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Synopsis

The mitral valve vortex ring is a promising flow structure for analysis of diastolic function, however, methods for objective extraction of its
formation to dissolution are lacking. We present a nov el algorithm for objective extraction of the temporal ev olution of the mitral valve
vortex ring from magnetic resonance 4D flow data and validated the method against visual analysis. The algorithm successfully extracted
mitral valve vortex rings during both early- and late-diastolic filling and agreed substantially with visual assessment. Early-diastolic mitral
valve vortex ring properties differed between healthy subjects and patients with ischemic heart disease.

Introduction

Blood flow into the left ventricle (LV) isaccompanied by formation of a three-dimensional vortex ring at the mitral valve (MV) leaflets, which is
considered to support ventricular filling and diastolic function.! Time-resolved three-directional cardiovascular magnetic resonance phase-contrast
imaging (4D flow) is a promising approach to study the MV vortex ring.>® However, methods for objective extraction of the vortex ring from its
formation to dissolution are lacking. We propose an algorithm for objective extraction of the temporal evolution of the MV vortex ring from 4D flow
data and aimed to validate it against visual analysis and compare vortex ring properties of healthy controls and patients with chronic ischemic
heart disease (IHD).

Methods

10 subjects (3 IHD patients, 7 age-matched healthy controls) underwent 4D flow imaging of the LV at 3T (Magnetom Skyra, Siemens Healthcare,
Erlangen, Germany). Imaging parameters of the two-dimensional retrospectively-ECG-gated phase-contrast sequence were velocity encoding 100
cm/sin all directions, measured temporal resolution 41 msinterpolated to 30 cardiac phases, echo time 3.1 ms, flip angle 12-20°, voxel size
1.8x2.5x4 mm?®, and two-fold averaging. Prototype software (4DFlow, Siemens Healthcare, Eflangen, Germany) was employed for pre-processing of
LV velocity fields (phase offset error correction, LV segmentation), determination of onset, peak and end of early-diastolic (E-wave) and late-
diastolic (A-wave) inflow as well as streamline visualization of LV blood flow. The latter was analyzed qualitatively in each phase for the presence
of an MV vortex ring (Figure 1). MV vortex ring extraction from LV velocity fields was performed using in-house software implemented in Matlab
(MathWorks Inc., Natick, MA) in 6 steps. 1) After vector field decomposition,* voxel-wise Q-values® were calculated from the velocity gradient tensor
using the divergence-free part of the LV velocity field. 2) Q-fields were spatially and temporally filtered to remove noise and vortex structures with
very short life time. 3) For each phase, the regions of strongest vortical flow (Q-seeds) were calculated based on the locations of maximal Q
throughout the cardiac cycle. 4) Principal component analysis was employed to facilitate determination of target Q-seeds for each phase, which
were used as starting structures for a region growing algorithm. 5) Region growing counted voxels as part of an MV vortex structure if Q>0,
according to the Q-criterion,® and if distance constraints to the principal plane of the target Q-seeds were fulfilled (Figure 2). 6) MV vortex structures
with a toroid-like or U-shape were classified as MV vortex ring (Figure 3). Existence and duration of computed and visually detected MV vortex rings
were compared by kappa statistics and paired t-test, respectively. For each phase, mean vorticity was calculated inside the MV vortex structure
using the undecomposed velocity field; characteristics of mean vorticity’s time course in patients and healthy controls were compared using
unpaired t-test. p<0.05 was considered as significant.

Results

Two periods of MV vortex ring existence, the first starting during E-wave (E vortex ring), the second starting during A-wave (A vortex ring), were
found for all subjects by both computational and visual detection. Moreover, both methods found MV vortex rings at E- and A-wave peak for all
subjects. Agreement of MV vortex ring existence in individual cardiac phases between the two methods was substantial (kappa = 0.73, Table 1).
While MV vortex ring durations as well as ends of MV vortex ring existence did not differ between methods, onsets of MV vortex ring formation were
earlier for computed vortex rings (bias E vortex ring = 28 ms, p<0.01; bias A vortex ring = 24 ms, p<0.01). In all subjects, mean vorticity of MV
vortex structure demonstrated a bi-phasic time course with maxima (delay to E-wave peak = 19+16 ms; delay to A-wave peak = 27116 ms)
associated with MV vortex rings. Whereas A vortex ring characteristics were not different between healthy controls and patients, E vortex rings
differed in several parameters (Table 2).

Discussion and conclusion

The proposed method successfully extracted the temporal evolution of the MV vortex ring during both early- and late-diastolic filling. Differences
between computed and visually detected vortex ring onset times can be explained by the difficulty to identify subtle vortical structures visually. As
vortex rings were detected in healthy as well as heavily diseased subjects, the proposed algorithm can be considered a robust method for objective
MV vortex ring extraction. Differences between early-diastolic MV vortex ring propertiesin healthy controls and IHD patients confirmed the
assumption that MV vortex ring alterations are associated with LV diastolic dysfunction, which, however, needs to be evaluated in larger cohort
studies.
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Figures

Figure 1: Visual evaluation of the presence/absence of an MV vortex ring. Streamlines were seeded at the basal level of the LV and display
velocity color-encoded. Flow patterns were interpreted as MV vortex ring if circular-shaped streamlines were present around a flow channel towards
the apex.

Figure 2: Example of target Q-seeds for MV vortex structure region growing algorithm. A plane wasfitted to the target Q-seeds (blue) and
streamlines (red) were seeded in every voxel of each target Q-seed and elongated until they reached a voxel where the Q-criterion was not
fulfilled. The distance constraint for the region growing algorithm was derived from the maximal distances of all streamlines to the plane. For
better orientation, the target Q-seeds are overlaid on a three-chamber magnitude image reconstructed from 4D flow data.
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Figure 3: Example of all detected MV vortex rings of a healthy subject. The upper row shows all phases exhibiting a vortex ring during early-
diastolic inflow, the lower one shows late-diastolic vortex rings. Q-isosurfaces representing the vortex rings are color-coded by the mean vorticity of
each vortex ring. For better orientation, the vortex rings are overlaid on a phase-contrast magnetic resonance angiography (PCMRA) volume
(notice the descending aorta on the right). The viewer position is at the apex looking upwards. The diagram at the lower right shows the mean
forward velocity measured at the level of the mitral annulus.

visually
computed | absent present total
absent 185 16 201
present 19 80 99
total 204 96 300

Table 1: 2x2 contingency table of computed and visually detected MV vortex ringsin individual cardiac phases.

parameter confrols | patients p-value
E vortex ning duration {ms) 136 + 29 230+72 0.01
A vortex ring duration (ms) 134 £ 27 124+ 41 063
early-diastolic peak mean vorticity (57 a0+ 16 5924 0.01
late-diastolic peak mean vorticity (s) 7T +13 B4+ 10 0.16

delay of early-diastolic peak mean vorticity

b0 iave Pk (we) 12415 3327 0.06

delay of late-diastolic peak mean vorticity
to A-wave peak (ms)

early-diastolic mean vorticity upslope (%) 606 +231 | 308255 0.07

early-diastolic mean voricity downslope (s79) | -345+ 94 | -155+75 0.02
late-diastolic mean vorticity upslope (s7) §T6+219 [ 4192211 0.33

Table 2: Average MV vortex ring properties in healthy controls and IHD patients. Upslopes and downslopes were calculated from the time course of

mean vorticity inside the MV vortex structure from inflow onset to peak mean vorticity and from peak mean vorticity to end of inflow, respectively. p-
value refers to t-test.
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