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Abstract

Diastolic vortex ring (VR) plays a key role in the blood-pumping function exerted by the left ventricle (LV), with altered VR
structures being associated with LV dysfunction. Herein, we sought to characterize the VR diastolic alterations in ischemic
cardiomyopathy (ICM) patients with systo-diastolic LV dysfunction, as compared to healthy controls, in order to provide
a more comprehensive understanding of LV diastolic function. 4D Flow MRI data were acquired in ICM patients (n=15)
and healthy controls (n=15). The 4, method was used to extract VRs during early and late diastolic filling. Geometrical VR
features, e.g., circularity index (CI), orientation (a), and inclination with respect to the LV outflow tract (/3), were extracted.
Kinetic energy (KE), rate of viscous energy loss (EL), vorticity (W), and volume (V) were computed for each VR; the ratios
with the respective quantities computed for the entire LV were derived. At peak E-wave, the VR was less circular (p=0.032),
formed a smaller @ with the LV long-axis (p =0.003) and a greater § (p =0.002) in ICM patients as compared to controls. At
peak A-wave, CI was significantly increased (p = 0.034), while a was significantly smaller (»p =0.016) and f was significantly
increased (p=0.036) in ICM as compared to controls. At both peak E-wave and peak A-wave, ELyg /EL;y, Wyg/Wy, and
Vyr/V1y significantly decreased in ICM patients vs. healthy controls. KEyz/Vy i showed a significant decrease in ICM patients
with respect to controls at peak E-wave, while Vy; remained comparable between normal and pathologic conditions. In the
analyzed ICM patients, the diastolic VRs showed alterations in terms of geometry and energetics. These derangements might
be attributed to both structural and functional alterations affecting the infarcted wall region and the remote myocardium.
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MV Mitral Valve

PCA Principal Component Analysis
SD Standard Deviation

Y Stroke Volume

TE Echo Time

TR Repetition Time

Vv Volume

VR Vortex Ring

w Vorticity

1 Background

Ischemic cardiomyopathy (ICM) is the most common type
of dilated cardiopathy that affects the left ventricle (LV).
It is characterized by myocardial scarring and progressive
chamber enlargement, resulting from an adverse remodel-
ling process. As a result, the LV loses its ellipsoid shape
and becomes more spherical, leading to impaired ventricular
function [1, 2]. The scarred LV wall segments lose contrac-
tility and become akinetic or hypokinetic. Additionally, non-
ischemic wall regions, known as remote myocardium, can
also experience dysfunction due to excessive wall stress [3].

Although it is clear that a consequence of myocardial
infarction is LV systolic dysfunction due to myocardial loss,
it remains unclear why some patients can develop diastolic
dysfunction at an early stage, regardless of age and LV ejec-
tion fraction (EF) [4]. In a previous study on ICM patients
with previous anterior myocardial infarction, the intracavi-
tary blood flow during diastole showed a reduction of blood
kinetic energy (KE) and intracavitary hemodynamic force,
possibly associated with an increased amount of blood stag-
nation and with the loss of LV wall contractility, respectively
[5]. In a series of patients with myocardial infarction and
preserved EF, Krauter et al. reported alterations in the shape
of the 3D vortex ring (VR) during early diastole. The VR
is generated at the tips of the mitral valve (MV) leaflets and
encloses the inflow jet during LV diastolic filling [6]. This
finding is noteworthy, as previous studies have suggested
that the diastolic VR supports ventricular filling by storing
part of the KE of the entering flow into its rotary motion.
This, in turn, helps in directing blood flow towards the aorta
in the following systole [7]. Furthermore, alterations in dias-
tolic VR have been observed in various types of LV dysfunc-
tion [6, 8—10] and can reflect subtle or temporary changes in
LV function. Therefore, quantifying and characterizing VR
parameter could provide a more comprehensive understand-
ing of LV diastolic function, with a potential impact on the
diagnostic process [11] and on the definition of early mark-
ers of progressive LV dysfunction [8].
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Finally, ICM not only affects LV function, but also
impairs the function of the left atrium (LA). LV wall stiffen-
ing associated with myocardial necrosis reduces LV diastolic
compliance, leading to an increase in LA pressure, LA wall
stress, and LA wall stretches [12]. This effect is correlated
with the extent of the LV wall-scarred regions and mediated
by the LV-LA interplay [13].

On this basis, in the present study, magnetic resonance
imaging (MRI) was exploited to combine the analysis of
both LA and LV function in ICM patients, also including a
comparison with a cohort of healthy controls. LA function
was assessed by quantifying LA volumes and strains based
on cine MRI. LV diastolic function was assessed by quanti-
fying the geometry, energetics, and spinning motion of the
3D VR using time-resolved phase-contrast MRI with three-
directional velocity encoding (4D Flow MRI). Through a
systematic and highly automated approach, we aimed to (i)
quantify the alterations of the 3D VR geometry and energet-
ics in ICM patients with systo-diastolic LV dysfunction as
compared to healthy controls and (ii) to further investigate
the atrio-ventricular coupling through the combined analysis
of VR-related metrics and MRI-derived LA function in ICM
patients.

2 Methods
2.1 Study population

A cohort of ICM patients (n=15) and a cohort of healthy
controls (n=15) with comparable age and sex, no his-
tory of cardiac disease, and no cardiovascular risk factors
were included in the study. The diagnosis of ICM was
based on the presence of a previous anterior myocardial
infarction, LV dilation, and systolic dysfunction. Sys-
tolic dysfunction was assessed using 2D echocardiogra-
phy and MRI, and it was defined by a LV EF below 49%
[14], while diastolic dysfunction was assessed using 2D
echocardiography (Table S1) [15]. Patients with more
than mild aortic or mitral valvulopathy were excluded.
The study conformed to the Ethical Guidelines of the
Declaration of Helsinki; all subjects provided written
informed consent.

2.2 MRI acquisitions and image analysis

All subjects underwent MRI acquisition at 1.5 T using a
MAGNETOM Aera (Siemens Healthcare, Erlangen, Ger-
many) scanner. A balanced steady-state free precession
(bSSFP) cine sequence with retrospective ECG gating
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was used to acquire short- and long-axis LV views. The
following image parameters were considered: TE (Echo
Time)=1.1-1.8 ms, TR (Repetition Time)=2.9-5.1 ms,
flip angle =53°-70°, slice thickness =8 mm (no gap), pixel
spacing = 1.3—1.8 mm, and reconstructed temporal resolu-
tion =24.3-40.6 ms (reconstructed phases =30).

In the same session, 4D Flow MRI data were acquired
using a time-resolved 3D gradient echo research sequence
with three-directional velocity encoding. 4D Flow MRI data
were acquired with a para-sagittal field of view covering the
entire LV and during free-breathing, with retrospective ECG
triggering and adaptive respiratory gating. Sequence param-
eters were as follows: velocity encoding =80-150 cm/s to
limit aliasing, flip angle=7° (without contrast agent)—15°
(with contrast agent), TE=2.3-2.6 ms, TR =4.8-5.2 ms,
voxel size=(2.0 — 2.9) x (2.0 — 2.9) X (2.0-2.8) mm?, recon-
structed temporal resolution =24.5-47.3 ms (reconstructed
phases =30). 4D Flow MRI data were corrected for eddy
currents [16] and aliasing [17], if present; a 3 X3 X 3 median
filtering was also applied to reduce noise. All patients were
in sinus rhythm during MRI acquisition.

2.3 LA analysis

LA endocardial borders were manually traced in 2- and
4-chamber views to obtain the LA volume, through the
biplane area-length method [18]. LA V™ and LA V™"
were obtained at the timeframe before the MV opening and
in the timeframe corresponding to the MV closure, respec-
tively. LA VP was obtained at the timeframe immediately
before the atrial contraction. LA EF (total, passive, active)
was computed as follows:

_ LAYMmax_J A )/min .
LAEF = MEAVE 00

LAEFpassive = w - 100 [%] (1)
LAEF, . = % -100

LA strain (&) analysis was performed using cardiac MRI
feature-tracking on a dedicated software (Qstrain, ver-
sion 2.1.12.2, Medis Medical Imaging Systems, Leiden,
The Netherlands). LA endocardial borders were manually
traced in 2- and 4-chamber views, and the automated track-
ing algorithm was applied, with manual correction for minor
misalignments. The three LA phasic functions (reservoir,
conduit, and booster pump) were analyzed (Figure S1).

2.4 LV analysis: global features and chamber
segmentation

LV volumes, mass, and EF were calculated from bSSFP
cine images using a thresholding method in Medis (Qmass

MR version 6.2.1, Medis Medical Imaging Systems). The
shape of the LV was described through the LV diastolic
sphericity index (DSI) obtained from the ratio between
the LV end-diastolic volume (EDV) and the volume of an
ideal sphere with the LV long-axis as diameter. The LV
long-axis was computed as the mean value of the measure-
ments obtained from 2-chamber and 4-chamber views [19,
20]. The LV global functionality index (LVGFI) was com-
puted as reported in [21]. In ICM patients, late gadolinium
enhancement (LGE) was quantified in grams by manual
endocardial and epicardial contouring, and subsequent use
of the standard deviation (SD) method with a>5 SD from
remote myocardium was considered as LGE [22]. Manual
adjustments were adopted in case of disagreement on visual
assessment for the remote area automatically identified by
the software. LGE is reported as percentage of total myo-
cardial mass.

2.5 LV analysis: identification of E-wave and A-wave

bSSFP cine images were segmented to reconstruct dynamic
LV masks as in [5, 23]. The dynamic LV masks were registered
in space and time over the 4D Flow MRI data to extract the
voxels corresponding to the LV chamber at every timeframe.

At each timeframe, blood KE, i.e., the energy that a volume
of blood possesses due to its motion, was computed for the
whole LV chamber, yielding KE; y,. In general, KE was com-
puted as follows [24]:

KE = leépvvoxellvif[mj] (2)
where p is the blood density (equal to 1025 kg/m?), V,_; is
the voxel volume, |v| is the velocity magnitude, and N is the
total number of voxels within the region of interest.

Peak E-wave and peak A-wave, associated with early rapid
filling and atrial contraction, respectively, were determined
by identifying two distinct peaks in the time course of KE; y,
during the diastolic phase (Figure S2).

2.6 LV analysis: vortex ring detection

At peak E-wave and at peak A-wave, intraventricular VRs
were detected using the 4, method [25-27], which is a widely
accepted technique for vortex detection [28] and identifies 3D
VR based on the gradient of blood velocity field. The velocity
gradient tensor L was computed at each voxel as follows:

v, o

X X

ox dy 0_Z
av, ov,

= =2 = =
L= ox dy 0z (3)

dv, dv, 0Jv,

ox dy 0z
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where v,, v, and v, are the three velocity components of
the velocity vector field acquired through 4D Flow MRI in
the three spatial dimensions x,y, and z. To compute space
derivatives of velocity, a weighted central difference scheme
was employed, due to the nearly isotropic space resolution
of 4D Flow MRI data [29, 30]. The resulting velocity gradi-
ent tensor L was then decomposed into its symmetric part .S
(i.e., strain deformation tensor) and the antisymmetric part
Q (i.e., spin tensor):

L+L"

S = 5 “4)
L-LT

Q= 3 5)

To identify the voxels belonging to VR, the three
largest eigenvalues were computed for §? + Q7 and then
sorted from largest to smallest (4, > 1, > 4;). Ideally, a
voxel would be classified as part of the vortex ring if
4, <0. However, since velocity data obtained from 4D
Flow MRI are affected by noise, a more robust thresh-
old value (T),) was defined to identify the voxels in the
vortex structure as those with 4, <T,,. T, was defined
as follows:

T, = Ku ©)

a) Vortex circularity index

RA
RV
RV
AB =D, long-axis diameter
CD= D,  short-axis diameter
D
Cl=—
D,

Fig. 1 Graphical representation of vortex ring geometric parameters.
a) The vortex ring long (D,, blue) and short (D,, green) diameters
are extracted through principal component analysis. Their ratio gives
the circularity index (CI), which indicates the extent to which the VR
resembles a circular shape. b) The orientation angle relative to the LV
long-axis (@) is measured as the angle between the LV long-axis and
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b) Vortex orientation

where y is the 4, average of voxels with 4, <0 and K is a
real number (with K > 1). For each analyzed subject, at
both peak E-wave and peak A-wave, K was set through a
semi-automatic procedure, which minimized the presence
of attached trailing structures while preserving the toroidal
shape of the vortex ring when present [25, 31]. Based on an
automatically identified reference value, K was manually
fine-tuned within a narrow range of values (see Supplemen-
tary Material, Figures S3-S5).

Once the voxels associated with 1, < T, were identified,
the vortex ring was defined as the largest connected region
of these voxels.

2.7 LV analysis: vortex ring characterization

At peak E-wave and at peak A-wave, the geometry, the ener-
getics, and the vorticity of the diastolic VRs were quantified.

Geometry quantification The VR shape was classified as
torus-shape, U-shape, or bracket-shape [6] (Figure S6).
The extent of the VR was quantified as the ratio between
its volume and the LV volume (Vyg/V;y). To assess the
VR circularity, the coordinates of the voxel centers cor-
responding to the VR were extracted to generate a point
cloud. Principal component analysis (PCA) [32] was per-
formed on the point cloud data to identify the first two

c) Vortex inclination

the fitting plane of the vortex ring. An angle of 90° indicates that the
vortex ring plane is perpendicular to the LV long-axis. ¢) The vortex
inclination (f) is defined as the angle between the vortex ring long-
axis diameter and the intersection between the three-chamber LV
view and the LV short-axis section that includes the VR (purple line).
LA, left atrium; RA, right atrium; RV, right ventricle
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principal directions. The long- (D,) and short-axis (D,)
of the VR were identified as the VR dimensions along
the first and second principal directions, respectively
(Fig. 1a). The circularity index (CI) was computed as the
ratio between D, and D,. The VR orientation relative to
LV long-axis (o) was determined as the angle between
the LV long-axis (i.e., the axis perpendicular to the short-
axis acquired stack) and the plane defined by the first
two eigenvectors obtained from PCA (Fig. 1b). Lastly, to
assess the VR inclination with respect to the LV outflow
tract direction, the angle () between the VR long-axis
and the intersection between the three-chamber LV view
and the LV short-axis section that includes the VR was
computed (Fig. 1c¢).

Energetics quantification To quantify the contribution of the
vortex ring to blood KE, KE was computed through Eq. 2
over the region corresponding to the VR, yielding KEy, and
the ratio KEr /KE;, ,, was obtained. Also, the ratio between
KEyy and Vi was computed (KEyg /Vyg)-

To quantify the dissipative effects related to the vortex
ring, the rate of viscous energy loss (EL) was computed
over the whole LV chamber (EL, ) and over the vortex ring
(ELy), based on the formula:

N
EL = H Z d)v,i Vioxer  [mW] )
i=1

where u is blood viscosity (set equal to 3.7 cP) and ¢,
is the viscous dissipation function per unit volume. ¢, was
computed from the Navier—Stokes energy equation:

=2 aVx : aVy : aVz ? IV 2
b= (ax) +<W> *(w) ~3Y

ov. av 2 ov av,\2 ov. v, \2 1
y X z y X z
<6x 6y> <0y dz) <0Z ax> [s]
€]

where V e v is the divergence of the velocity field [33].
The ratio ELy /EL;y was computed.

Vorticity quantification To quantify the contribution of the
vortex ring to blood spinning motion, the instantaneous inte-
gral vorticity magnitude was computed for VR (Wy) and for
the whole LV chamber (W, ), as follows [34-36]:

N 1
W= Z[=1|(Di|Vvoxel [m?] (9)

where, at the i voxel, |@|is the magnitude of the vorticity
vector @ defined as follows:

dv, 0v, gy, v, OV, v, 1
a)=(—”——y,———z —}——> H (10)

The ratio Wy /W,y was computed.

2.8 Intra- and inter-observer reproducibility
analysis

Because the setting of the value of the K parameter impacts
each subsequent calculation, the following reproducibility
analysis was performed at peak E-wave and at peak A-wave
on each dataset: two double-blinded operators set the value
of K completely manually; one of them repeated the setting
after 3 months; finally, both operators repeated the setting
of K through the semi-automated approach. For every set-
ting of K, a, CI, and Vy were computed for the vortex ring.

The analysis allowed to assess by how much the semi-auto-
matic approach reduced inter-operator variability as compared to
intra- and inter-operator variability of the fully manual approach.

2.9 Statistical analysis

Continuous variables were expressed as mean + SD, if nor-
mally distributed, and as median (IQR) otherwise. Nor-
mality of the distribution of continuous data was tested
through the Shapiro—Wilk test, and differences between
controls and ICM were computed through unpaired #-test,
if normally distributed, or through Mann—Whitney other-
wise. Fisher’s test was used to test sex distribution between
groups. Also, the Pearson correlation coefficient (r) was
used to measure the strength of association between the

Table 1 Demographic, morphological, and functional characteristics
of the left ventricle

Healthy con- ICM (n=15) p

trols (n=15)
Age (years) 61+7 65+10 0.29
BSA (m?) 1.9+0.2 1.8+£0.2 041
Sex (F, %) 4(33) 1(8) >0.99
Heart rate (bpm) 65+8 68+9 0.35
LV EDV; (ml/m?) 69+10 120+27 <0.0001
LV ESV, (ml/m?) 2245 82+28 <0.0001
LV SV, (ml/m?) 47+7 38+9 0.005
LV EF (%) 68 +4 32+9 <0.0001
LV mass; (g/m?) 62+8 95+19 <0.0001
LV DSI (-) 0.36+0.05 0.46+0.10 0.001
LVGFI (%) 44.7+4.0 204+6.4 <0.0001
Necrotic percentage (%) - 229+75 -

Data are expressed as mean+SD, if normally distributed, and as median
(IQR) otherwise. ICM, ischemic cardiomyopathy; BSA, body surface area;
bpm, beats per minute; LV, left ventricle; EDV, end diastolic volume;
ESV, end systolic volume; SV, stroke volume; EF, ejection fraction; DSI,
diastolic sphericity index; LVGFI, left ventricle global functionality index
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Table 2 Morphological and functional characteristics of the left
atrium

Healthy con- ICM (n=15) P

trols (n=15)
LA V™ (ml/m?) 36+11 45423 0.192
LA V™I (ml/m?) 14+7 24 (13; 37) 0.021
LA VPA (ml/m?) 26+10 38+21 0.051
LA EF (%) 62+10 44 (38; 59) <0.0001
LA EF e (%) 29+9 1749 0.001
LA EF, .. (%) 47411 32 (24; 40) 0.002
g, (%) 37.0+16.5 17.7+7.0 0.0003
e. (%) 159+7.9 7.1+4.6 0.0009
g, (%) 21.1+£9.9 10.5+5.0 0.001

Data are expressed as mean=+SD, if normally distributed, and as
median (IQR) otherwise. ICM, ischemic cardiomyopathy; LA, left
atrium; EF, ejection fraction; &, strain reservoir; €,, strain conduit; €,
strain booster

variables extracted for the control group and for the ICM
group. Linear regression and Bland—Altman analyses were
used to assess intra- and inter-observer reproducibility.

Statistical analyses were performed with GraphPad
Prism 8 (GraphPad Software Inc., La Jolla, CA, USA); a
p-value <0.05 was considered significant.

3 Results

The demographic, morphological, and functional charac-
teristics of the two groups are detailed in Tables 1 and 2.
The two groups were comparable in terms of age, body
surface area, and sex distribution. ICM patients had sig-
nificantly higher LV volumes, LV mass and LV DSI, lower
LV stroke volume (SV), LV EF, and LVGFI, as well as
significantly reduced LA Vmi“i, LA EF, and LA strain.

3.1 Qualitative assessment of vortex ring

The 4, algorithm detected VRs at both E- and A-wave peak
frames for all the analyzed subjects (Figs. 2, 3; Video S1,
and S2), but one ICM patient did not develop a vortex at
peak E-wave. Thirty-five out of the 59 detected VRs were
torus-shaped: in 11 controls and 6 ICM patients at peak
E-wave and in 9 healthy controls and 9 ICM patients at peak
A wave. The remaining VRs were U-shaped.

3.2 Characterization of vortex rings
Geometry quantification CI and vortex angles (« and /)

were quantified for the entire population (Table 3; Figs. 2,
3). At peak E-wave, statistically significant differences
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were found between ICM patients and healthy controls in
terms of both CI and vortex angles: in ICM patients, D, was
larger (45.9+6.1 mm vs. 41.5+4.6 mm in healthy con-
trols; p =0.03), and the CI deviated more from 1 (1.5+0.4
vs. 1.3 +0.2 in controls; p=0.032). In ICM patients, the
vortex orientation a ranged from 23 to 78°, while it ranged
from 62 to 85° in healthy controls (p =0.003). Ring over-
turning, i.e., @ >90° indicating a completely tilted orienta-
tion of the ring, was never observed. In ICM patients, the
vortex inclination angle f ranged between 85 and 161°,
while it ranged between 56 and 117° for healthy controls
(»=0.002).

At peak A-wave, in ICM patients, D, was larger
(50.6 £6.0 mm vs. 46.1 +5.5 in controls; p=0.04) and CI
deviated more from 1 (1.7+0.4 vs. 1.4+0.2 in controls,
p=0.034). a ranged from 52 to 78° in ICM patients and
from 61 to 82° in healthy controls (p =0.016). Ring over-
turning was never observed. In ICM patients, the vortex
inclination angle § ranged between 84 and 152°, while for
healthy controls, it ranged from 70 to 110° (p =0.036).

Energetics, vorticity, and volume quantification Both at
peak E-wave and peak A-wave, ELyg/EL;y, Wyr/W,y,
Vyr/Viv, and KEyg /Vyy significantly decreased in ICM
patients vs. healthy controls, while Vy, remained compara-
ble between normal and pathologic conditions.

3.3 Vortex ring parameters association with LV
and LA morphology and function

For healthy controls, at peak E-wave, V,, reported a strong
correlation with LV EDV; (r=0.74, p=0.002) and LV ESV;
(r=0.67, p=0.006). KEy /KE, y reported moderate corre-
lation with LA EF,;,. (r=0.58, p=0.025). a showed mod-
erate correlation with LA EF .. (r=0.58, p=0.022). At
peak A-wave, Vyy/V;y reported moderate correlation with
LA EF, .. (r=0.60, p=0.014).

For ICM patients at peak E-wave, a reported very strong
correlation with LV EDV, (r= —0.84, p=0.0002), LV ESV;
(r=-0.89; p<0.0001), strong correlation with LV EF
(r=0.73; p=0.003), LVGFI (r=0.70; p=0.006), and LV
mass; (r= —0.65; p=0.011) (Fig. 4).

CI showed moderate correlation with LV EDV;, (r=0.58,
p=0.030) and LV ESV, (r=0.60; p=0.024) and strong cor-
relation with LA EF,, . (r=—0.69, p=0.006). Vyg/Viy
reported moderate correlation with LV EDV; (r=—0.59,
p=0.027) and LV ESV, (r= —0.55; p=0.041). KEyr/Vyr
showed moderate correlation with the necrotic mass expressed
as percentage (r= —0.54, p=0.042). At peak A-wave, CI
reported strong correlation with LV mass; (r=0.73, p=0.002),
and KEy/Vyg showed strong correlation with LV mass;
(r=0.73, p=0.002).
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Fig. 2 Diastolic vortex rings in
a healthy control. Example of
vortex ring during early filling
(to the left) and late filling

(to the right), for one healthy
control in a short-axis view

(at the top) and in a horizontal
long-axis view (at the bottom).
In the short-axis view, the long-
and short-axis diameters of the
vortex ring are displayed for
CI computation, together with
the angle f. In the long-axis
view (i.e., horizontal long axis
displaying the four heart cham-
bers), the angle a is displayed
and streamlines show blood
flow direction during the two
elective diastolic timeframes.
A, peak A-wave; CI, circular-
ity index; E, peak E-wave; KE,
kinetic energy; LA, left atrium;
LV, left ventricle; RA, right
atrium; RV, right ventricle

3.4 Intra- and inter-observer reproducibility

When the value of K was set through a fully manual approach,
intra-observer analysis showed r>0.91 (all p <0.0001) and
Bland—Altman plots exhibited a bias ranging between— 1.1
and 0.26 (Figure S8); inter-observer analysis showed »>0.92
(all p<0.0001), and Bland—Altman plots exhibited a bias rang-
ing between — 1.6 and — 0.4 (Figure S9). When the value of
K was set through the semi-automatic method, inter-observer
analysis yielded r>0.94 (all p <0.0001) and Bland—Altman
plots exhibited a bias ranging between —0.01 and 0.5 (Fig. 5).

4 Discussion

This study introduced a standardized extraction method and
an automatic quantitative characterization of 3D VRs dur-
ing early and late diastolic LV filling in healthy controls and
ICM patients. The extracted VR parameters confirmed alter-
ations associated with pathological conditions and showed a
moderate/strong correlation with concomitant alterations in
LV global morphology and function, as assessed by EDV;,

ESV,, EF, LV mass;, and LVGFI, and moderate correlation

with LA function, as assessed by LA EF, ..

4.1 Methodological novelties: vortex ring
extraction and analysis

The proposed 4, method successfully extracted vortex
rings in both healthy controls and ICM patients, despite
the different LV morphology and function characterizing
the two groups. This result confirms the general validity of
the method, as previously reported [10, 25, 31]. Of note,
the novel semi-automatic method introduced in this study
improved the standardization of the K parameter setting, and
hence of the subsequent calculations, as it leaves minimal
room for user-dependent choices.

Two of the extracted geometric parameters, namely CI
and a, have already been computed in previous studies [6,
10, 31]. Elbaz et al. defined CI as the ratio between the
vortex’s short to long diameters: these were defined by
positioning two planes on through-plane velocity encoded
MR images at the annulus level and 1 cm distal of the
annulus. The resulting cross-sectional images were used
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Fig. 3 Diastolic vortex rings

in an ICM patient. Example of
vortex ring during early filling
(to the left) and late filling (to
the right), for one ICM patient
in a short-axis view (at the top)
and in a horizontal long-axis
view (at the bottom). In the
short-axis view, the long- and
short-axis diameters of the
vortex ring are displayed for

CI computation, together with
the angle f. In the long-axis
view (i.e., horizontal long axis
displaying the four heart cham-
bers), the angle a is displayed
and streamlines show blood
flow direction during the two
elective diastolic timeframes.
The ICM patient presents aneu-
rysmal remodelling of the apex,
with a thrombus adhered to the
wall. A, peak A-wave; CI, cir-
cularity index; E, peak E-wave;
KE, kinetic energy; LA, left
atrium; LV, left ventricle; RA,
right atrium; RV, right ventricle
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to outline the flow through the MV and to define the diam-
eters [31]. Kréuter et al. defined the long-axis diameter
as the largest principal axis length of an ellipsoid fitted
to the vortex ring and the short-axis as the second largest
principal axis length [6]. In the present study, PCA stands
out from previously implemented approaches due to its
high level of automation in the definition of D, and D,.
Unlike the other methods, which required manual tracing
or shape fitting, PCA reduced operator dependency and
analysis time expense.

The computation of the vortex inclination angle f was
introduced to assess the orientation of the VR relative to the
LV outflow tract, as VRs help redirecting the MV inflow
towards the aorta [8, 37]. The angle f was automatically
computed, using the VR long-axis diameter defined using
PCA and the intersection between the three-chamber LV
view and LV short-axis section, defined anatomically during
MR acquisition.

Vorticity and KE were evaluated at VR level in [6]:
the maximum and mean vorticity were determined in the
vortex region, while KE was evaluated in the VR and
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normalized by the VR volume (i.e., KEyg/Vyg). How-
ever, this is the first study introducing the quantification of
ratios between VR and LV parameters (i.e., KEyz /KE,y,
ELyg/EL;y, Wyr/W;y and Vi /V;y) for the characteri-
zation of VR in healthy and pathologic conditions and
investigating the influence of the LA function on vortex
formation.

4.2 Vortex ring parameters in controls and ICM
patients

In healthy controls, @ and CI values extracted at peak E-wave
and at peak-A wave were within the previously published
normal range, although computed with a different method
[10, 31]. In fact, in the physiological heart, adequate suction,
correct MV leaflets shape, and normal LV wall compliance
generate complex flow patterns during LV filling, leading to
rotational fluid motion near the MV leaflets and to VR for-
mation [38]. The vortex ring forms at the tip of the MV, with
the septal side positioned towards the apex (i.e., @ <90°),
owing to the asymmetrical shape of the MV leaflets (i.e.,
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Table 3 Study population

. - Healthy controls (n=15) ICM (n=15) p-value
vortex ring characteristics
Peak E a(®) 73.9+6.8 59.7+15.1 0.003
VAQ) 87.7+19.8 113.7+20.2 0.002
CI(-) 1.3+£0.2 1.5+0.4 0.032
KEyr/KE y(-) 0.34+0.13 0.20+0.13 0.008
ELyg/EL y(-) 0.22 (0.19; 0.27) 0.10+£0.05 <0.0001
Wyr/Wiv(—) 0.28 (0.25; 0.35) 0.15+0.07 <0.0001
Vur/Viv(—) 0.12+0.03 0.06+0.03 <0.0001
KEyg/Vygr(mJ/ml) 0.08+0.04 0.04+0.03 0.008
Vyr(ml) 11.0+3.3 11.5+53 0.764
Peak A a(®) 70.7+6.2 63.2+9.4 0.016
VAQ) 98.0+11.7 110.0+17.6 0.036
CI(-) 1.4+0.2 1.7+0.4 0.034
KEyR/KE y(-) 0.27+0.13 0.25+0.11 0.588
ELyg /ELiy(-) 0.17+0.07 0.11+0.05 0.017
Wyr/Wi(=) 0.23+0.06 0.18+0.08 0.042
Vyr/ Viy(—) 0.08+0.02 0.06+0.02 0.0032
KEyg /Vygr(ml/ml) 0.05 (0.04; 0.6) 0.04+0.02 0.045
Vyr(ml) 10.7+2.5 13.2+5.1 0.110

Data are expressed as mean+ SD, if normally distributed, and as median (IQR) otherwise. ICM, ischemic
cardiomyopathy; CI, circularity index; KE, kinetic energy; EL, rate of viscous energy loss; V, volume; W,

vorticity

longer anterior and shorter posterior) and their interaction
with LV wall [37, 38]. Additionally, f illustrated that the VR
long-axis is orthogonal to the LV outflow tract direction.

As highlighted by KEy /KE;y, vortex KE accounts for
approximately 20-30% of the total LV inflow KE, confirm-
ing its role in energy storage. Similarly, the VR extends over
a relevant portion of the whole LV volume (~ 10%), sup-
porting Dabiri’s hypothesis that large VRs can efficiently
transport a large amount of blood into the LV during diastole
without forming a turbulent jet [39].

In ICM patients, VRs exhibited a more elliptical shape,
with significantly increased CI values as compared to
healthy controls. Changes in CI were associated with a dis-
proportionate increase in the D; dimension, with respect to
D,. This phenomenon might be attributed to the structural
alterations affecting both the infarcted anterior wall region
and the remote myocardium. The reduced regional wall
compliance in these areas may prevent the extension of D,,
resulting in a more elliptical VR shape, and may also lead to
obtuse S angles. Of note, alterations in CI were not paired by
alterations in the extent of the 3D VRs: in ICM patients, V
was similar as in healthy controls, although one may expect
that in the dilated LV chamber of ICM patients, more room
is available for the VR to expand, thus leading to larger
vortexes. This effect may have two consequences in ICM
patients: first, VRs cannot reach the LV endocardium and
thus cannot prevent thrombus formation [40]; second, the
blood mixing function of VRs is reduced, as evidenced by

the significant decrease found in ELyg /EL;y and Wyg /Wiy,
and, as highlighted in our previous study, by the increase
found in the residual volume component, i.e., the portion
of blood that resides within the LV for at least two cardiac
cycles [5]. These conditions might increase the risk of stasis
and thrombus formation [41, 42], and this is also supported
by thrombus presence (ranging from small to extensive) in
six ICM patients at the time of MRI.

Furthermore, @ showed a significant reduction as com-
pared to controls and reported very strong correlation with
LV size (i.e., EDV; and ESV,). Together with the strong cor-
relation found with LVGFI, which integrates the global LV
remodelling and functional variables, this may suggest that
a is sensitive to LV chamber remodelling occurring in ICM
patients, with progressive LV dilation and distortion of the
normal LV elliptical shape.

From the energetic standpoint, VRs in ICM maintained
the same portion of KE as in healthy controls; however, they
were characterized by significantly reduced KEy / Vi val-
ues, and smaller values of this parameter were associated
with a larger necrotic mass percentage.

4.3 Added value of 4D Flow MRI-based vortex
analysis

The ICM patients considered in this study were charac-
terized by systolic and diastolic dysfunction. These were
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highlighted by standard MRI-derived indices of global ven-
tricular function (EF, SV) and of global atrial function (g,
€., £,), respectively. In these same ICM patients, the analysis
of 4D Flow MRI data highlighted alterations in multiple
features of the VR that is generated in diastole: shape, orien-
tation, energetics, and vorticity. In particular, VR orientation
was analyzed in terms of the inclination of the vortex plane
with respect to the LV long-axis () and with respect to the
LVOT direction (). Of note, alterations in both angles were
detected, but none of these angles correlated with indices of
global atrial function, and only a correlated with indices of
global LV systolic function. This evidence suggests a link
between the orientation of the diastolic VR, and possibly its
direction of propagation in the LV chamber during diastole,
and LV pumping function in the subsequent systolic phase.
Because blood entering the LV in diastole does not flow
directly into the LVOT in systole through the shortest path,
but follows a ribbon-like path from the mitral valve to the
LV apex and from the latter to the LVOT, alterations in «
and not in f correlate with alterations in EF and LVGFI.
Exploring the link between diastolic LV fluid dynamics and
LV systolic function may not have a direct application in

@ Springer

clinics, yet it may be used to get insight into pathophysi-
ological mechanisms.

In terms of clinical applications, the analysis of the dias-
tolic VR would be useful if its alterations could be used as
early markers of the evolution of LV towards dysfunction,
i.e., if these alterations would be present before macroscopic
alterations in LV volume or shape and before the impair-
ment of global LV function. This hypothesis is strongly sug-
gested by studies such as the seminal work by Pedrizzetti
and colleagues, which shows that intracardiac fluid dynamics
can be clearly altered, in that case, because of temporary
anomalies in electrical conduction, even in the absence of
LV macroscopic reshaping or decrease in LV global function
[8]. Testing the mentioned hypothesis is a long-term goal of
our activity, and the present study is the first preliminary step
in this direction; our ICM population was characterized by
major alterations in LV function, volume, and shape; hence, it
was not suitable to test such hypothesis, but for alterations in
the VR to precede macroscopic LV alterations, a mandatory
and not sufficient condition to be satisfied is that these same
alterations are present when macroscopic LV alterations are
already present.
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Fig.5 Top panel: Linear regression plots showing the Pearson corre-
lation, from left to right, for a, CI, and Vyy, for inter-observer analy-
sis. Observer 1¥ and Observer 2K selected K by starting from the K
value detected by the semi-automatic algorithm. The plot shows the

4.4 Limitations

The study population was relatively small; therefore, our
results are preliminary. To mitigate potential confounding
factors related to different infarction patterns, we focused
solely on ICM patients affected by anterior myocardial
infarction. Therefore, our conclusions are not generaliz-
able to other types of infarctions. Despite all patients being
affected by anterior infarctions of comparable severity,
they were heterogeneous in terms of LV characteristics and
remodelling severity. Nevertheless, this study demonstrates
the potential of 4D Flow MRI as a valuable tool for vortex
ring detection and characterization in both healthy and dis-
eased subjects.

Also, the considered ICM patients had similar heart
rate values as compared to healthy controls. This was the
only available parameter relevant to the hemodynamic sta-
tus and clinical stability of the studied subjects. Hence, we
cannot gain insight into their influence on intracavitary LV
fluid dynamics, although such influence is likely based on
the role of hemodynamic status and clinical stability on LV
dysfunction.

mean of Cl [-]

mean of Vg [ml]

reference line (continuous line) and confidence interval at 95% (semi-
transparent area). Bottom panel: Bland—Altman plots of the differ-
ences between Observer 1¥ and Observer 2K, CI, circularity index;
SEE, standard error of estimate

At the current state of the art, there is no reference stand-
ard for MV vortex ring detection. The 1, method is the most
accepted one [28] and was hence adopted in this study. Yet, it
is known for being operator-dependent, owing to the poten-
tially arbitrary setting of the K parameter that determines the
threshold 7T';,. To mitigate the impact of this limitation, herein,
we successfully introduced a semi-automatic method to set
the value of K, which improved analysis reproducibility as
compared to the case of a fully manual setting of K.

4D Flow MRI data are characterized by limited spatial and
temporal resolution, which affect the computation of velocity
derivatives and thus the accuracy in the computation of L,
o, and EL. In the specific case of viscous dissipation, this
limitation is exacerbated by the fact that the spatial resolution
is only able to capture the irregularity of the velocity field,
rather than the true in vivo viscous dissipation. However,
the entire population was assessed with the same 4D Flow
MRI sequence to allow for intergroup comparisons; hence,
the observed inter-group differences remain valid.

The computation of ¢, was performed under the hypoth-
esis of V ey equal to zero. However, as velocity measured
through 4D Flow MRI contains errors, the divergence
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typically deviates from zero [43]. The ex-post analysis
showed that the V ¢ v contribution over the whole ¢, was
always below 0.4% (see Supplementary material).

Finally, 4D Flow MRI was acquired in controls without the
use of contrast agent; however, this difference with respect to
acquisitions in ICM patients might affect the signal-to-noise
ratio but not measured velocity and velocity fields [44].

5 Conclusions

Our comprehensive 4D Flow MRI analysis of diastolic VR
parameters in ICM patients with anterior myocardial infarc-
tion revealed significant alterations as compared to healthy
controls in terms of geometry, vorticity, and energetics.
These changes in ICM patients may indicate an interplay
between diastolic LA dysfunction and systolic LV functional
derangements, potentially exacerbating the effects of the LV
wall scar.
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