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Abstract—This study examines the feasibility of blood speckle tracking for vector flow imaging in healthy adults
and describes the physiologic flow pattern and vortex formation in relation to the wall motion in the left ventricle.
The study included 21 healthy volunteers and quantified and visualized flow patterns with high temporal resolu-
tion down to a depth of 10�12 cm without the use of contrast agents. Intraventricular flow seems to originate
during the isovolumetric relaxation with a propagation of blood from base to apex. With the E-wave, rapid inflow
and vortex formation occurred on both sides of the valve basally. During diastasis the flow gathers in a large vor-
tex before the pattern from the E-wave repeats during the A-wave. In isovolumetric contraction, the flow again
gathers in a large vortex that seems to facilitate the flow out in the aorta during systole. No signs of a persistent
systolic vortex were visualized. The geometry of the left ventricle and the movement of the AV-plane is important
in creating vortices that are favorable for the blood flow and facilitate outflow. The quantitative measurements
are in concordance with these findings, but the clinical interpretation must be evaluated in future clinical studies.
(E-mail: annichen.s.daae@ntnu.no) © 2021 The Author(s). Published by Elsevier Inc. on behalf of World
Federation for Ultrasound in Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Already in 1972, Bellhouse (1972) described the fluid

mechanics of a model mitral valve and the left ventricle

(LV). In 1990 Bot et al. (1990) described a vortex ring in

a model of the LV and concluded that the size of the ven-

tricle is a determinant of the vortices. In 1994 Steen and

Steen (1994) described the flow pattern in the LV by the

use of a model LV and color M-mode (CMM) echocardi-

ography. They described initial diastolic flow propagation

moving fast toward the apex of the LV and the subsequent

vortex propagation, which moves slower. In 1995

Kim et. al. (1995) used cardiac magnetic resonance imag-

ing (CMR) to map and describe the normal flow pattern

in the LV for the first time, describing the large anterior
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vortex that emerges during mitral inflow. In the same

year, Bohs et al. (1995) did a phantom in vitro test of

speckle tracking for direction independent visualization of

blood flow velocities. The Doppler technology only shows

uni-directional flow and cannot obtain velocity estimates

perpendicular to the beam direction, and thus several dif-

ferent ultrasound techniques for determination of flow

velocities perpendicular to the ultrasound beam have been

described. The different methods used for vector flow

imaging (VFI) are thoroughly explained by Jensen et al.

(2016a, 2016b), where echo particle image velocimetry

(echo-PIV) (Cimino et al. 2012), vector flow mapping

(VFM) (Garcia et al. 2010) and blood speckle tracking

(BST) are the most commonly pursued methods for car-

diac VFI. In conventional 2-D flow imaging, temporal res-

olution has been low; thus, the details of the short-lived

isovolumetric phases, as well as the relation of the vorti-

ces created during early and late filling, have not been
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Table 1. Characteristics of the subjects (n = 21)

Age (y) 33 (25�68)
Sex (men/women) 16/5
Systolic blood pressure (mmHg) 129 (118�135)
Diastolic blood pressure (mmHg) 84 (77�90)
Height (cm) 177 (171�180)
Weight (kg) 72 (69�83)
Body mass index 23 (21�27)
Heart rate (beats/min) 64 (59�73)

Data are expressed as median (interquartile range) or number, except
for age, which is expressed as number (range).
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described in detail. Together with the evolution of the VFI

field, the energy loss (EL) (Zhong et al. 2016;

Akiyama et al. 2017; Elbaz et al. 2017; Xu et al. 2017),

the kinetic energy (KE) (Arvidsson et al. 2013;

Kanski et al. 2015; Akiyama et al. 2017) and the concept

of vorticity (VO) have been described (Hong et al. 2008;

Mehregan et al. 2014; Pedrizzetti et al. 2014;

Fenster et al. 2015), but the methods used to extract the

measurements differ.

Combining high-frame-rate/ultra-fast ultrasound

imaging and BST provides new opportunities for the esti-

mation and visualization of 2-D and 3-D blood velocities

(Van Cauwenberge et al. 2016; Fadnes et al. 2017;

Wigen et al. 2018), which were recently used in research

within pediatric echocardiography (Nyrnes et al. 2020).

With the BST method, we can visualize the flow patterns

qualitatively and extract the quantitative measurements

rate of _EL, KE, VO and the intraventricular pressure dif-

ference (IVPD) (Fadnes et al. 2020). Also, with the unique

acquisition method described by Wigen et al. (2018), we

get ultra-high temporal resolution. Using BST in adults is

more challenging than in children because imaging in

adults must reach deeper into the body. To increase the

depth, a probe with a lower frequency is used; a lower fre-

quency will, in turn, lead to a reduced spatial resolution

both laterally and in depth. This is required for an

increased depth with less attenuation in the deeper parts

of the image. This study describes the first clinical results

of BST for VFI in healthy adults.

The first aim of this study was to demonstrate the

feasibility of BST for VFI in healthy adults. The second

aim was to use the BST method to visualize and describe

the physiologic flow pattern and vortex formation with

relation to the wall motion throughout the entire cardiac

cycle in the healthy LV.
METHODS

Study population

This study included 23 healthy volunteers; two were

excluded, one because of frequent extra systoles and one

because of a technical error in electrocardiography (ECG)

recording, both making ECG stitching of images unfeasi-

ble. The remaining 21 subjects were included for further

analysis. No subjects were excluded because of poor image

quality. The study was approved by the regional ethics

committee, and all subjects signed an informed consent

form. The subject characteristics are listed in Table 1.
Standard echocardiography

The examination was performed with a GE E95

ultrasound scanner (GE Vingmed, Horten, Norway),

using the M5S-c probe in the left lateral decubitus posi-

tion. Standard echocardiographic data were acquired
from both the parasternal and the apical views and con-

sisted of standard B-Mode cine loops with and without

color Doppler imaging (CDI), continuous-wave (CW)

Doppler, pulsed-wave (PW) Doppler, tissue Doppler

imaging (TDI) and CMM. The standard echocardio-

graphic recordings were transferred for off-line analysis

in a designated work package (EchoPAC BT 203, GE

Vingmed, Horten, Norway). All images were obtained

by, or under supervision of, a senior cardiologist with

significant echocardiography experience.

Ejection fraction (EF) was measured by the modi-

fied Simpsons method in the apical four-chamber and

long axis view, with the automated function in Echo-

PAC. Mitral annular plane systolic excursion (MAPSE)

was measured by reconstructed M-mode through the

mitral annulus in the apical four-chamber view and aver-

aged for the inferoseptal and anterolateral points. Peak

velocities from the mitral valve and the LVOT and spec-

tral tissue Doppler mitral annular velocities were

recorded and measured as described by the American

Society of Echocardiography (ASE) and the European

Association of Cardiovascular Imaging (EACVI)

(Nagueh et al. 2016). The spectral tissue Doppler veloci-

ties from the mitral annulus (s', e' and a') are averaged

from the septal and lateral values. Flow propagation

velocity is measured in the CMM images by a straight

line drawn in the front of the aliased velocity.

The isovolumetric relaxation (IVR) interval was

measured from aortic valve closure (AVC) to mitral

valve opening (MVO) in Doppler recordings and trans-

ferred to color tissue Doppler cycles automatically by

the analysis software. Strain rate was measured by tissue

Doppler in the middle of the IVR as the average of three

cycles, and in four points (septal and lateral apical and

basal) (Supplementary Fig. 1). One subject was excluded

because of extensive clutter noise in the TDI recordings

and one partially because of angulation error in the lat-

eral base. Three subjects had less than three full cycles.
VFI

VFI in this study is done with our in-house devel-

oped method called BST. The examination was



Table 2. Echocardiographic characteristics of subjects (n = 21)

EF (%) 54 (52�62)
MAPSE (mm) 16 (14 � 17)
Peak velocity E (m/s) 0.82 (0.65�1.00)
Peak velocity A (m/s) 0.56 (0.47�0.68)
Deceleration time E (ms) 153 (123�182)
E/A ratio 1.53 (1.03�1.87)
E/e' 5.50 (4.95�7.65)
Peak velocity s' (m/s) 0.10 (0.09�0.11)
Peak velocity e' (m/s) 0.14 (0.12�0.18)
Peak velocity a' (m/s) 0.08 (0.07�0.10)
Peak velocity LVOT outflow (m/s) 1.03 (0.95�1.09)
Flow propagation velocity E CMM (cm/s) 66 (62�92)

Data are expressed as median (interquartile range).
CMM, color M-mode; EF, ejection fraction; LVOT, left ventricular

outflow tract; MAPSE, mitral annular plane systolic excursion;
s', systolic tissue velocity; e', early diastolic tissue velocity; a', late dia-
stolic tissue velocity; E, early filling; A, atrial contraction/late filling.
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performed with a GE E95 ultrasound scanner (GE

Vingmed, Horten, Norway) using the 4V-D probe. High-

frame-rate data were obtained from the setup described

by Wigen et al. (2018), where a combination of plane

wave emission and multi-beat ECG stitching was used to

obtain continuous data acquisition (>3500 frames/s). By

using the 3-D probe and multiple line acquisition, a 3-D

slice of 10 degrees was obtained from a 2-D preview.

Five to six beats were used for high-frame-rate data, and

two beats for high-quality B-mode images. The acquired

3-D data underwent wall filtering using singular value

decomposition (Yu and Lovstakken 2010; Demen�e
et al. 2015) by excluding the 1000 first eigenvectors.

BST was performed on the filtered data according to

Wigen et al. (2018) and averaged over 15 frames. The

same data were also used to process CDI. The processed

data were displayed as a 2-D image with a temporal reso-

lution of >233 frames/s.

Further, the raw blood velocity data were post-proc-

essed with a model-based regularization scheme devel-

oped by Grønli et al. (2018), which is also described in

clinical work by Nyrnes et al. (2020). A regularized

velocity field was acquired by combining a manually

annotated endocardium with a fluid model, defined by

the Navier-Stokes equation. The objective of this last

processing step was to reduce noise in the measurements,

which are sensitive to unnatural irregularities in the flow

field, as well as to fill in empty values in regions without

BST estimates owing to signal loss caused by wall filter-

ing. The cine loops were also marked with systole and

diastole. End of systole was defined as the time when the

AV-plane stopped moving after ejection. End of diastole

was defined as the time when the mitral valve was closed

after the A-wave. This means that the isovolumic con-

traction (IVC) period is at the start of systole, while the

IVR is at the start of diastole.

The BST data allow for the measurement of quantita-

tive flow properties, such as KE, _EL and VO. KE is the

energy the blood possesses owing to its motion, while _EL
is related to the viscous losses of the fluid. Both are studied

as markers for an effective intraventricular blood flow

(Kanski et al. 2015; Wang et al. 2016; Zhong et al. 2016;

Nakashima et al. 2017). VO is related to the rotation of the

blood at one timepoint in the cardiac cycle and is a measure

of the complexity of the blood flow. BST also allows for

the measurements of IVPD because pressure and flow are

linked through the Navier-Stokes equations. The pressure

gradients are calculated based on the BST velocity field,

and the base-to-apex pressure difference is found by inte-

grating the gradients along a manually defined path. The

path is a spline curve defined by three or more points set by

the user according to the mitral inflow streamlines. The

IVPD is measured throughout the cardiac cycle, but

because the path is static and drawn in IVR/early diastole,
the values are most precise during this time. The IVPD in

the IVR is measured shortly before the opening of the

mitral valve. The maximum IVPD at the rapid inflow is

measured just before the first aliasing (i.e., the start of the

highest velocity) of the E-wave. In three of the subjects, we

had poor visualization of the mitral flow and could there-

fore not place the path correctly. These three subjects are

excluded from the analyses of IVPD. Definitions, equations

and a more thorough explanation of the quantitative meas-

ures can be found in the appendix.
Statistical analysis

The data are presented as number or median (inter-

quartile range) because the sample of 21 subjects was

not normally distributed. Data were plotted in an SPSS

worksheet and were later analyzed using IBM SPSS Sta-

tistics version 25.0 (IBM, Armonk, NY, USA) and with

Python using the Statsmodels package for analyses and

the Seaborn library for visualization.
RESULTS

Conventional echocardiographic findings are shown

in Table 2. The measurements were well within normal

values and showing normal age differences. The BST

method was able to visualize and quantify flow patterns

in all included subjects.
Qualitative flow results

Throughout the cardiac cycle a vortex that is visible

during most of the cycle is observed. The vortex has a

counterclockwise direction in the apical four-chamber

view and a clockwise direction in the apical long axis

view with standard orientations (i.e., rotation toward the

left ventricular outflow [LVOT]). Thus, it facilitates the

movement of blood from the mitral orifice toward the
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aortic valve (Kilner et al. 2000; Cimino et al. 2012;

Pedrizzetti et al. 2014; Li et al. 2019).

Figure 1 show the different phases in the cardiac

cycle seen with the ECG and the vector plots. The visual

impression of this method is better when viewed as a

video compared with still images, and Supplemental

Videos 1�4 demonstrate the same flow pattern as

Figure 1 and the following description.

The first sign of intraventricular movement of the

blood is seen in the IVR as a low-velocity flow from the

basis toward the apex in the CDI (Fig. 1a). This low-

velocity flow is visible with both the mitral and the aortic

valve closed. An elongation in the apex and shortening in

the base can be demonstrated during IVR with strain rate

curved anatomical M-mode (CAMM) (Suppl. Fig. 1).

This concept of start of flow has been demonstrated ear-

lier (Sasson et al. 1987; Garcia et al. 2010;

Cimino et al. 2012). During early rapid filling (E), the

AV-plane moves away from the apex, expanding the

LV. Along with the rapid column of blood flowing into

the LV during this phase, the flow starts to turn toward

the LVOT from the mid-ventricle (Fig. 1b), and the vor-

tices are seen evolving on both sides of the mitral valve

(Fig. 1c). One or both of these vortices has been demon-

strated to some extent by several other researchers
Fig. 1. Intraventricular vortices and flow visualized with blood
timepoints in the cardiac cycle, visualizing the most prominent
metric relaxation, showing flow toward the apex in the whole ve
of flow due to basal movement can be seen in the mid-ventric
rapid filling (E-wave), showing reversal of flow also near apex
persisting into (d) diastasis. (e) Atrial contraction (A-wave), sh
into the left ventricular outflow tract (LVOT). (f) Isovolumetri
apically directed flow in the lateral part and basally directed fl

persistence of the vortex, with apical flow laterally. (
(Kilner et al. 2000; Garcia et al. 2010;

Cimino et al. 2012; T€oger et al. 2012). The vortex behind
the posterior mitral ring diminishes and disappears early,

whereas the vortex in the LVOT persists and propagates

toward the apex (Fig. 1c). The opposing flow directions

in this vortex during early filling are also visible by con-

ventional CDI and CMM and PW Doppler as peak early

velocity in LVOT (ELVOT). This flow is slightly delayed

in relation to the mitral inflow (E) and the peak annular

velocity (e'). This is demonstrated in Figure 2a and 2b,

and time intervals are given in Table 3.

In diastasis the mid-ventricular vortex combines

with the vortex in the LVOT, creating a large vortex that

occupies most of the LV (Fig. 1d) (Garcia et al. 2010).

The center of the vortex moves more apically during dia-

stasis. With the start of the atrial contraction (A), there is

further basal motion of the AV-plane, flow through the

mitral valve increases again, and the same pattern is seen

evolving as in early filling (Fig. 1e), again with delayed

flow into the LVOT (Fig. 2). This has previously been

described as the J-wave (Jaeger and Rahko 1990). The

second vortex merges with the existing apical vortex,

and during this phase it grows and moves more centrally

in the LV. The vortex is centered right above the mitral

valve and reaches from the basis to the apex of the LV.
speckle tracking (BST). Still images from eight different
vortex and flow patterns in the given phase. (a) Isovolu-
ntricle. (b) Early rapid filling (E-wave), showing reversal
le near the septum and left ventricular outflow. (c) Late
, generating a vortex in the whole length of the ventricle,
owing the same pattern as the E-wave with flow reversal
c contraction, showing a vortex filling the ventricle, with
ow along the septum. (g) Early ejection, showing some
h) Late ejection, where no vortex can be seen.



Fig. 2. Intraventricular vortices and flow visualized. (a) Pulsed-wave (PW) Doppler trace with sample volume between
the mitral and aortic valve visualizing the E-wave, the A-wave and the delayed mirrored E-wave and A-wave in the
opposite direction in the left ventricular outflow tract (LVOT). We also see the ejection (the S-wave). Apically directed
flow can also be seen during IVR. (b) Color M-mode (CMM) recordings through the mitral valve and the LVOT, respec-
tively. B1: E-wave and A-wave and IVR-flow, all directed toward the apex. B2: Shows the vortex in the LVOT, the S

wave with direction toward the base and IVR-flow directed toward the apex.
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This vortex may thus contribute to the closing of the

mitral valve (Sherrid et al. 2017) and persists into the

IVC (Li et al. 2019).
Table 3. Timing of flow and peak velocity (n = 21)

Time between R and peak mitral E (ms) 497 (481�528)
Time between R and peak septal e' (ms) 484 (434�513)
Time between R and peak LVOT E (ms) 613 (575�651)
Data are expressed as median (interquartile range) or number

E, early filling; e', early diastolic tissue velocity; LVOT, left ventric-
ular outflow tract; R, the R in the QRS complex.
With both the mitral and the aortic valve closed, the

flow will continue to swirl inside the LV (Fig. 1f). This

pattern is also seen in CMM (Fig. 2b), showing a column

of blood toward the apex along the lateral wall, and the

opposite along the septum. As the aortic valve opens,

this flow continues out through the open valve and into

the aorta. The part of the blood in the LV that is not pass-

ing through the aortic valve is deflected and moved by

the closed mitral valve and continues to conserve the

vortex from the previous phase (Fig. 1g). As the flow out



Table 4. Experimental quantitative measures (n = 21)

Mean KE diastole (J/m) 0.20 (0.17�0.23)
Mean KE systole (J/m) 0.21 (0.18�0.25)
Mean _EL diastole (mW/m) 4.44 (3.41�5.44)
Mean _EL systole (mW/m) 4.79 (2.79�6.49)
Mean VO diastole (Hz) 10.00 (9.15�11.07)
Mean VO systole (Hz) 8.55 (7.77�10.14)
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of the LV increases, the AV-plane moves and the LV

contracts, the vortex diminishes and moves toward the

lateral wall. The vortex visually seems to dissolve in this

phase (Fig. 1h), although the VO plot indicates persis-

tence of part of the vortex through the whole heart cycle

(Fig. 3).
Data are expressed as median (interquartile range)
EL, energy loss; KE, kinetic energy; VO, vorticity
Quantitative flow results

Detailed results of average values in diastole and

systole of the experimental measurements of KE, rate of

EL and VO are listed in Table 4. Figure 3 displays the

KE trace, the _EL trace and the VO trace from top to bot-

tom and shows how the different parameters relate tem-

porally to each other and to the ECG. KE have peaks at

the same time as the peak flow. During the IVR, the KE

begins to rise, peaking at peak E, which is consistent

with the flow pattern described earlier during this phase.

The same peaks occur at the E-wave and A-wave in the
_EL, but with a steeper rise and fall in the E-wave and a
Fig. 3. Kinetic energy (KE), energy loss (rate) ð _ELÞ, and vor
matched in time at peak kinetic energy in the different phases, s
the cardiac cycle and how they relate to each other. The lines

wave and the e
slightly delayed peak when compared with the KE. The
_EL depicts high values when the flow is high, but we

also see a larger decline in the _EL than in the KE after

peak flow, indicating that the KE has less variations

throughout the cardiac cycle than the _EL. During the E-

wave, the most complex blood flow is observed, and

both Figures 3 and 4 show that the main _EL is during

this phase. The _EL also falls to a lower level when com-

pared to the peak values that we see in KE and VO.

Peaks are shown at the E-wave and the A-wave in the
ticity (VO) from one subject. Traces from one subject,
howing how the experimental measurements vary during
correspond to the peaks of the KE at the E-wave, the A-
jection.



Fig. 4. Kinetic energy (KE), energy loss (rate) ð _ELÞ, vorticity (VO) and pressure difference (PD) from all subjects.
Traces from all study subjects plotted together in one plot per measurement. The plots depict how the curves from the
different subjects follow the same pattern even though the maximum and minimum values vary. The vertical lines

through the curves mark the separation of the systole and the diastole, respectively.
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VO, but with a delayed peak and a more protracted dura-

tion than KE, in concordance with the qualitative results

seen by BST and described earlier.

Also note that the VO is declining during ejec-

tion, as anticipated when looking at the qualitative

flow results. The vortex may be dissolving during

this phase. For all the subjects, the trace showed the

same pattern, although with different values, as is

shown in Figure 4. The measurements are taken from

an apical four-chamber view, and thus we can expect

more accurate values for the parts related to the

mitral flow (the diastolic part) than for the part

related to the ejection (the systolic part) because the

LVOT is not visualized in this view.
The trace of the IVPD from one of the subjects is

shown in Figure 5a. From the start of this curve, the ejec-

tion out the aortic valve occurs as an acceleration of flow

toward the base. As the flow slows, the pressure differ-

ence also declines. It shifts to a negative value when the

flow decelerates as the ejection comes to an end. Then,

during IVR, an acceleration begins toward the apex that

continues into the rapid filling of the diastole. This corre-

sponds to the low velocity flow seen with CDI in the

IVR, as described in the section on qualitative flow

results. After the rapid filling, flow decelerates and the

pressure difference stabilizes around zero until a nega-

tive pressure difference again accelerates the flow

toward the apex during atrial contraction.



Fig. 5. Pressure differences. Figure A show an intraventricular pressure difference curve from one case throughout the
cardiac cycle. Positive numbers depict pressure increase toward the apex, giving acceleration of basally directed blood
flow, or deceleration of apically directed blood flow. Negative numbers depict pressure increase toward the base, giving
acceleration of apically directed flow or deceleration of basally directed flow. From the start acceleration of ejection
flow occurs toward the base out through the aortic valve, then deceleration of flow occurs as the ejection comes to an
end. This means that in the last part of ejection, ejection flow is against a pressure gradient and must be inertia driven.
During isovolumetric contraction (IVR) acceleration starts toward the apex that continues into the rapid filling of the
diastole. During the latter part of early filling we again see a deceleration of flow, and inertially driven flow, and finally a
stabilization of the pressure difference around zero during diastasis, with a new acceleration during atrial contraction.
(b) A boxplot of the pressure differences from the isovolumetric relaxation (IVR) period and early diastole, showing that

the pressure gradient is considerably higher during rapid filling.
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Figure 5b shows that the IVPD from the IVR and

the early diastole both indicate an acceleration of flow

toward the apex. The pressure difference in IVR is lower

than in the early ejection, showing that the flow starts to

accelerate during the IVR and picks up as the mitral

valve opens for the rapid inflow.
DISCUSSION

This study evaluated the normal LV intraventricular

flow patterns with a very high temporal resolution. Intra-

ventricular VFI with BST provides a more detailed visual-

ization of the intracardiac flow than CDI alone. This study

shows that BST is feasible in healthy adults down to a
depth of approximately 10�12 cm, visualizing intraven-

tricular flow with high temporal resolution. The extraction

of quantitative measures such as VO, KE, _ELand IVPD is

also feasible. This study also demonstrated vortex forma-

tion in relation to the different phases of the heart cycle

and in relation to wall motion and deformation.

Intraventricular flow seems to originate during IVR

(Fig. 1a), where an elongation of the apex and a simulta-

neous shortening of the base can be seen with strain rate,

although a remaining apically directed part of the vortex

may contribute as well. The elongation of the apex is

possibly related to the apical untwisting previously dem-

onstrated with both magnetic resonance and echocardi-

ography (Rademakers et al. 1992; Takeuchi et al. 2006).
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This generates an intraventricular pressure gradient

(Nikolic et al. 1995; Cimino et al. 2012) and subsequent

flow toward the apex (Sasson et al. 1987;

Garcia et al. 2010), even with the valves closed. Thus,

myocardial work by shortening of the base, despite con-

comitant elongation of the apex, is not “wasted work,”

but is instrumental in initiating the apical momentum of

the blood. Using the high-frame-rate imaging setup, we

were able to both resolve this flow by CDI and to mea-

sure the pressure gradient from BST. The intraventricu-

lar flow created in IVR presumably facilitates early

filling through the momentum created. From the IVPD

curves, flow accelerates smoothly from the IVR into the

early filling, which also supports this finding.

Hodzic et al. (2020) recently demonstrated that CDI-

derived peak early diastolic IVPD provides a reliable

flow-based index of early left ventricular diastolic func-

tion, supporting our findings that this start of flow is

important for optimal cardiac function.

As blood flows into the LV from the left atrium, the

chamber diameter of the LV is larger than the diameter

of the mitral orifice. Basic physical mechanisms tell us

that this alone will create vortices because the blood will

need to fill the LV. At the same time, the AV-plane

moves basally, expanding the space where there is no

direct inflow from the atrium. This creates a suction that

in turn will divert some of the blood back toward the

base, causing vortex formation. As the LV is asymmetri-

cal with a larger space behind the anterior mitral leaflet

than the posterior leaflet, the vortex will be asymmetri-

cal, and the lateral vortex appears short-lived. These two

vortices have been shown earlier by several research

groups (Garcia et al. 2010; Cimino et al. 2012;

T€oger et al. 2012; Khalafvand et al. 2017).
Simultaneous with the development of the septal and

lateral vortices, a rapid flow propagation occurs toward

the apex and a trailing vortex develops. This trailing vor-

tex starts at LV mid-level (Fig. 1b) and not in the apex, as

has been previously described (Cimino et al. 2012). This

vortex will still remain some time before combining with

the septal vortex to create one large vortex in the whole of

the LV (Fig. 1d). Thus, the first blood to reach the apex is

the rapid flow propagation, followed by the slower vortex.

This phenomenon has already been shown with CMM

and CDI by Rodevand et al. (1999) and Steen and

Steen (1994). The pattern during the E-wave and the A-

wave are similar, but the velocity of the flow will affect

the vortex development. Therefore, differences will be

seen in the E/A pattern according to the normal shift in E/

A-configuration with age, and these differences will be

translated to the patterns seen in the LVOT as well.

After both the E-wave and the A-wave, the flow

persists in one large vortex, and as this vortex continues

into the IVC (Fig. 1f) it is reasonable to assume that this
maintains the momentum and the KE of the blood into

the systole. When the aortic valve opens, the movement

of the blood flow inside the LV is already well aligned

along the septum toward the basis. With the start of the

systole, the flow already has momentum and can thus

continue unhindered into the aorta. The momentum will

contribute to overcoming the aortic pressure, thus reduc-

ing afterload. In the early part of systole, we still observe

some of the blood flow diverging at the basis and follow-

ing the lateral wall toward the apex again (Fig. 1g), but

during ejection this flow decreases (Fig. 1h).

The observations with CDI and vector plots show

no consistent sign of a persistent systolic vortex in all

subjects, although there is persistent VO in the quantita-

tive results and a negative IVPD after acceleration of

systolic flow. Both findings suggest that there might be a

deviation of flow at the AV-plane also after the aortic

valve has closed. This might be the start of the apically

directed flow in the IVR and thus a conservation of

momentum into this phase. Further studies are needed to

investigate this phenomenon in more detail.

Our results give a detailed description of the intra-

ventricular flow in the LV throughout the whole cardiac

cycle. A few earlier studies have shown the flow

throughout the cardiac cycle, but not with direct mea-

surement of the flow direction and not with the same

frame rate. Garcia et al. (2010) used frame interleaving

from 8�12 beats to increase temporal resolution of CDI

in an interpolated, merged cycle of 200 frames.

Cimino et al. (2012) had a frame rate of 80 Hz with

echo-PIV, although measures are taken to improve frame

rate in echo-PIV (Voorneveld et al. 2019). Most of the

earlier research done has looked at only parts of the car-

diac cycle, meaning that the interaction between the dif-

ferent parts of the cycle, and which phenomena that link

and follow each other, is not fully explained. Also, with

the high temporal resolution of 4 ms obtained with our

method, this short-lived phenomenon can be studied.

The KE, _EL and VO seem to follow the same pat-

tern as the flow in the ventricle. This is best visible for

the E-wave in Figure 3 because the subject is a younger

person. We also see that the rise in KE starts in the IVR,

which again supports our finding that the apically

directed flow starts during IVR. Figures 3 and 4 show

that the main _EL is during the E-wave when the most

complex blood flow and the highest velocities are

observed. Further studies with patients are required to

see whether the complexity of the blood flow might be

linked to the _EL. The high relative values of the _EL also

indicate that a large potential exists for increasing EL if

the blood flow pattern starts deviating from normal, even

though the absolute values measured here are very low

when compared with the total work of the heart. The

impact of the forces on the cardiac function is not
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obvious, and further clinical research is needed to exam-

ine the clinical value.

The VO shows high values during the phases in the

cardiac cycle when the best visible vortex patterns quali-

tatively are observed. Figure 3 shows that the VO peaks

a bit later than the KE when the rapid inflow column of

blood has reached the apex and the vortices described in

the results section are most visible. As the vortices com-

bine throughout the diastasis the VO falls, as expected.

A small rise again occurs when the atrial contraction

happens, with the formation of new vortices. This coin-

cides with the results from Faurie et al. (2017, 2019),

showing two main peaks in the VO curves slightly

delayed when compared with the E-wave and A-wave.

They also observed a relationship between the tissue and

the vortex waveforms, also with a slight delay, denoting

the lag between the wall and the flow motion. Then, dur-

ing ejection, the VO falls as time goes on, but notably

not to zero. This indicates that there is some movement

of blood, and maybe some vortices, during the late

phases of systole, even though no certain vortices have

been observed in this phase.

The clinical interpretation of the quantitative meas-

ures is unclear and must be evaluated in relation to path-

ologic ventricles in future clinical studies. Both the

values of the measurements and the shape of the curves

can potentially be used to differentiate between healthy

and diseased ventricles. Values extracted with other

methods will most likely result in different values

because of different technology and post-processing, and

the future will show whether they will be comparable.

Duplex (B-mode with CDI) frame rate lies

between 20 and 30 frames/s and thus results in a tem-

poral resolution of 40 ms. For the short-lived isovolu-

metric phases, a mean duration of 57 ms (IVR) and

35 ms (IVC) is shown in our material. With the

duplex frame rate this means that we will have maxi-

mum one frame during IVC. With a frame rate of

250 Hz, which is approximately what was obtained in

these experimental data, a temporal resolution of

4 ms was achieved, making it possible to study short-

lived phases and phenomena in more detail. CMM is

the only conventional acquisition that can obtain a

frame rate similar to our data and is therefore used as

1-D reference for parts of our results (Fig. 2b). The

real clinical need for a high frame rate will only be

evident after we know what can be seen with a high

frame rate that is not apparent at a lower frame rate;

thus, more research on the topic is required.

Strengths and Limitations

The method yields a high frame rate and a very high

temporal resolution that makes studying short-lived phe-

nomena feasible. With a frame rate of 250 Hz, a
temporal resolution of 4 ms is achieved, whereas at

50 Hz only a temporal resolution of 20 ms is achieved.

The participant group was selected and was mostly

young and echogenic. Thus, the true feasibility in an

older population is unclear.

Images are stitched over five to six cycles, which

means that the technology cannot be used in patients

with conditions as atrial fibrillation or frequent extra

systoles.

The visualization of the flow is sensitive to view;

small changes from the standard view may change the

absolute flow velocities that we measure, although the

qualitative interpretation is mostly still available.

Model-based regularization can in some cases show

flow patterns that are not real. This is compensated for

by weighing in measured data from speckle tracking and

by making sure that the flow pattern matches the CDI

pattern.

In most cases, the images were obtained during

breath hold to get a stable image. Breath hold can con-

tribute to changes in the normal physiology. Breath hold

for six heart cycles is also less feasible in older subjects

with heart disease, so acquisition during quiet respiration

instead must be demonstrated to be adequate.

High-frame-rate and raw (in-phase and quadrature)

data produce very large files, which is demanding

regarding data transfer and storage.

The images are obtained as a 3-D slice but are ana-

lyzed in 2-D. The 10-degree thickness of the 3-D slice is

used to estimate out-of-plane motion to improve the flow

in the 2-D images, but a full 3-D volume is preferable to

correctly visualize intracardiac flow. Unfortunately, the

full 3-D-volumes do not get high enough frame rate as of

when this study was published.
Future perspectives

This study has described a normal pattern of the

complex blood flow inside the LV. The next step in eval-

uating this method will be to investigate potential differ-

ences in flow pattern and the quantitative measurements

in patients with deviating geometry of the LV to see if

this method can be an addition in the evaluation and

treatment of patients with different heart diseases.
CONCLUSIONS

This study demonstrates that VFI with BST technol-

ogy is feasible in healthy adults down to a depth of

10�12 cm. The thick-slice method allows flexible retro-

spective analysis including vector plots as an important

supplement for better visualization of the blood flow

without using a contrast agent.

The geometry of the LV and the piston-like move-

ment of the AV-plane is important in creating vortices
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that are favorable for blood flow and facilitate outflow.

The investigation of these complex blood flow patterns

may yield new information about the LV function, both

regarding physiology and pathology, and can potentially

supplement the treatment of patients with varying heart

diseases.
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APPENDIX

The quantitative parameters summarize different

flow features and can shed light on different physiologic

aspects. The definitions used in this paper are as follows:

Kinetic energy (KE)

The KE of the blood is the energy the blood pos-

sesses owing to its motion. The KE per unit volume of

fluid q is given by

q ¼ 1

2
rv2; ð1Þ

where r = 1060 kg/m3 is the density of the blood and v is

the velocity magnitude. Since we do not have full volu-

metric data, we integrate over a 2-D region (the left ven-

tricle [LV]), to retrieve the KE time trace with the

resulting unit of J/m.

KE ¼
Z

q dA ð2Þ

Energy loss (EL)

The EL is related to the viscous losses of the fluid.

This is determined by the shear forces and intrinsic fluid

velocity and is a 3-D measurement. In 2-D we assume

only planar shear forces and integrate over the area. The

rate of energy loss is given by the equation

_EL ¼ m

Z
2

@vx

@x

� �2

þ 2
@vy

@y

� �2

þ @vx

@y
þ @vy

@x

� �2

dA; ð3Þ
where v = [vx, vy] is the blood velocity vector and

m = 0.004 Pa¢s is the blood viscosity. The unit of _EL
when integrated over a two-dimensional region is W/m.

Using a time integral, the energy loss EL [J/m] over a

given time period can be extracted.

Vorticity (VO)

The VO is a measure of the rotation of the blood

around each point in the image at one timepoint in the

cardiac cycle and is a measure of the complexity of the

blood flow. It is calculated by the curl or momentum of

the blood velocity field. It is given by the equation

VO ¼
���� !v

���� ¼
���� @vy@x

� @vx

@y

���� ð4Þ

The unit of VO is Hz. The resulting time trace of VO is

found by averaging the region of interest (the LV).

Intraventricular pressure differences (IVPD)

The pressure gradient is estimated from the velocity

field as follows:

@P

@x
¼ �r

@vx

@t
þ vx

@vx

@x
þ vy

@vx

@y

� �
þ mr 2vx; ð5Þ

@P

@y
¼ �r

@vy

@t
þ vy

@vy

@y
þ vx

@vy

@x

� �
þ mr 2vy; ð6Þ

where r = 1060 kg/m3 is the density of the blood,

v = [vx, vy] is the blood velocity vector and

m = 0.004 Pa/s is the blood viscosity. IVPD is found by

integrating the pressure gradients along a manually

defined path in the LV from base to apex. The path is a

spline curve defined by three or more points set by the

user according to the mitral inflow streamlines.

IVPD ¼
Z

@P

@x
dxþ

Z
@P

@y
dy ð7Þ

The path is static, meaning that the length and posi-

tion stays the same during the cardiac cycle. Thus, the

measurements are most accurate for the timepoint where

the path was drawn, as the path will not follow the move-

ment of the AV plane, or the walls of the LV. Positive

numbers depict acceleration of blood toward the base or

deceleration of flow when the blood has a direction

toward the apex. Negative numbers depict acceleration

of blood toward the apex or deceleration of flow when

the blood has a direction toward the basis. The unit of

IVPD is millimeters of mercury (mm Hg).
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