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ABSTRACT
Edge-to-edge repair is a procedure introduced to overcome mitral valve regurgitation. However, it leads to an unusual flow in the left ventricle
characterized by twin parallel pulsed jets. This type of flow has not been extensively investigated in the literature. We set up a basic experiment
to better characterize this type of flow from a fundamental point of view. Planar time-resolved particle image velocimetry measurements were
performed downstream of three configurations of mitral valves corresponding to healthy and repaired valves. The flow field is characterized
using velocity profiles, viscous energy dissipation, and time-frequency spectra, and their potential clinical impact is highlighted.
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The mitral valve (MV) is located between the left atrium and
the left ventricle (LV) and plays an essential role in the optimal
filling of the left ventricle. Several conditions, including rheumatic
fever, endocarditis, and cardiomyopathy, may affect the MV and
lead to an abnormal backflow from the LV to the left atrium called
mitral regurgitation (MR). Around 10% of people over the age of 75
suffer from MR and it is the second most common disease requir-
ing surgery in Europe.1–3 Surgical mitral valve intervention is cur-
rently considered the best option for the treatment of symptomatic
patients with severe degenerative MR.1,4 Several reports have indi-
cated the superiority of MV repair over replacement based on it
having a better preservation of LV function, lower thrombus for-
mation, and higher survival rates.5 The current MV repair proce-
dures include annuloplasty, quadrangular resection, resuspension
of leaflets, and edge-to-edge repair (ETER). Edge-to-edge repair
(ETER) was pioneered by Alfieri et al.6 This open-heart surgery tech-
nique consists of suturing the free edges of the MV leaflets at the
location where there is regurgitation. Almost half of the patients with
symptomatic severe MR are, however, considered at high risk and
not eligible to undergo an open-heart surgery.7 For those patients,
ETER is still an option, thanks to a minimally invasive approach
using MitraClip or the newly developed PASCAL8 transcatheter
devices. ETER significantly modifies the flow patterns in the LV and

leads to an unusual double-orifice (DO) configuration during MV
opening. Under such a valve opening configuration, the induced
flow in the LV is mostly unknown. Numerical simulations done by
Maisano et al. revealed that velocity profiles downstream of a DO
MV are close to the one obtained downstream of a healthy sin-
gle orifice (SO) MV.9 In another numerical study by Hu et al.,10 it
was demonstrated that a DO MV induces significant energy losses.
They also showed that ETER significantly lowers the LV filling
efficiency.

From a fluid dynamics point of view, ETER leads to a very
interesting and rich flow physics configuration consisting of pulsatile
twin parallel jets. Studies on twin jets are gaining a lot of inter-
est but are limited in the literature to steady round jets with11–16

or without crossflow.17–19 In a recent interesting study, Zang and
New performed particle image velocimetry (PIV) measurements
to investigate the effect of nozzle spacing on vortical structures
in twin round jets.18 When the distance between the nozzle cen-
ters was 1.5 to 2 diameters, they observed that vortices of alternat-
ing sign in the inner shear layers were staggered, acting like the
wake vortices behind a bluff body. However, for nozzle spacing
higher than three diameters, jets behaved like two separate single
jets due to the limited interaction between the induced vortices.
Regarding studies on pulsatile jets, they are limited to single orifice
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configurations, with the exception of Athanassiadis and Hart.20 In
their study, they evaluated the induced thrust generated by twin
vortex ring formation with applications to underwater robots. They
showed that the interaction between the two vortex rings, due to a
small spacing between the orifices, leads to a significant reduction
in the induced thrust. Regarding ETER, Jeyhani et al. conducted an
in vitro study to evaluate the hemodynamic changes following a sim-
ulated ETER.21 They showed that ETER increases the number of
regions with significantly high Reynolds and viscous shear stresses in
the LV.

The above literature review illustrates that there is a knowl-
edge gap regarding pulsatile twin jets. Since the flow in the LV is
complex and highly three-dimensional, we believe it will be of inter-
est to first experimentally investigate the flow induced by ETER
from a fundamental perspective in the case of an unbounded flow
while still relating our findings to the clinical setting. More specif-
ically, two physiologically relevant characteristics are explored: the
pumping function and the risk of blood cell damage. The pumping
function is examined by computing the impact of ETER on vis-
cous energy dissipation (VED), while the risk of blood cell damage
is evaluated by performing a time-frequency analysis using wavelet
transforms.

The experimental setup used in this study consists of a piston-
cylinder device of small diameter submerged in a large transparent
Plexiglas water tank of size 30.5 × 94 × 63 cm3 (see Fig. 1). The flow
is driven by the piston using a pump control system (SuperPump,
ViVitro Systems, Inc., Victoria, BC, Canada). The piston movement
is controlled by a function generator through a custom user interface
created with LabVIEW (National Instruments, Austin, TX, USA).
The duration of the piston motion is 0.25 s. Normalized by the dura-
tion of the recording (T = 1 s), this represents a dimensional time
of t/T = 0.25. A 32-mm circular nozzle with a healthy or a man-
ually sutured elastic model of the mitral valve is attached to the
end of the piston-cylinder where the flow emerges into the water
tank. The model of the mitral valve, with a 32 mm inner diame-
ter, was created by coating successive layers of latex (Environmental
Technology, Inc., MI, USA; density: 0.94 at 24 ○C). Three different
conditions are investigated in this study: (1) a normal, un-sutured,
healthy mitral valve configuration leading to a single orifice (SO) jet;
(2) a mitral valve model with a suture in the middle, maintaining a
symmetric geometry; and (3) a mitral valve model with an eccen-
tric suture, creating an asymmetric geometry. The suture is created
by locally sowing the two leaflets of the valve together. The suture is
about 6 mm in length. A schematic of the valves is provided in Fig. 1.
In this experiment, three formation times, L/D, are considered: 1.5,
1.9, and 2.5, representing the ratio of the length to the diameter of
the ejected fluid column.22 The choice of this range is based on flow
conditions that may exist before edge-to-edge repair in patients with
functional mitral regurgitation and dilated cardiomyopathy. Gharib
et al. have shown that, in healthy patients, L/D typically ranges
between 3.5 and 5.5, but in patients with dilated cardiomyopathy,
L/D values dropped significantly to the range between 1.5 and 2.5.23

Table I summarizes the experimental conditions in terms of con-
figurations, formation times, and the resulting average Reynolds
numbers.

Time-resolved particle image velocimetry. A LaVision (LaVision
GmbH, Gottingen, Germany) PIV system is used for time-resolved
planar acquisitions and post-processing of the velocity fields. The

FIG. 1. Illustration and schematic of the experimental setup and the three orifice
configurations used in this study. The dashed line delimits the region of interest
captured by the camera.

averaged values reported are based on 350 instantaneous measure-
ments. The uncertainty in the velocity is less than 5% when con-
sidering the major sources of errors, as described in the studies of
Raffel et al.,24 Adrian et al.,25 and Sciacchitano.26 More information

TABLE I. Average Reynolds number for different configurations.

Single Symmetric Asymmetric
orifice double orifice double orifice

L/D = 1.5 2733 9 842 7 105
L/D = 1.9 3751 11 224 10 143
L/D = 2.5 3842 12 887 10 692
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regarding the PIV measurements can be found in the supplementary
material.

Kinetic energy and viscous energy dissipation. The total flow
kinetic energy is derived from the time-resolved velocity measure-
ments using the following formulation:

KE = ρ
2∬ (u2 + v2)dxdy. (1)

The rate of viscous energy dissipation (VED) represents the irre-
versible conversion of flow kinetic energy to internal energy.27 It
is a good indicator of energy loss in the flow field due to viscous
stresses. Following the work done by Pedrizzetti and Domenichini,28

Stugaard et al.,29 and Di Labbio and Kadem,30 VED for a 2D velocity
field is calculated according to

VED = μ∭
⎛
⎝2(∂u

∂x
)

2
+ 2(∂v

∂y
)

2

+ (∂u
∂y

+
∂v
∂x
)

2⎞
⎠dxdydt. (2)

In Eqs. (1) and (2), u and v are the velocity components in the x and
y directions, μ is the fluid dynamic viscosity, and ρ is the fluid den-
sity. The spatial derivatives in the VED formulation are calculated
using a fourth-order compact-Richardson scheme (see the work of
Etebari and Vlachos for details).31 This scheme has been shown to
limit noise amplification and is well adapted to PIV measurements.
The integration of KE and VED was performed over all the field of
view.

From a clinical point of view, VED is an important index that
reflects the spatial dispersion of blood flow and indicates energy
dissipation caused by viscosity. In the human heart, an increase in
VED leads to an increase in the required pumping power of the LV.
For better illustration, the reported values for KE and VED are fil-
tered using empirical mode decomposition32 where the first intrinsic
mode functions, containing high frequencies, are removed.

FIG. 2. Velocity field snapshots for all the configurations tested for an L/D value
of 1.9 at three different time instants (t/T = 0.15, 0.43, and 1). For other L/D
values, see the videos in the supplementary material. Multimedia views of POD-
filtered velocity and vorticity fields: circular orifice, symmetric double orifice, and
asymmetric double orifice. Multimedia views: https://doi.org/10.1063/5.0025859.1;
https://doi.org/10.1063/5.0025859.2; https://doi.org/10.1063/5.0025859.3

Time-frequency spectra. In order to investigate the presence of
turbulence in the flow downstream of the valve, the time-frequency
spectra of recorded velocity signals at various selected points are
generated using the continuous wavelet transform. For this purpose,
the complex Morlet wavelet is used for all cases.

Validation of the single orifice configuration. The first step in
this study was to validate the flow through the single orifice configu-
ration against the results of Gharib et al.22,33 The reader is referred to
the supplementary material for a detailed validation for L/D values
of 1.5, 1.9, and 2.5.

Single orifice vs double orifice configurations. Figure 2 (Multime-
dia view) displays the snapshots of the velocity and vorticity fields for
the three configurations tested in this study (single orifice, symmet-
ric double orifice, and asymmetric double orifice). Here, for clarity
and conciseness, only the results for an L/D = 1.9 are displayed.
Other L/D leads to similar flow configurations albeit different veloc-
ity and vorticity amplitudes. One can notice that the single orifice
configuration leads to a vortex ring that is transported downstream
without a trailing jet, while the double orifice configurations lead to
more complex flow patterns. The jets in the double orifice configu-
rations travel up to three times faster than in the single orifice jet and
induce more shear in the flow field. Another interesting aspect is the
side deflection of the upper, larger, jet mostly observed in the case
of the asymmetric double orifice configuration (see also the videos

FIG. 3. Normalized time-averaged velocity profiles for all the orifice configurations
at different x/D values.
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FIG. 4. Temporal evolution of the total in-plane kinetic energy (left) and total in-plane viscous energy dissipation (right).
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in the supplementary material). Indeed, in the case of steady twin
jets with small spacing, studies have shown that the inner shear layer
exhibits complex fluid dynamics characterized by confined counter-
rotating vortical structures and a mutual destabilizing effect of one
jet on the other.11,12,18 In the case of the asymmetric orifice, the flow
through the larger orifice exhibits a vortex ring with its lower part,
in the inner shear layer, interacting with the jet leaving the smaller
orifice. When the piston stops, this interaction seems to lead to a
deflection of the upper jet. Further studies including more cases are,
however, required in order to better characterize the flow dynamics
in such configuration and the resulting jet deflection.

Figure 3 displays the normalized time-average velocity profiles
for L/D = 1.9. In order to compare with the single orifice configura-
tion, the profiles for the double orifice configurations are normalized
with respect to the mean jet exit velocity of the single orifice configu-
ration. The single orifice configuration rapidly leads to a flat velocity
profile just downstream of the orifice. This is consistent with what is
expected downstream of a native healthy mitral valve. However, the
double orifice configuration resulting from ETER leads to a double
jet velocity profile with elevated localized velocity gradients.

Kinetic energy and viscous energy dissipation. The left panels of
Fig. 4 display the time evolution of the KE. The results show that the
single orifice configuration results in a lower in-plane flow kinetic
energy, and that after the driving piston stops at t/T = 0.25, the ver-
tical line in Fig. 4, this kinetic energy is quite well conserved. This
is consistent with the concept of optimal transport of energy with a
vortex ring at low formation times.23 A progressive increase is also
noticeable after the piston has stopped and can be attributed to a par-
tial closure of the valve leaflets and a decrease in the vortex ring size
(see the videos in the supplementary material). However, this has
still to be confirmed in future studies. High in-plane kinetic energy
values are generated during the movement of the piston followed by
a smooth decay. The right panels of Fig. 4 show the time evolution of
the viscous energy dissipation in the region of interest. Lower VED
values are obtained using the single orifice configuration, and the

highest values are obtained in the case of symmetric double orifice
configuration. In clinical settings, higher VED values in the LV are
associated with higher energy consumption and risks of heart failure.
Therefore, from the dissipation of energy standpoint, an asymmetric
configuration might be a better solution when ETER is required.

Time-frequency spectra. In Fig. 5, the time-frequency spectra of
the u-component of the velocity signals at various selected points
are displayed for the three different configurations and formation
times tested. For the single orifice configuration, the probed loca-
tion was selected close to the outlet and aligned with the valve leaflet,
while for double orifice configurations, a location in the middle of
the region of interest is selected corresponding to x/D = 1.75 and
y/D = 0. The time-frequency spectra for the single orifice configu-
ration display faint high-frequency signals from t/T = 0.3–0.5. This
is more noticeable for the highest formation time (L/D = 2.5). For
double orifice configurations, a mix of low and high frequencies can
be observed. This is more perceptible in the case of the symmet-
ric double orifice where the low frequencies appear to be dominant
and last for a significant time period. This seems to be significantly
attenuated in the case of the asymmetric double orifice probably
due to the side deflection of the jet moving the flow away from the
probed point. The symmetric double orifice configuration appears to
be the most critical configuration with regard to velocity fluctuations
and induced turbulence. Figure 6 focuses on this configuration and
displays the time-frequency spectra at nine different locations for
L/D = 1.9. Note that the scale is different from the one in Fig. 5. The
signals within the jet cores are rather turbulent, being strongly com-
prised of high frequencies. The region between the cores, although
exhibiting significant shear, does not experience strong turbulence
but is, instead, dominated by lower frequencies.

In conclusion, this experimental study aimed to evaluate, from
a fundamental point of view, the flow structures in the near-field
wake of a model of a mitral valve before and after simulating edge-
to-edge repair. The results show that edge-to-edge repair leads to
an interesting flow characterized by twin pulsed jets that merge

FIG. 5. Time-frequency spectra of the
axial velocity component for all the orifice
configurations and all L/D values. The
red cross marks indicate the location in
the region of interest where the velocity
signals are extracted for time-frequency
spectrum analysis.
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FIG. 6. Time-frequency spectra of the
axial velocity component for the symmet-
ric orifice configuration and L/D = 1.9.
The red cross marks indicate the loca-
tion in the region of interest where the
velocity signals are extracted for time-
frequency spectrum analysis.

farther downstream of the valve. This type of flow has not been
extensively investigated in the literature, despite its current relevance
not only to cardiovascular flows but also to underwater propul-
sion.20,34 The investigation of the flow in terms of viscous energy
dissipation and time-frequency spectra shows that the symmetric
double orifice configuration leads to a sub-optimal performance
compared to the single orifice and asymmetric orifice configuration.
This result is important knowing that, in clinical practice, in the large
majority of cases, the suture is positioned in the middle of com-
missures leading to a symmetric double orifice configuration. Obvi-
ously, in vivo studies are still required in order to confirm the impact
of the above findings on left ventricle hemodynamics. Finally, future
experimental studies are still required in order to evaluate the find-
ings of this study under more physiologically realistic flow condi-
tions that exist in a left ventricle and to evaluate, mostly in the
cases with double orifices, the more complex three-dimensional flow
structures that are certainly developing downstream of the orifice
plane.

See the supplementary material for the videos of instantaneous
velocity and vorticity fields, PIV technical details, and the validation
for the single orifice configuration.

This work was supported by a grant from the Natural Sci-
ences and Engineering Research Council of Canada (Grant No.
343164-07).

DATA AVAILABILITY

The data that support the findings of this study are openly
available in github.com/msargordi/model_mitral_valve.
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