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Abstract
Objective. Intraventricular vector flowmapping (iVFM) is a velocimetric technique for retrieving two-
dimensional velocity vector fields of blood flow in the left ventricular cavity. Thismethod is based on
conventional colorDoppler imaging, whichmakes iVFMcompatible with the clinical setting.We
have generalized the iVFM for a three-dimensional reconstruction (3D-iVFM).Approach. 3D-iVFM is
able to recover three-component velocity vector fields in a full intraventricular volume by using a
clinical echocardiographic triplanemode. The 3D-iVFMproblemwaswritten in the spherical (radial,
polar, azimuthal) coordinate system associated to the six half-planes produced by the triplanemode.
Aswith the 2D version, themethod is based on themass conservation, and free-slip boundary
conditions on the endocardial wall. Thesemechanical constraints were imposed in a least-squares
minimization problem that was solved through themethod of Lagrangemultipliers.We validated 3D-
iVFM in silico in a patient-specificCFD (computational fluid dynamics)model of cardiac flow and
tested its clinical feasibility in vivo in patients and in one volunteer.Main results.The radial and polar
components of the velocity were recovered satisfactorily in the CFD setup (correlation coefficients,
r=0.99 and 0.78). The azimuthal components were estimatedwith larger errors (r=0.57) as only
six samples were available in this direction. In both in silico and in vivo investigations, the dynamics of
the intraventricular vortex that forms during diastole was deciphered by 3D-iVFM. In particular, the
CFD results showed that themean vorticity can be estimated accurately by 3D-iVFM. Significance.
Our results tend to indicate that 3D-iVFMcould provide full-volume echocardiographic information
on left intraventricular hemodynamics from the clinicalmodality of triplane colorDoppler.

1. Introduction

During diastole, blood from the left atriumflows into the left ventricle through themitral valve. A large vortex
(swirlingmotion) is formed and coversmost of the intraventricular cavity (Charonko et al 2013, Bermejo et al
2015).When left ventricular filling is impaired (diastolic dysfunction), a change in bloodflowoccurs, with a
significant impact on intracardiac vortices. There is indeed a physiological link between the vortex and the
healthy heart, which seems to be disturbed in patients with heart failure. It thus appears that the left
intraventricular vortex is a keymechanical biomarker of cardiac function (Gharib et al 2006,Hendabadi et al
2013, Arvidsson et al 2016). For example,Martínez-Legazpi et al showed by colorDoppler echocardiography
that the vortical flowhas a decreased contribution tofilling volume in patients with hypertrophic
cardiomyopathy, whereas it is increased in patients with nonischemic dilated cardiomyopathy (Martínez-
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Legazpi et al 2014). Using cardiacmagnetic resonance, Töger et al reported that the fraction of left ventricular
volume occupied by the vortex ring during diastasis is decreased in patients with heart failure (Töger et al 2016).
Marchese et al observed via high-frame-rate blood speckle tracking that left ventricular volume and pressure
overload in childrenwith congenital heart disease affect the location of the vortex in the left ventricle (Marchese
et al 2021). Given the novelty of interest in the intraventricular vortex for the assessment of cardiac function,
there is not yet a consensus on the choice of imaging technique and biomechanical indices. Nevertheless, the
recent workswarrant further investigations of intraventricular vortical dynamics as amarker of diastolic
dysfunction.

The characterization of this intraventricular vortex can be performed under the condition that an
intracardiac velocity vector field is available. Two commonly used imaging techniques for the assessment of the
intracardiac blood flow in a clinical setting are CMR (cardiacmagnetic resonance) and echocardiography. CMR
allows the clinician to collect 4D (3D+time) information of the flow, from acquisitions on a few consecutive
cardiac cycles with prospective gating. Its operating time, from30 min to 60 min per patient, as well as the
examination costs,make it a solution primarily intended for clinical research (Eriksson et al 2010,Markl et al
2016). In contrast, Doppler echocardiography is awidely used clinicalmodality for blood flow analyses. Doppler
echocardiography, in itsmost classical version, yields only one component of the velocity vectors (Jensen et al
2016), the one parallel to the direction of the ultrasoundwave. To overcome this limitation, several ultrasound
imaging techniques have been developed for a 2D vector depiction of the intracardiac flow, such as echo-PIV
(echographic particle image velocimetry) by contrast-enhanced echocardiography (Kheradvar et al 2010, Chen
et al 2021), blood speckle tracking (Fadnes et al 2014,Daae et al 2021), or iVFM (intraventricular vector flow
mapping) (Garcia et al 2010, Assi et al 2017). The echo-PIV technique requires the intravenous injection of
microbubbles, which is not compatible with a routine clinical use. Blood speckle tracking has the advantage of
being free ofmicrobubbles and uses ultrasound signals backscattered by red blood cells (Garcia et al 2017,Daae
et al 2021). Sensitive to the clutter signals, this technique nevertheless seemswell adapted to pediatric
echocardiographywhere spatial resolution is higher than in adults (Nyrnes et al 2020).

To get a broader view of the heart circulation and to overcome the clinical limitations of 3DCMR
velocimetry, some research groups have also focused on 3D reconstruction of intracardiac flows by ultrasound.
Some of themethods usedwere derived from2D techniques. Feasibility of echo-PIV to obtain a volumetric view
of intraventricular flowhas been described in vitro and in vivo (Sengupta et al 2012, Voorneveld et al 2020, Chen
et al 2021). Gomez et al recovered the 3Dflow (Gomez et al 2013, 2015) by spatio-temporally registering three or
four colorDoppler volumes acquired fromdifferent acoustic windows. These two approaches cannot be used
routinely for clinical purposes because of theirmethodological constraints (microbubbles,multi-view). Inspired
by 2D iVFM,Grønli et al reconstructed 3D intraventricular flow fromDoppler volumeswith an optimization
method that aimed to conserve themass (continuity equation) andmomentum (Navier–Stokes equations). In
this study, the intracardiac pressure gradients were omitted in theNavier–Stokes equations to simplify the
numerical problem. After writing the velocity fields with B-splines, the problemwas solved using the open-
source package TensorFlow (Grønli et al 2018). Although closer to the clinical situation, it remains difficult to
rely onDoppler volumes because of their low temporal resolution.

To obtain a three-dimensional outlook of the left intraventricular flow,we hypothesized that our 2D iVFM
algorithm (Assi et al 2017, Vixège et al 2021b) could be generalized to 3Dby using the triplanemode available on
clinical ultrasound scanners. Triplane imaging is amode that has beenmade available in clinical scanners since
the 1990s. Triplane echocardiography allows acquisition of three planes from the same heartbeat, with relatively
high temporal and spatial resolutions.When the ultrasoundmatrix array is placed in the apical window, 2-, 3-,
and 4-chamber long-axis views are displayedwith 60 degree interplane angles (figure 1). A clinical analysis based
on triplane imaging is an alternative when the volume echocardiographic technique is not feasible (e.g.
insufficient resolution). The triplanemode has indeed shown clinical relevance in echocardiography
laboratories. For example, its diagnostic advantages have been evaluated in the calculation of ejection fraction
(Malm et al 2006, Nucifora et al 2009), and global longitudinal strain by speckle-tracking (Onishi et al 2015).
From these studies, it appears that these three planes contain sufficient information for an accurate analysis of
the global volume and deformations of the left ventricle. In the same vein, we postulated that theDoppler
velocities of these three planes also contain sufficient information for an adequate construction of the three-
dimensional intraventricular flow. This would be an advantage over volumeDoppler as triplane colorDoppler
provides a higher imaging rate.

In this paper, we introduce a 3D iVFM technique based on triplaneDoppler-echo, which generalizes the 2D
iVFMdeveloped byAssi et al (2017) andVixège et al (2021b). An incomplete versionwas briefly presented in a
proceeding (Vixège et al 2021a). The 3D-iVFMapproach allows the echographer to estimate the 3D
intraventricular flow from three color-Doppler planes, by using aminimization problem constrained by
hemodynamic properties (mass conservation in the cardiac cavity, and free-slip boundary conditions on the
endocardium). The physical equality constraints were imposed using the Lagrangemultipliermethod. The
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regularization parameter that controls the smoothingwas determined automatically through the L-curve
method. In the following, we describe the 3D-iVFMmethod and its numerical formulation, its validation using a
patient-specificCFD (computational fluid dynamics)model, and its clinical applicability through in vivo
examples.

2.Methods

2.1. Triplane echocardiographicmode
The objective of 3D-iVFM (3D-intraventricularVector FlowMapping) is to recover full-volume three-
component velocity fields, in the left ventricular cavity, by using triplane colorDoppler. Figure 1 illustrates a
triplane colorDoppler, which providesDoppler velocities from three different apical long-axis views separated
by a 60° angle: the two-chamber, three-chamber, and four-chamber views.We chose the triplanemode (rather
than volumeDoppler) because (1) the ultrasound data before scan-conversion are available (figure 2) through
theworkstation EchoPAC (GEHealthcare), and (2) the temporal resolution is higher. The EchoPAC software
gives access to the series of three planes that contain bothDoppler velocities and 8 bit B-mode images in the
spherical coordinate system q jr, ,{ } related to the cardiac phased array (figure 3). In this spherical system,
r 0, /q pÎ 0, 2 ,[ ] andj pÎ 0, 2 .[ ] Figure 2 shows a triplane B-mode+Doppler data fromwhich a full-
volume vector flow is reconstructed by 3D-iVFM.

2.2. iVFMas a constrainedminimization problem
The 3D-iVFMmethod starts with the three colorDoppler planes given by the triplanemode (figure 2). Because
they are not scan-converted, we canwrite the problem in a spherical coordinate system (figure 3). In this
coordinate system, theDoppler velocities (uD) are estimates of the radial velocities (vr) (with an opposite sign,
theDoppler velocities being positive towards the probe) corrupted by noise (h):

q j q j h q j= - +v r u r r, , , , , , . 1r D( ) ( ) ( ) ( )

The objective of 3D-iVFM is to deduce the radial, polar, and azimuthal velocity components [ q jv r, , ,r ( )
q jqv r, , ,( ) and q jjv r, ,( )] in the full left ventricular volume, from theDoppler velocities (uD) of the three

planes. In the following, we briefly describe theminimization problem and its numerical solution. To facilitate
the derivation of the linear system, the sixDoppler half-planes were stacked to build a 3rd order tensor (figure 4),
with each dimension corresponding to a spherical coordinate. The equations of the numerical schemewere then
vectorized (figure 4) to form a standardmatrix-vector linear system.

Figure 1.Triplane colorDoppler during a routine echocardiographic examination. Two-, three-, and four-chamber views are
displayed simultaneously with 60 degree interplane angles.
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Weextended the 2D-iVFMalgorithmproposed byAssi et al (2017) and added physics-based equality
constraints to obtain a hemodynamically valid estimate (Vixège et al 2021b). The hemodynamic equality
constraints, based onfluid dynamics, ensured that the reconstructed flowwas divergence-free (mass
conservation for an incompressible fluid) and slipped freely on the endocardial wall (free-slip boundary
conditions).Wewrote the optimization problem as a constrained regularized least-squares problem,whichwas
solved using the Lagrangemultipliermethod (Kalman 2009). It wasmathematically written as follows:

Figure 2. In the 3D-iVFM (intraventricular Vector FlowMapping) technique, we use theDoppler velocities (1st row) and endocardial
displacements (from the B-mode images, 2nd row) before scan-conversion, i.e. in the coordinate systemdefined infigure 3. The 3rd
row is the corresponding triplane view.
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=v vJargmin . 2
v

VFM
 


( ) ( )

From (1), the cost functionwaswritten as

ò a= + W +
W

v vJ v u d . 3r D
2 ( ) ( ) ( ) ( )

The cost function J wasminimized subject to the following equality constraints:

= W
- = ¶W

v

v n v n

div 0 on ,

0 on .
4

wall wall wall


   ⎧

⎨⎩

( )
· ∣ · ∣

( )

vVFM


are the estimated three-component velocity vectors. The function  v
( ) induces spatial smoothing. It

contains second-order partial derivatives of the velocity, with cross-terms, with respect to the radial and polar
coordinates ( qr, ).We used the same smoothing function as in Assi et al (2017). The parameter a is the
regularization smoothing parameter (a scalar), whichwas determined by using the L-curvemethod (see section
‘Selection of the Smoothing Parameter’). W stands for the intracavitary region of interest, and ¶W is its boundary
(endocardium). n wall

∣ is the unit vector normal to the endocardial wall, and vwall


is the endocardial wall velocity.

Figure 3.The data and equations that are included in 3D-iVFM (intraventricular Vector FlowMapping) are expressed in this spherical
coordinate system.

Figure 4.The 3D-iVFMwas derived using a 3rd-order tensor formalism. The equations were then vectorized to obtain a sparse
symmetric linear system. The dimensions of the tensors were related to the coordinates q jr, ,( ) of the spherical system.
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Thefirst equality constraint in (4) ensuresmass conservation. By expressing the divergence in spherical
coordinates thenmultiplying by qr sin ,( ) it can be rewritten as

q q q
q

= 
+ ¶ +

+ ¶ + ¶ = W
q

q q j j

v

v r v v

v v

div 0

2 sin sin cos

sin 0 on . 5
r r r

( )
( ) ( ) ( )

( ) ( )

The second equality imposes free-slip boundary conditions. Becauseweworkwith 2D images (planes), the
azimuthal component of vwall


( jvwall ) is not available. To ensurewell-posedness of the 3D-iVFMproblem,we

assumed that =jv 0 on∂Ω. The boundary conditions [second constraint in equation (4)]were thus rewritten
as:

- + - =
= ¶W

q q q

j

v v n v v n

v

0,

and 0 on . 6
r wall r wall r wall wall( ) ( )

( )

The spherical 3D grid used for 3D-iVFMhas constant radial, polar, and azimuthal steps (h ,r qh , and jh ).We
used afinite-difference discretization scheme (with second-order central differences) to convert this constrained
least-squares problem into amatrix-vector form. TheDoppler velocities were stored in a 3rd-order tensor of
size ( ´ ´M N O), where M is the number of samples per scanline, N is the number of scanlines per half-
plane, and O is the number of half-planes (i.e. =O 6 for a triplanemode, figure 4). The numerical counterpart
of the constrained least-squares problemdescribed by equations (2)–(6)waswritten using a tensor formalism,
then vectorized (figure 4), to obtain a sparse symmetric linear system.We briefly describe the linear system in the
following.

The vectorization led to column vectors.We note these column vectors as follows:

• u ,D of length MNO ,( ) contains theDoppler velocities.

• q jr, , , of length MNO ,( ) contain the radial, polar, and azimuthal coordinates, respectively.

• nr and qn , of length MNO ,( ) contain the radial and polar coordinates of the unit vector normal to the cardiac
inner wall (endocardium). They are zero if the node does not belong to the endocardium.

• d, of length MNO ,( ) is a binary vector that represents the intracavitary region of interest (ROI). It is1 if the
node is inside or on the edge of the left ventricular cavity, 0 otherwise.

• d¶ , of length MNO ,( ) is a binary vector that represents the endocardial wall. It is1 if the node is on the
endocardium, 0 otherwise.

• = q jv v v v ,r
T T T T[ ] of length MNO3 ,( ) is a column vector that contains the iVFMsolution of the

minimization problem.

• = q jv v v v ,rwall wall,
T

wall,
T

wall,
T T[ ] with =jv 0wall, everywhere [see equation (6)], of length MNO3 ,( ) is a

column vector that contains the radial, polar and azimuthal (=0) components of the endocardial velocities.
They are zero if the node does not belong to the endocardium.

• l1 andl ,2 of respective lengths MNO( ) and MNO2 ,( ) contain the Lagrangianmultipliers associatedwith the
1st (divergence-free) and 2nd (boundary) equality constraints.

The iVFMminimization problem contains the Q ,0 Q ,1 Q ,2 and Q matrices that are introduced in the next
paragraph. Thematrix Q0 is related to the fitting toDoppler velocities (3). Q1 and Q2 are related to the 1st (5) and
2nd equality constraints (6). Q is associatedwith the smoothing regularizer included in (3).We also define the
followingmatrices and vectors:

• D Dand ,q q ̈ both of size ´q q ,( ) arefinite-differencematrices for the 1st and 2nd derivatives, respectively.

• q and ,q both of size ´q q ,( ) are the zero and identitymatrices, respectively.

• 0q is a vector of zeros of size ´q 1 .( )

In the following,Ä and  stand for theKronecker andHadamard (element-wise) products. A least-squares
numerical solution of theminimization problem given by (2) and (3), subject to the equality constraints (5) and
(6), can be determined through the Lagrangemultipliermethod (Kalman 2009). It is given by seeking the vectors
v,l ,1 andl2 thatminimize
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l l
l la

= + +

+ + + 

v v u v u
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The Q-matrices are given by (supplementary document (available online at stacks.iop.org/PMB/67/
095004/mmedia)):
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The Q ,0 Q ,1 Q ,2 and Q matrices are of size ´MNO MNO3 ,( ) ´MNO MNO3 ,( ) ´MNO MNO2 3 ,( )
and ´MNO MNO9 3 ,( ) respectively. TheKronecker products between the identity and D matrices are related
to the 1st- and 2nd-order derivatives.Minimizing l lvJ , ,L 1 2( ) yields the linear system

l
l

a

=

=
+

= =
-

 

x b

x
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v

A

A

Q Q Q Q Q Q
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Thematrix A is sparse symmetric and of size ´MNO MNO6 6 .( ) b and x are column vectors of size
´MNO6 1 .( ) The linear system (9) illustrates the basic principles of 3D-iVFM.Rather than solving directly this

system,we have completed it by parameterizing the velocity field as now explained.

2.3. Parametrization of the velocityfield
The 3D-iVFMvelocimetricmethod uses a clinical triplanemode, which provides three long-axis planes (i.e. six
azimuthal half-planes, figures 2 and 4). AlthoughDoppler sampling is appropriate in the radial and polar
directions, it is limited in the azimuthal direction (6 samples). To obtain proper azimuthal derivatives and ensure
a full-volume reconstruction, we expressed the velocity components by a parametrized function that is periodic
in the azimuthal direction:

q q j q j
q j q j q j
qj

= + +
+ + +

Î

v c r c r c r

c r c r c r

k r

0 , 1 , cos 2 , cos 2

3 , cos 3 4 , sin 5 , sin 2 ,

with . 10

k k k k

k k k

( ) ( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

{ } ( )

The parametrized vk contained six parameters sincewe had six half-planes. These coefficients (cP ,r qcP , and

jcP ,with = ¼P 0 5)were stored in a column vector c of length MN18( ) (3 coordinates×6 half-
planes×MN samples per half-plane). The linear system (9)wasmodified to include the coefficients of the
parametrized velocities: all Q matrices weremultiplied by sparsematrices containing the coefficients {1,

jcos ,( ) jcos 2 ,( ) K} of the expression (10). After parametrization of the velocity field, the linear system (9)
became

7

Phys.Med. Biol. 67 (2022) 095004 FVixège et al

http://stacks.iop.org/PMB/67/095004/mmedia
http://stacks.iop.org/PMB/67/095004/mmedia


l
l

= =x b x
c

A , with . 111

2

⎡

⎣
⎢

⎤

⎦
⎥ ( )

The A matrix, and the x and b vectors, obtained after parametrization, are described in the supplementary
document. Solving the system (11) yields the coefficients c and, in turn, the full-volume three-component
velocityfields. The A matrix is rank-deficient because it contains columns and rows of zeros, as the region of
interest and its boundary do not cover the entire domain. After having discarded the null rows and columns to
make thematrix full-rank and positive-definite, we solved the sparse linear system (11) inMATLAB
(MathWorks) by using an LDLdecomposition.

2.4. Selection of the smoothing parameter
The linear system (11) contains a regularization scalar (a) that adjusts the effect of smoothing given by the Q
matrix. Tomake the iVFM technique unsupervised, we selected the smoothing parameter automatically
through the L-curvemethod (Hansen 2000). Thismethod helps in identifying the trade-off between the amount
of regularization (smoothing) and the quality of the fit to the input (Doppler) data. The L-curve consists of a log-
log plot of the residual normversus the regularization norm for a set of a values. In our case, the ‘optimal’ awas
the one that corresponded to the rising point of inflection of the L-curve. Figure 5 depicts an L-curve obtained
in one volunteer (see alsofigure 10). To obtain the L-curve, we decomposed thematrix A into two parts: a
constrained data-fittingmatrix A ,1 and amatrix A2 related to the smoothing, which reads as follows:

a= +

=
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From thesematrices, the L-curve associatedwith the linear system (11)was given by

a a- bA x A xlog , log . 131 2 2 2   { ( ( ) ) ( ( ) )} ( )

The L-curvemethod requires solving the linear systemwith several values ofα.We used severalα
parameters to generate an L-curve and determine its ‘optimal’αopt value. To reduce computational time, it is
preferred not to repeat this process for each triplane color-Doppler. Therefore, we calculated the L-curve, and
its corresponding optimalαopt, once, at the end of earlyfilling.We then used this sameαopt value for thewhole
cardiac cycle.

Figure 5.Automatic selection of the regularization scalar: an L-curve is plotted from a set of regularization parameters (black dots).
We choose the regularization parameter that provides the rising point of inflection (here 10−5.5, red dot). This example is from a
patient at the end of earlyfilling. In practice, we used fiveα values to generate an L-curve by fitting an hyperbolic tangent function.
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2.5. In silico validation
Validating the 3D-iVFMalgorithm required full-volume three-component ground-truth velocityfields of the
intraventricular bloodflow.Weused a patient-specific CFD (computational fluid dynamics)model (Chnafa et al
2014, 2016), as for the latest versions of 2D-iVFM (Assi et al 2017, Vixège et al 2021b).We interpolated the radial
components (figure 3) of theCFDvelocity vectors onto three planes (as in figure 2) to simulate triplane color
Doppler. One hundred triplane echocardiographic scanswere simulated for one cardiac cycle. The radial and
polar steps were 0.55mmand 0.45°. Each half-plane contained 8000Doppler-velocity samples ( =M 160, and

=N 50). Gaussianwhite noise with velocity-dependent local variance (signal-to-noise ratio ranging between
20 and 50 dBwith a 10 dB step)was added, as inMuth et al (2011). Based on these simulated triplaneDoppler
velocities, the coefficients of the parametrized iVFMvelocities, given by (10), were calculated by solving the
linear system (11). From these coefficients, we generated full-volume three-component intraventricular velocity
fields on an ´ ´M N 24 spherical grid (i.e. on 24 half-planes).We compared the iVFM-derived velocity
components against the actual CFD-based velocity components by regression analysis and by calculating the
normalized root-mean-square errors (nRMSE) for each noise level:

ò q q j

q j

= -

Î

- -
v

v v
LVV

r r

k r

nRMSE
1

max

1
sin d d d

with , , . 14

k k
CFD

CFD iVFM
2 2

 
 

( )
( )

{ } ( )

In equation (14), LVV stands for the left ventricular volume. In addition, we computed the radial, polar, and
azimuthal components of the vorticity, as well as its amplitude, for bothCFD and iVFM, andwe compared their
means.Wefinally estimated the vortex volumes by using the Q-criterion (Günther andTheisel 2018): a voxel
belonged to a vortex if its Q-valuewas greater than a predefined threshold. The thresholdwas ranged between
5000 and 15 000 s−2 to get several volume estimates per time step.We compared themean vortex volumes (CFD
versus iVFM) over diastole. The vorticities (w), Q-criterion, and vortex volumes of theCFDflowdatawere
calculated using ParaView (Kitware Inc., NY,USA), an open-source package for data analysis and visualization.
Those derived by iVFMwere estimated through in-houseMATLAB codes.

2.6. In vivo analysis
We tested the clinical feasibility of 3D-iVFMprospectively, during a routine echocardiographic examination, in
one healthy volunteer and in three patients selected on the basis of image quality. The patients had different heart
diseases: transthyretin amyloid cardiomyopathy, hypertrophic obstructive cardiomyopathy, and paroxysmal
atrialfibrillation. Triplane echocardiography is part of the standard examination protocol. The retrospective
study of anonymized datawas approved by the local ethics committee. The cardiologist acquired the two-, three-
, and four-chamber apical long-axis views using a triplane colorDopplermodewith aGEVivid E95 scanner
(figure 1).We selected triplane echocardiographic data that provided good-quality B-mode andDoppler images
(echogenic patients, complete left ventricle in all three planes, no visible artifacts).We obtained∼11 color-
Doppler triplanes per cardiac cycle. TheDoppler velocities and B-mode images (before scan-conversion,
figure 2)were saved inHierarchical Data Formatwith the EchoPAC clinical software package (GEHealthcare)
then post-processed usingMATLABprogramming.We delineated the endocardial wallsmanually by using an
in-houseMATLAB application. Thewall velocities were estimated from the endocardial displacements between
two successive frames.Wefinally computed the full-volume three-component intraventricular velocity fields
with the 3D-iVFMmethod. Creating the sparsematrices and solving the linear system required∼20 swith a
MATLAB code running on theCPU. The vortical regionswere detected by using the Q-criterion, and the
intraventricular bloodflowswere visualized through streamlines.

3. Results

3.1. In silico results
As illustrated by figures 6, 3D-iVFMenabled the reconstruction of full-volume three-component
intraventricular velocityfields from three color-Doppler long-axis planes (triplane colorDoppler). In particular,
the vortex rings that formed during left ventricular filling (frame#50), and the large rotating circulation at the
end offilling (frame#60)were recovered. The iVFM-derived flow structures were consistent with those of the
CFDground-truth. Themean velocity errors were the smallest for the radial r-components (less than 3%), while
themean errors on the azimuthalj-components ranged between 5%and 15% (figure 7). The regression
analyses confirmed these results. The 3D-iVFM technique reconstructed the radial components with accuracy
( =r 0.99) since the input information from colorDoppler is essentially radial. The regression coefficients
obtainedwith the polar and azimuthal components were =r 0.78 and =r 0.57, respectively. This trend is also
apparent in the errormaps. Figure 8 shows the frames (50, 55, and 60) corresponding to the instant of the cardiac
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Figure 6. In silico results—3D-iVFM (2nd row on the left) enables the reconstruction of the intraventricular bloodflow. As a
comparison, the snapshots on the left, 1st row, also show the original CFDvelocity fields. The colors of the streamlines represent the
velocity amplitudes. The red volumes illustrate the vortex regions detected by the Q-criterion. In the CFDmodel, the left ventricular
relaxation started at frame#38 and ended at frame#65.

Figure 7. In silico results: velocities derived by 3D-iVFMversus actual CFD velocities. Top-left figure: normalized root-mean-square
errors (nRMSE) on the radial, polar, and azimuthal velocity components. The thickness of the curves reflects the range due to the
signal-to-noise ratio (20–50 dB). Other figures: iVFMversus CFD velocities for each component after pooling all the frames (for
SNR=30 dB). The colors represent the number of voxels that fall in each bin of the bivariate histogram. The dashed red line is the
identity line. The r are the correlation coefficients.
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cycle when the errors were greatest. Although the large errors on the radial components weremostly confined
around themitral leaflets, those for the polar and azimuthal components followed the vortex ring and spread
throughout the left ventricle. The errors on the radial, polar, and azimuthal components reflect the voxelwise
(local) biases in velocity estimation. The goal of 3D-iVFM, however, is to deduce global biomarkers that
describes the intraventricular flow. Figures 9 and 10 showhow global vorticity parameters evolved. The volumes
of the vortex cores (figure 9), as determined by the Q-criterion (red volumes infigure 6), were the largest atmid-
filling (around frame#55). The vortex volumes derived from iVFMagreedwith thosemeasured in theCFD
model but contained some inconsistencies (figure 9). The peak of themean vorticity amplitudewas reached
(80–90 s−1) around frame#55 (figures 6, and 10, left). The azimuthal vorticity components (wj)were themost

Figure 8. In silico results:maps of the normalized errors. The rows refer to the radial, polar, and azimuthal velocity components,
respectively. The columns refer to the three planes similar to those of the triplanemode. The frames#50,#55, and#60, occurred
during earlyfilling (seefigure 6).
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prominent (figure 10, right) comparedwith the radial (wr) and polar (wq) components. 3D-iVFMproduced
vorticity profiles consistent with those given byCFD (ground-truth).

3.2. Feasibility of 3D-iVFM inpatients
The 3D-iVFM technique enabled the reconstruction of intraventricular flows in selected patients after a routine
echocardiographic examination. Figure 11 displays theflow streamlines in the healthy subject at different stages
of the cardiac cycle. The vortex ring formed by themitral jet at the onset of earlyfilling (i.e. ventricular
relaxation) is visible. A large long-axis circularmotion then occupies the entire intraventricular cavity at the end
of earlyfilling and during diastasis (the period between ventricular relaxation and atrial contraction). Figure 12
displays diastolicflow streamlines in three patients with heart disease.

In this work, we do not provide comparativemeasurements using 4DflowMRI.Nevertheless, it can be
appreciated that the flowswe reconstructed have strong qualitative similarities with intracardiac flowsmeasured
by others withMRI. For illustrative purposes, we invite the reader to refer tofigure 1 of Eriksson et al (2010), and
figure 2 of Eriksson et al (2013). The vortex rings visible infigures 11 and 12 are also consistent with those
reported in other studies that have involvedMRI, as seen infigure 7 ofMarkl et al (2011) andfigure 3 of Faurie
et al (2017).

Figure 9. In silico results: vortex volumes derived by 3D-iVFMversus actual CFD velocities. The vortical regions were detected by
using the Q-criterion. A voxel belonged to a vortex if its Q-valuewas greater than a threshold. Several thresholds were used: the error
bars illustrate the standard errors of themeans (SEM).

Figure 10. In silico results:mean vorticities derived by 3D-iVFMversus actual CFDvelocities. Left panel—mean of the vorticity
amplitudes. Right panel—mean of the vorticity components: radial (wr), polar (wq), azimuthal (wj).
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4.Discussion

4.1.Quality of the reconstructed vectorfield
The 3D-iVFM introduced in this article allows the reconstruction of full-volume three-component
intraventricular flows from triplane colorDoppler. Thismode provides three long-axis apical views separated by
an azimuthal angle of sixty degrees. In the spherical coordinate system associatedwith the cardiac probe, the
triplanemodemeasures the radial components of the velocities, with noise. The 3D-iVFMproblemhas
essentially twounknowns, which are the polar and azimuthal angular components of the velocities. For
comparison, only the polar components are sought with the 2D-iVFM that operates in a three-chamber view. As
we did for the 2D-iVFM, the 3D-iVFMwas validated using an intracardiac CFDmodel. This CFDmodel has the
advantage of providing realistic reference intraventricular flows at high spatial and temporal resolutions.

As expected, the radial components of the velocityfieldwere the best reconstructed, with errors less than 3%.
The differences,mostly visible around themitral leaflets, originated from the smoothing and inter-angle
interpolation imposed by the iVFMmethod. The errors on the polar components were close to those observed
with the recent version of the 2D-iVFM (Vixège et al 2021b), ranging between 2%and 10%.On the other hand,
the azimuthal components were themost error-prone becausewe had little information in this direction. Only

Figure 11. 3D-iVFM in the healthy subject. The colors represent theDoppler velocities. The vortex ring (red torus) is visible at the
onset of earlyfilling (left ventricular relaxation).
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six samples (six half-planes)were available. To compensate for this azimuthal undersampling, we used a
parametric periodic formulation of the velocities, given by equation (10). The errors in velocities were greatest at
the beginning of ventricular filling. This is a phase in the flowwhere polar and azimuthal velocities become
significant. The vortex changes from a ring to a recirculation shape. Despite significant azimuthal errors, the
global aspect of theflowwas adequately recovered (figure 9).More importantly, the global vorticity was
determined accurately, which tends to show that the 3D-iVFMcould be used for physiological purposes to
characterize the intracavitary left ventricular flows.

4.2. Technical and numerical limitations
Intracardiac bloodflow is three-dimensional and changes rapidly during a cardiac cycle. A conventional triplane
colorDoppler returns around 10 triplane sequences per second. To obtain a triplane sequence, a series of
focused or narrowultrasound beams are transmitted sequentially in the radial direction to scan the planes of

Figure 12. 3D-iVFM in three patients. The colors represent theDoppler velocities. Left column: a large swirling structure is present
during the isovolumetric contraction. Top-right: a vortex ring is visible during early filling.
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interest. The spatial resolution of one plane is approximately 0.6mmby 1.4 degrees. In addition, for each radial
direction, about six ultrasound beams are transmitted to enableDoppler velocities to be determined. It results
that there is a significant time delay between thefirst Doppler line of thefirst plane and the lastDoppler line of
the third plane. A triplane dataset, therefore, has a limited spatiotemporal resolution. Given the limitations of
triplane colorDoppler, 3D-iVFMcan only provide smoothed estimates of the velocityfields. Although several
researchers have reportedmeasuring energy dissipation due to blood viscosity in turbulent flowby two-
dimensional iVFM (Stugaard et al 2015, Zhong et al 2016), this claim is incorrect. Thefluctuating quantities of
turbulent flow cannot be captured by colorDoppler. Nevertheless, the results obtainedwith theCFDmodel
show that it would be possible tomeasure global vortical indices (figure 9). In particular, we anticipate that the
peak of global vorticity could reflect thefilling function. This remains to be demonstrated, as our study does not
allow such a conclusion.We qualitatively tested the algorithmicmethodology and evaluated its feasibility in a
clinical setting. For this purpose, we generated noisy ‘ideal’Dopplerfields from the radial velocity components
given by theCFDmodel. Our results thus do not allow us to conclude on the effects of ultrasound imaging
artifacts, such as clutters related towallmotions and sidelobes or grating lobes, and dropouts due to clutter
filtering. A study coupling fluid dynamics and acoustics would complete the validations and provide insights
into these issues. An approachwould be the use of ultrasound simulations (Cigier et al 2021, Garcia 2021) after
seeding theCFD flowwith scattering particles (Swillens et al 2010, Shahriari andGarcia 2018).

4.3. From2D, to 3D, to 4D?
The iVFM that we introduced in this work is a three-dimensional upgrade of the previous 2D version (Vixège
et al 2021b).We could even claim that it is a 4D version (volume+time) because temporal information is also
available. The temporal resolution (∼10 volumes s−1) is nevertheless limited by that of triplane colorDoppler.
The rate of iVFMvolumes is similar to that of 4DMRI velocimetry. Under the condition that the heart rate is
sufficiently stable, it would then be necessary to analyzemore than five cardiac cycles to decipher the flow
dynamics with sufficient accuracy. This is precisely the approach used in 4D flowCMR,with respiratory
navigator gating. The temporal limitation of triplane echocardiography is related to the sectorial line-by-line
scanning of each of the three planes. A promising solutionwould be the use of diverging rather than focused
waves (Faurie et al 2017, 2019). Such an alternative of high-frame-rate triplane echocardiography, with
simulated spiral arrays, has been proposed byRamalli et al usingmulti-line transmits and divergingwaves
(Ramalli et al 2020). Another approachwould be the use of high-volume-rate colorDoppler (Provost et al 2014),
whichwould have the twofold advantage of increasing temporal resolution and providingmoreDoppler
information (full volumes instead of three planes).

4.4.What still needs to be done
We showed that three-dimensional reconstruction of intracardiac flow is feasible during a routine clinical
examination.We used triplane echocardiography andDoppler data before scan-conversion throughGE
Healthcare EchoPAC clinical software. The time for ultrasound acquisition (<20 s) and 3D velocity calculation
(<20 s per volume), was well below that of 4D flowCMR, even thoughwe used a homemadeMATLAB code. In
this study, we established that 3D-iVFM is feasible in patients. Although the in silico results were promising, we
need to further demonstrate that vector flows estimated in patients are consistent with those provided by phase-
contrast CMR. If future studies confirm this agreement, it should also be verified that a vortex-based volume
biomarker (e.g. peak vorticity, see figure 9)might be clinically relevant for assessing diastolic function. At the
very least, echocardiographic velocimetry by 3D-iVFMcould be used for physiological purposes to better
comprehend the dynamic relationship between themyocardium and intracardiac flow. This goal would be in
linewith previous works that havemade use of high-frame-rate Doppler echocardiography (Faurie et al 2019,
Papadacci et al 2019).

As discussed previously, volumetric Doppler datawould likely allowmore accurate 3Dflow reconstruction,
albeit at the expense of temporal resolution. These volume data are generally protected and therefore not
accessible for post-processing. Grønli et al (in conjunctionwithGEHealthcare) showed that iVFMwith volume
data is possible (Grønli et al 2018). Using TensorFlow, they regularized the velocity fields by imposing
mechanical constraints and endocardial boundary conditions. They also succeeded in increasing the volume rate
by transmittingwide ultrasoundwaves. Rather thanDoppler velocities, blood speckle tracking has also been
proposed for the 2D reconstruction of intracardiac flow (Fadnes et al 2014,Nyrnes et al 2020, Daae et al 2021). It
is possible to combine colorDoppler with speckle tracking to get themost out of each. This has been achieved for
2Dmyocardialmotion analysis using diverging-wave echocardiography (Porée et al 2018). This approach could
theoretically be applicable in 3D for intracardiac flows. In addition to beamforming,motion detection, and
regularizationmethods, iVFM is also dependent on clutter filtering, dealiasing, and endocardial segmentation.
Havingmade use of a clinical ultrasound device, we did not have control over thewallfilter. The dealiasing
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method that we usedwas an unwrapping technique introduced byMuth et al (2011). It depends on an input
variable that sometimes had to be adjustedmanually. Tomake dealiasing fully automatic, wewill resort to deep
learning (Nahas et al 2020). In our study, the endocardial segmentationwas performedmanually for the analysis
of the clinical cases. This stepwas necessary to determine the boundary conditions. To avoid this time-
consuming task, a future version of 3D-iVFMwill include deep learning-assisted segmentation, as described in
Leclerc et al (2020). Although there is some room for technical improvements, the 3D-iVFMversion introduced
in our study shows that it is possible to visualize, and quantify, left intraventricular flows in three dimensions.
The 3D-iVFMcould be applicable in a clinical setting since it uses a standard apical echocardiographic window
and fast algorithms.

5. Conclusion

Wehave introduced an updatedDoppler-based iVFMalgorithm for recovering three-component full-volume
intraventricular bloodflows. For this purpose, we used aminimization problem constrained by equations
consistent withfluid dynamics. Themodel selectionwas automatized through an L-curve tominimize operator
dependence. The 3D-iVFM is compatible with standard echocardiographic examination and is not time-
consuming. Color-Doppler-based 3D-iVFM still needs to be compared against 4D-CMRvelocimetry in
patients.
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