time if desired.

Performance: The pressure map calculation depends on the
size of the vessel segmentation. It did not take longer than 10 s for
any of our datasets using an Intel 17-3930K (6 x 3.2 GHz).

Discussion:  Pressure-based vortex extraction revealed the
same vortices that were found with the A,-based approach. This
is plausible, since A; is also motivated by local pressure minima.
Moreover, both approaches share the same threshold (x < 0) to
specify vortex regions. The quality of the extracted pathlines us-
ing relative pressure is in many cases superior to A;-based filtering,
but at least on par with it in all cases. The line bundles often have a
higher density.

In healthy volunteers with only insignificant vortex flow, there
are many regions within the vessel with a relative pressure smaller
than zero. This may result in an increased amount of false posi-
tives, i.e., laminar flow lines that are still visible after vortex filter-
ing. This can be alleviated by using, e.g., —0.25 [mmHg] as de-
fault threshold for the relative pressure instead of O [mmHg]. How-
ever, for our clinical collaborators it is more important that smaller
vortices are not accidentally removed. Alternatively, a soft thresh-
old could be applied using linear transparency fading so that, e.g.,
values P < —0.25 [mmHg] are fully opaque (a0 = 1) and values
P > 0 [mmHg] are fully transparent (ot = 0).

The post-processing of the pressure map influences the resulting
lines. A higher and lower degree of smoothing leads to wider and
narrower vortices, respectively. Performing one iteration of bino-
mial smoothing worked best for our database.

Our results (Figs. g-h) are in accordance with medical findings.
For instance, Reiter et al. [RRK*15] assessed the disease sever-
ity in patients with pulmonary hypertension by inspecting right-
ventricular vortex flow.

6. Conclusion and Future Work

We have shown that using specialized methods to calculate rela-
tive pressure in 4D PC-MRI data [TLASOO] for vortex extraction
is more efficient than conventional approaches [KGP*13]. Rela-
tive pressure calculation is easy to implement, especially with the
pseudocode provided in this paper. The pressure map calculation is
required only once as a pre-processing step.

In the future, the 4D relative pressure map could be used to create
flow statistics, e.g., time-dependent percentages of vortical flow for
each segmented vessel.
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