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Abstract In the healthy heart, left ventricular (LV)

filling generates different flow patterns which have

been proposed to optimize blood transport by coupling

diastole and systole. This work presents a novel image-

based method to assess how different flow patterns

influence LV blood transport in patients undergoing

cardiac resynchronization therapy (CRT). Our

approach is based on solving the advection equation

for a passive scalar field from time-resolved blood

velocity fields. Imposing time-varying inflow bound-

ary conditions for the scalar field provides a straight-

forward method to distinctly track the transport of

blood entering the LV in the different filling waves of a

given cardiac cycle, as well as the transport barriers

which couple filling and ejection. We applied this

method to analyze flow transport in a group of patients

with implanted CRT devices and a group of healthy

volunteers. Velocity fields were obtained using

echocardiographic color Doppler velocimetry, which

provides two-dimensional time-resolved flow maps in

the apical long axis three-chamber view of the LV. In

the patients under CRT, the device programming was

varied to analyze flow transport under different values

of the atrioventricular conduction delay, and to model

tachycardia (100 bpm). Using this method, we show

how CRT influences the transit of blood inside the left

ventricle, contributes to conserving kinetic energy, and

favors the generation of hemodynamic forces that

accelerate blood in the direction of the LV outflow

tract. These novel aspects of ventricular function are

clinically accessible by quantitative analysis of color-

Doppler echocardiograms.
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1 Introduction

Heart failure (HF) is an increasing global problem for

healthcare systems. Responsible for high morbidity

and mortality rates in developed countries, HF is the

endpoint of a number of chronic cardiovascular

diseases [1]. In more than half of patients with HF,

the major hallmark of the disease is an impairment of

systolic mechanics of the left ventricle (LV). The

disease evolution entails a progression of myocardial

damage which may also affect the conduction system

of the heart. If the conduction in the left-bundle-

branch is functionally disturbed, the physiological

pathway of normal LV activation is lost. By delaying

the onset of mechanical systole of the LV free wall,

left-bundle-branch block leads to a dyssynchronous

contraction of the ventricular walls [2].

Dyssynchrony is associated with a higher risk of

both worsened failure and sudden cardiac death [3]. In

addition to intraventricular conduction abnormalities,

patients with dyssynchrony also frequently have

associated impaired conduction from the atria to the

ventricles. Atrioventricular (AV) dyssynchrony fur-

ther impairs the ability of the failing heart to pump

blood, worsening the severity of HF [4–8].

Cardiac resynchronization therapy (CRT) is a well-

established non-pharmacological treatment for con-

gestive HF. CRT recovers the physiological activation

pathways, improving cardiac function and clinical

outcomes in patients who associate HF and dyssyn-

chrony. When applied to adequately selected patient

populations, CRT has a positive impact on symptoms,

quality of life and mortality [9, 10]. This therapy is

used to restore coordinated pumping of the ventricles

by using a specialized cardiac pacemaker. Unfortu-

nately, between 25 and 30 % of patients receiving

CRT do not show the expected benefits. It has been

suggested that achieving a favorable CRT response

may in part depend on proper device programming

[11–13]. Therefore, optimization of the AV delay has

been shown to improve cardiac output and may be

necessary in up to 55 % of CRT patients during

follow-up [14–16]. However, the best method to

optimize the AV delay is still controversial [17, 18].

Nature has optimized the coupling of molecular,

electrical and mechanical processes of the heart,

leading to flow patterns that minimize energy losses

and facilitate the smooth redirection of incoming

blood towards the outflow tract [19–22]. The interac-

tion between wall mechanics and intracavitary flow

establishes fluid transport barriers, which separate the

blood that transits from inflow directly to outflow each

cardiac cycle from the blood that is retained inside the

LV [22–26]. Lagrangian particle tracking using time-

resolved 3D phase-contrast MRI velocity fields [27]

and analysis of Lagrangian coherent structures (LCS)

have been instrumental to quantify these transport

barriers [22, 28]. However, these methods are based on

expensive calculations of the trajectories of virtual

fluid particles, and are difficult to automate for high-

throughput analysis in the clinical setting.

Preliminary studies have shown that the main

intraventricular flow pattern, a vortex ring that forms

during diastole, is highly sensitive to the timing

intervals of the cardiac cycle and to tachycardia [29].

Shortening the filling period by programing long

electrical AV delays increases the circulation and

kinetic energy of the vortex and results in the vortex

staying closer to the mitral valve [28]. When com-

pared to baseline conduction, biventricular stimulation

seems to improve organization of intraventricular

flow, suggesting that intraventricular flow analysis is a

useful tool to understand the effects of resynchroniza-

tion on heart mechanics [30]. Remarkably, changes in

electrical activation have been shown to modify the

net orientation of the forces acting on blood inside the

LV, which has been associated with improved long-

term outcome in patients undergoing CRT [31]. These

findings suggest that flow imaging may be a suit-

able tool for optimizing this therapy. However, how

CRT settings affect the specific time evolution of the

different flow volumes and the LV filling waves is still

poorly understood.

The present study was designed with the twofold

purpose of (1) implementing a clinically feasible high-

throughput method for measuring and mapping blood

transport in the heart, and (2) testing its clinical

potential to characterize changes in blood transport

caused by CRT. The general approach was to obtain

individual quantitative metrics of flow transport from

flow-velocity measurements in the LV.
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2 Methods

2.1 Study population

The present study is based on the analysis of 9 patients

with HF and CRT under different AV delays and 3

healthy volunteers matched by age and gender to the

patient group. Patients were consecutively enrolled

from the pacemaker outpatient clinic. Controls were

selected from a large database of healthy volunteers

recruited at our institutions [32]. The study protocolwas

approved by the local institutional review committee,

and all subjects provided written informed consent for

this study. Clinical data are summarized in Table 1.

2.2 Reproducibility analysis

Reproducibility analysis of the processed data was

performed in seven subjects randomly selected from a

large Doppler Echocardiographic study database.

Inclusion was based on the absence of known or

suspected cardiovascular disease, a normal EKG, a

normal Doppler-echocardiographic exam, and no

history of hypertension or diabetes.

2.3 AV delay settings and data acquisition

In the patient group, ultrasound sequences were

acquired at 5 different programming settings to

analyze the effect of pacing (CRT on vs CRT off),

the AV delay and the heart rate. Patients were studied

in spontaneous sinus rhythm at 3 different AV delay

settings: maximum AV (AVMAX), minimum AV

(AVMIN), optimum AV (AVOPT). Then, maintain-

ing the optimum AV delay, images were again

acquired at 100 bpm induced by atrial pacing. Finally,

patients were studied after turning off the cardiac

pacing (CRTOFF). Maximum AV delay was obtained

by increasing AV delay until capture was lost due to

intrinsic conduction. Minimum AV delay was

obtained by decreasing it down to 80 ms. The

optimum AV delay was set using the iterative method,

which uses the mitral valve pulsed wave Doppler to

optimize the diastolic filling time (DFT). The iterative

method attempts to obtain the longest DFT time that

does not truncate the A-wave, achieving maximal

separation between the E- and the A-waves. Briefly,

DFT was measured from the start of the E-wave until

the end of the A-wave. A long AV delay was

programmed and reduced in 20-ms steps until A-wave

truncation. The interval was then increased in 10 ms

increments, and the shortest AV delay without A-wave

truncation was selected to maximize the DFT [12].

Comprehensive echocardiographic examinations

were performed using a Vivid 7 ultrasound machine

with 2–4 MHz transducers (GE Healthcare). For each

particular CRT-device setting, we obtained 2D color-

Doppler and B-mode (grayscale) sequences from the

Table 1 Summary of study population data

ID Age Gender H.R. (bpm) EF (%) CRT OFF AVOPT (ms) AVMAX (ms) AVMIN (ms) 100 bpm

VOL1 73 F 60 71 NORMAL – – – –

VOL2 55 F 70 56 NORMAL – – – –

VOL3 66 M 59 71 NORMAL – – – –

CRT1 (s) 70 F CRT dep. 52 Yes 110 200 70 No

CRT2 (h) 78 F CRT dep. 38 Yes 110 180 70 No

CRT3 (e) 59 M CRT dep. 39 Yes 90 200 70 No

CRT4 (x) 62 M CRT dep. 14 Yes 90 150 70 No

CRT5 (v) 80 M CRT dep. 51 Yes 110 170 70 Yes

CRT6 (5) 62 F CRT dep. 31 Yes 110 210 70 No

CRT7 (4) 57 F CRT dep. 29 Yes 110 170 70 Yes

CRT8 (9) 65 F CRT dep. 30 Yes 120 160 100 Yes

CRT9 ( ) 59 M CRT dep. 43 Yes 80 180 70 No

Three normal subjects (VOL1-3) and nine patients undergoing CRT (CRT1-9) were considered. Patient CRT7 is used as example in

Figs. 1, 2, 3 and 5. Each patient is labeled with the symbol used to represent their data in Figs. 4 and 5

H.R. heart rate, EF ejection fraction, NORMAL normal volunteer, CRT dep CRT dependent
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long-axis apical view. In addition, pulsed-wave Dop-

pler recordings were obtained from the 5-chamber

apical view, carefully located to obtain spectral

recordings of opening and closing of the mitral and

aortic valves. Event timings of the cardiac cycle were

measured from these recordings, and then forwarded

to the fluid-dynamic solver [32].

3 2D Image analysis and intraventricular flow

processing

The LV myocardial wall was segmented using

speckle-tracking software to delineate the endocardial

boundary (EchoPac v.110.1.2, GE Healthcare). We

reconstructed the time-dependent flow field inside the

LV using 2D echo-CDV, as previously described and

validated in vitro [33] and in vivo [32]. Conventional

Doppler-echocardiographic data was measured fol-

lowing current recommendations [34].

3.1 Blood transport assessment

3.1.1 Blood transport equation for virtual multi-color

angiography

Using the time-dependent 2D echo-CDV velocity field

v(x,t) and the LVwall tracking data as input, we solved

an advection equation for a passive scalar field w with

uniform initial conditions and step-wise Dirichlet

inflow boundary conditions,

Dw
Dt

¼ otwþr � vwð Þ ¼ 0;

w x; t ¼ 0ð Þ ¼ w0 ¼ const;

w xinlet; 0\t\t1ð Þ ¼ w1 ¼ const;

w xinlet; t1 � t\t2ð Þ ¼ w2 ¼ const;

etc:

ð1Þ

This continuous semi-Lagrangian approach tags

different volumes of blood with different numerical

values that are transported by the flow, thereby

simulating the visualization of distinct virtual contrast

media inside the LV. For instance, one can implement

a two-step inlet boundary condition to track the

evolution of the two fluid volumes that enter the

ventricle during the E wave and the A wave. Blood is a

complex multi-component suspension for which it is

generally accepted that the mass diffusivity of

different species is negligible compared to momentum

diffusivity [35, 36]. Thus, we did not include a

diffusive term in the transport equation. This approach

is analogous to previous analyses of LV blood

transport based on the deterministic integration of

fluid particle trajectories [22–26, 28]. Note that the

absence of diffusive terms makes it possible to

integrate Eq. 1 backward in time, applying Dirichlet

boundary conditions at the outlet of the domain. As

shown below, combining the results from the forward

and backward integrations allows for a straightforward

categorization of blood transport templates inside the

LV. Equation (1) was numerically integrated using

previously described in-house software written in

FORTRAN [37]. The equation was discretized on a

Cartesian grid by a 2nd-order finite volume method,

and a total variation diminishing flux limiting

scheme was used to avoid numerical oscillations at

the sharp interfaces created between volumes of blood

with different inflow tags.

3.1.2 Characterization of blood transport patterns

The time-evolving distribution of wwas automatically

thresholded to separate and track the blood carried by

the transport structures generated during the E-wave

and A-wave, and to determine the size of these

structures and their frontal position. Equation (1) was

integrated with uniform initial conditions and two

different inlet boundary conditions for the E wave and

A wave (e.g. w x; t ¼ 0ð Þ ¼ 0; w xinlet; t 2 Ewaveð Þ ¼
1 and w xinlet; t 2 Awaveð Þ ¼ 2). The iso-contours w ¼
0; 1; 2 allowed us to track the time-evolving distribu-

tion of the blood that entered the LV during both filling

waves, together with that of the residual volume of

blood occupying the LV at the onset of diastole. E and

A wave sizes, SE and SA, were calculated from the area

they occupied in the imaging plane, and normalized by

the total end-diastolic LV area in the same plane. To

systematically analyze the effect of AV delay on LV

filling transport, we determined the fraction of LV size

occupied by the E and A waves, SE/SLV and SA/SLV, as

well as the normalized apical position of each wave’s

front XE/L and XA/L, where L is the long axis length of

the LV (i.e. X/L = 0 is the LV base and X/L = 1 is the

LV apex).

In addition to tracking the filling transport patterns,

we analyzed the spatiotemporal evolution of the blood

that is ejected each cardiac cycle by integrating Eq. (1)
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backwards in time with uniform initial conditions, and

Dirichlet boundary conditions at the aortic valve

annulus. Combining the results from the backward and

forward integrations allowed us to automatically

identify the following transport structures: direct flow

(DF, blood that enters and exits the LV in the same

cardiac cycle), retained inflow (RI, incoming blood

that is not ejected during the same cycle), delayed

ejection (DE, ejected blood that entered the LV in a

previous cardiac cycle) and residual flow (RF, blood

that entered the LV in a previous cycle and is not

ejected in the current cycle, therefore residing in the

LV for at least two cardiac cycles) [22]. For the

purpose of this 2D study we used the respective

planar-volumes (areas) to account for each of these

fractions.

To assess the kinematic efficiency of flow

redirection inside the LV under CRT, we deter-

mined the size, kinetic energy density and acceler-

ation of each transport region at the onset of

systole. Kinetic energy density was calculated from

2D echo-CDV data as K x; tð Þ ¼ vj j2=2. Fluid accel-

eration was calculated as m x; t0ð Þ ¼ ov
ot
þ v � rv

� �
.

These variables were spatially integrated over the

surface occupied by each transport region to obtain

their overall values inside the region (e.g.

MDF ¼ r SDF
m xð Þdx). It is important to note that M

is a vector that not only indicates the magnitude of the

acceleration of each fluid volume, but also its direc-

tion. The orientation of the whole ventricle’s M with

respect with the ventricular long axis has been recently

shown to correlate with long-term outcome in patients

undergoing CRT [31]. We calculated the ratio gK =

KDF/KLV at aortic valve opening in all the patients to

determine if CRT changes contributed to efficiently

focusing the inflow kinetic energy into the volume of

fluid that was ejected during systole. The ratio of direct

flow area to total LV area in the imaging plane, gDF ¼
SDF=SLV ;was also computed to quantify the efficiency

of volumetric blood transport within one cardiac cycle.

In addition to focusing kinetic energy into the direct

flow volume, efficient LV blood transit from the inflow

to the outflow tract requires a marked change in the

direction of fluid motion. A measure of the efficiency

of this process is the net acceleration transferred to the

direct flow region in the direction of the LV outflow

tract normalized with the total magnitude of this

acceleration, gM ¼ MDF � eLVOTð Þ= MDFj j, where

eLVOT is the unitary vector parallel to the direction of

the LV outflow tract, pointing outwards the LV. The

calculation of the 2D ? t velocity field, the integration

of Eq. (1) and the post processing work were pro-

grammed to be automatic and operator-independent.

Best and worst full time for the entire post-processing

from RAW echo images were 10 and 20 min

(13 ± 3 min).

Reproducibility (fully blinded echocardiographic

image acquisition and re-acquisition, calculation of

2D flow velocity fields, event-time identification, and

final index computation by two independent obser-

vers; n = 7 normal subjects) was relatively good for

most calculated indices (Table 2).

3.2 Statistical analysis

Individual scatterplots and boxplots showing the

median and interquartile range are shown for each

parameter. Differences among phases are compared

using linear mixed effects accounting for repeated

measured within each subject (random effect). Repro-

ducibility of quantitative indices was analyzed using

the intraclass correlation coefficient (Ric). All analyses

were performed in R (v. 3.2) and p values\0.05 were

considered significant.

4 Results

4.1 Intraventricular inflow and blood transport

under cardiac resynchronization therapy

CRT and AV delay optimization modify the inflow

velocity profile in patients implantedwith bi-ventricular

pacemakers. This is illustrated in Fig. 1, which displays

pulsed wave Doppler (PW) measurements from a

representative patient (CRT7, see Table 1) for each

one of the 5 different pacing settings. The PW profiles

exhibit the two flow velocity envelopes that define left-

ventricular filling flow: the E-wave representing the

early, passive filling phase of the LV, and the A-wave

representing the late active filling phase driven by atrial

contraction. Varying the AV delay displaces the start

and end of these waves in time, and modulates the

magnitude and timing of the inflow velocity, leading

therefore to different intraventricular flow fields.
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4.2 Atrioventricular delay and blood transport

during early and late filling

The AV delay has a number of effects not only on

global chamber mechanics but also on myocardial

fiber pre-stretching and contraction [38]. Conse-

quently, as said above, changes in AV delay modify

the dynamics of the filling flow driven by the E and A

waves. Figure 2 illustrates these differences for the

same patient shown in Fig. 1. The total amount of

blood entering the LV varied between 26 and 42 % of

the LV area in the imaged plane for the pacing settings

considered, in fair agreement with the patient’s

measured ejection fraction of 29 % measured at

AVOPT. More importantly, both the size (i.e. area)

and shape of the regions defined by E-wave and

A-wave filling were sensitive to the presence of pacing

(CRTON vs CRTOFF), the AV delay, and the heart

rate (Table 3). In the patient group, CRT increased the

fraction of LV volume occupied by the E wave at the

end of diastole, bringing this variable closer to the

healthy range (Fig. 3a). The observed increase in early

LV filling volume was particularly noticeable for

AVOPT, where 6 out of the 9 patients experienced an

increase in SE/SLV. We found a similar trend for CRT

to increase the apical position of the E-wave front

(Table 3). Moreover, CRT caused a moderate increase

in the late filling volume fraction SA/SLV (Fig. 3b).

Table 2 Intraclass correlation coefficient (Ric) and relative error (mean ± std) of the reproducibility study

Parameter Intraobserver Interobserver

Ric Relative error (%) Ric Relative error (%)

SDF/SLV (gDF) 0.75 1 ± 20 0.85 17 ± 13

SRI/SLV 0.46 20 ± 26 0.51 14 ± 27

SDE/SLV 0.70 3 ± 34 0.69 22 ± 27

SRF/SLV (kRF) 0.68 14 ± 18 0.84 12 ± 23

SE/SLV 0.73 24 ± 22 0.77 24 ± 14

SA/SLV 0.53 11 ± 42 0.53 1 ± 39

SDF: Direct flow, SRI: Retained inflow, SDE: Delayed ejection, SRF: Residual flow and, SLV:Whole LV planar volumes. SE/SLV and

SA/SLV, fraction of LV size occupied by the E and A waves

CA B

D E

1.5

1

0.5

0

Vel
(m/s)

1.5

1

0.5

0

Vel
(m/s)

Fig. 1 Pulse wave Doppler inflow velocity as a function of time

in a patient without CRT (a), and undergoing CRT at AVOPT

(b), AVMAX (c), AVMIN (d), and atrial pacing at 100 bpm (e).
In all the panels, the inflow velocity envelope is shown in green

and the mitral valve closure time is represented by a red-dashed

vertical line. Notice the truncation of the A wave for AVMIN,

shortening the timing of atrial driven filling, and the fusion of the

E and A waves for tachycardia
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4.3 Time-evolution of intraventricular transport

regions

Figure 4 displays the end-diastolic distribution of the

direct flow, retained inflow, delayed ejection and

residual flow regions in the LV of the representative

patient shown in Figs. 1 and 2. In the absence of

pacing, the overall transit of LV blood transport

followed a wide arch, so that a large fraction of LV

volume in the center of the chamber remained as

residual flow. CRT altered this effect increasing direct

flow, particularly for AVOPT. With tachycardia, the

filling and ejection phases were shortened and defined

small transport regions that did not intersect signifi-

cantly, consequently creating a small amount of direct

flow. Figure 5a and Table 4 summarize the statistics

of gDF (ratio of direct flow area to total LV area) as a

function of AV delay in the patient population,

Table 3 Results of E and A wave tracking at mitral valve closing (average ± standard deviation)

OFF AVOPT AVMIN AVMAX 100 bpm NORMALS

XE/L 0.81 ± 0.14 0.82 ± 0.12 0.83 ± 0.14 0.87 ± 0.11 0.51 ± 0.16 0.75 ± 0.08

XA/L 0.45 ± 0.16 0.45 ± 0.23 0.30 ± 0.20 0.51 ± 0.22 0.47 ± 0.12

SE/SLV 0.18 ± 0.1 0.20 ± 0.06 0.21 ± 0.08 0.18 ± 0.07 0.15 ± 0.10 0.28 ± 0.04

SA/SLV 0.10 ± 0.05 0.15 ± 0.07 0.10 ± 0.06 0.13 ± 0.06 0.16 ± 0.08

XE/L and XA/L: normalized apical position of each E and A waves. SE/SLV and SA/SLV, fraction of LV size occupied by the E and A

waves

CRT OFF AV OPT AV MAX AV MIN 100 BPM

Peak
E-wave

A-wave
Onset

Peak
A-wave

MVC

E-wave tracking E-A fused wave tracking

Fig. 2 Evolution of filling transport regions in the LV of the

same patient shown in Figs. 1, 2. Each column represents a

different CRT setting: a CRT-OFF, b AVOPT, c AVMAX,

d AVMIN and e Tachycardia (100 bpm). Each row represents a

different instant during diastole: the 1st, 2nd, 3rd and 4th rows

correspond respectively to peak E-wave, A-wave onset, peak

A-wave and mitral valve closing (MVC). In each panel, the

yellow and red regions track respectively the fluid that enters the

LV during the E-wave and the A-wave, whereas the blue

background tracks the residual volume of blood that occupies

the LV at the onset of diastole. Instantaneous velocity vectors

are shown in black. In the Tachycardia setting the E/A-waves

fusion is depicted in green. (Color figure online)
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OFF AVOPT AVMIN AVMAX Healthy

S
E
/S

LV

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

OFF AVOPT AVMIN AVMAX Healthy
S
A
/S

LV
0

0.05

0.1

0.15

0.2

0.25

0.3A B

Fig. 3 %LV volume occupied by E-wave (a) and A-wave

(b) filling transport at mitral valve closing in patients (N = 9)

undergoing CRT with different AV delay settings, compared

with healthy volunteers (N = 3). The data in each column are

plotted as univariate scatter plots and summarized in the form of

boxplots. In the patients, red and blue boxplots refer respectively

CRTOFF and different AV delay cases. Each symbol type refers

to a different patient, and is colored in green (red) if CRTmakes

the corresponding variable more (less) similar to the healthy

subjects. The latter are represented by a green boxplot. (Color

figure online)

Direct Flow
Retained Inflow
Delayed Ejection
Residual Flow

CRT OFF

AV MIN

AV OPT

AV MAX 100 BPM

Fig. 4 End-diastolic distribution of different transport regions

in the LV of the same patient shown in Figs. 1, 2, 3, plotted for

different CRT settings (CRTOFF, AVOPT, AVMIN, AVMAX

and Tachycardia). The different regions represented are direct

flow (green), retained inflow (yellow), delayed ejection (blue)

and residual flow (red). (Color figure online)
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including reference data from healthy subjects and

previous studies. Consistent with Fig. 4, AVOPT

shows a significant increment in the direct flow region

with respect to the CRTOFF condition in the whole

population; gDF increased in 7 of the 9 patients, and the
median gDF increased by a factor of * 3. The

variation of gDF was less pronounced for the two

other AV delay settings, though gDF increased in 7 out
of 9 patients for both AVMIN and AVMAX. In

addition to increasing direct flow, CRT enhanced the

efficiency of LV blood transit by decreasing the

portion of the chamber occupied by residual volume,

defined as kRF ¼ SRF=SLV (Fig. 5b). Eight out 9

patients reduced their residual volumes at AVOPT.

Nevertheless, AVMAX also provided a significant

effect (kRF decreased in 7/9 patients). Reproducibility

test–retest for all the volumetric indices (gDF, SRI/SLV,
SDE/SLV, kRF, SE/SLV, and SA/SLV) showed fair agree-

ment both in the intraobserver and interobserver

analysis (Table 2).

We found gK (ratio of direct flow kinetic energy to

total LV total kinetic) to be higher in the healthy

subjects than in the patients with CRTOFF. Further-

more, there was a clear trend of increase in gKwith CRT
that was relatively insensitive to the AV delay. Addi-

tionally, CRT decreased the amount of inflow kinetic

energy that remained in the residual volume at the end

of diastole, kK = KRF/KLV. The observed decrease in

wasted kinetic energy was most significant for AVOPT

and AVMIN, with kK showing variations in 8 and 9 (out
of 9) patients respectively (Fig. 5d; Table 5).

Figure 5e and Table 5 summarize the statistics of

gM (fraction of direct flow acceleration in the direction

of the LV outflow tract) at the onset of systole. Similar

to gDF and gK , this directional parameter efficiency

became higher with CRT regardless of the AV delay,

showing an increase in 6 out of 9 patients for AVMIN,

AVMAX and AVOPT.

5 Discussion

In the present study we implement a high-throughput

method, suitable for visualizing and measuring flow

transport in the LV using ultrasound in the clinical

setting. This method is based on a continuous semi-

Lagrangian formulation that allowed us to track and to

determine quantitative metrics of LV volume fractions

from flow velocity measurements with no user

interaction. As a result, this method provides accurate

maps of blood transport without the need to integrate

the trajectories of a large number of virtual blood

particles and to perform semi-manual segmentation of

the delineated fluid structures, as previously done

using either phase-contrast MR [22] or Doppler-

echocardiography [28]. Our data compare well with

previous studies using phase-contrast MR in healthy

and diseased hearts, as shown in Table 4.

We used manual modification of CRT pacemaker

parameters to illustrate the clinical potential of this

novel tool, and demonstrated acute changes in blood

transport patterns inside the LV with different AV

delays. As shown, flow organization inside the LV is

highly dynamic and sensitive to the timing of cardiac

events. Even a moderate increase in heart rate induced

important changes in the manner LV flow affects the

transit of blood from the mitral valve to the aorta.

However, the functional consequences of intraven-

tricular flow organization remain mostly unknown. It

has been shown that diastolic vortex structures are

useful to efficiently transport flow from the LA

towards the apex, both during the early and late filling

phases [39, 40]. As described above, direct flow allows

a significant amount of the inflow’s kinetic energy to

be transferred to the ejection volume. To what extent

preserving energy throughout the cardiac cycle pro-

vides a functional benefit in the normal heart is a

matter of debate [10, 19, 41, 42]. However, any

mechanism of increased performance may be relevant

in the failing ventricle which has almost exhausted its

contractile reserve.

Overall, the presented data imply that the spatio-

temporal evolution of the intraventricular blood flow in

patients undergoing CRT can be highly sensitive to

heart rate and AV delay. The blood flow in the

CRTOFF condition is driven by a persistent clockwise

swirling pattern that is typically found in patients with

dilated cardiomyopathy [28, 32], forcing the blood

entering the LV to follow an arched path along the

inferolateral and anteroseptal LV walls. Turning CRT

on modified this transport pattern, particularly for

AVOPT. For the latter CRT setting, the incoming

bloodwas distributed forming a pattern consistent with

a more symmetric starting jet—vortex ring structure.

In addition to having an effect on LV filling, CRT

may potentially improve the efficient redirection of

left ventricular blood inflow towards the outflow tract

by: (1) modifying the transport patterns to increase the
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amount of blood coming into the LV each cardiac

cycle that is ejected in the same cardiac cycle (i.e.

direct flow), (2) increasing the amount of kinetic

energy that is transferred from incoming blood to

ejected blood, and (3) aligning the motion of the

ejected blood with the left ventricular outflow tract.

Furthermore, our results and the emerging literature

imply that CRT favors the generation of coherent
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intraventricular pressure gradients that accelerate

blood in the direction of the LV outflow tract [31].

Finally, the impact of different transport patterns on

intraventricular flow mixing and prevention of blood

stasis needs to be addressed [37].

Flow transport visualization methods such as the

one presented in this study are readily applicable to

large patient populations and are therefore particularly

well suited to clarify issues such as the effect of CRT

on LV blood transport. This is supported by the

relatively good agreement between the presented data

and previous studies using PC-MR, especially in the

diseased heart (see Table 4). From a clinical perspec-

tive, this method opens the possibility of using flow

imaging techniques to optimize CRT. However, large-

scale trials will be necessary to clarify the future role

of intracardiac fluid dynamics in medical diagnosis,

clinical decision-making, and physiologic program-

ming of cardiac devices. In addition, these emerging

methods will likely provide new fundamental insight

on cardiac biomechanics. Flow transport visualization

methods not only will help investigators to understand

the physiological basis of heart failure but also to

optimize pharmacological and non-pharmacological

therapies to improve the outcomes associated with one

of the most prevalent diseases in the world.

6 Limitations

We used a 2D flow imaging method even though

intraventricular blood transport is a 3D process. This T
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bFig. 5 Statistics of intraventricular blood redirection efficiency

at aortic valve opening in patients (N = 9) undergoing CRT

with different AV delay settings, compared with healthy

volunteers (N = 3). a Fraction of LV volume that undergoes

direct flow in the imaged plane, gDF ¼ SDF=SLV . b Fraction of

LV occupied by residual volume in the imaged plane,

kRF ¼ SRF=SLV . c Fraction of total kinetic energy in the LV

contained in the direct flow region, gK ¼ KDF=KLV . d Fraction

of total kinetic energy in the LV contained in the residual

volume, kK ¼ KRF=KLV . e Net acceleration communicated to

the direct flow region in the direction of the outflow tract,

normalized by the total acceleration magnitude,

gM ¼ MDF � eLVOTð Þ= MDFj j. The data in each column are

plotted as univariate scatter plots and summarized in the form

of boxplots. In the patients, red and blue boxplots refer

respectively CRTOFF and different AV delay cases. Each

symbol type refers to a different patient, and is colored in green

(red) if CRT makes the corresponding variable more (less)

similar to the healthy subjects. The latter are represented by a

green boxplot. (Color figure online)
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planar flow simplification may lead to some degree of

inaccuracy in the estimation of transport. However,

our echocardiographic 2D approach has important

practical advantages, as it provides high temporal and

spatial resolutions, is fast, clinically feasible, and does

not require infusion of contrast agents. Moreover, the

proposed transport analysis methodology relies on

clinical access to time-resolved LV velocity fields, but

it is independent of the particular imaging modality

employed to measure intraventricular velocity. Apply-

ing a similar analysis to flow velocity maps from time-

resolved 3D phase-contrast MR has shown that the key

features of intraventricular blood transport and mixing

are well represented in the long-axis three-chamber

plane imaged by 2D echo-CDV [43]. Thus, although

the exact transport numerical values may vary when

they are calculated in 3D, we are confident that our 2D

analysis was able to accurately capture relative

changes induced by CRT on intraventricular flow

transport. Larger clinical studies shall establish the

final clinical role of this novel methodology technique

in the modern armamentarium of cardiovascular

imaging.

7 Conclusions

Blood transport patterns in the LV can be readily

derived from flow-velocity fields by solving a passive-

scalar advection partial differential equation. This

continuous semi-Lagrangian method is suitable for

high-throughput processing without the need of dis-

crete particle tracking or user interaction. Combining

this tool with color-Doppler ultrasound, we were able

to demonstrate important effects of cardiac resyn-

chronization therapy and atrioventricular delay opti-

mization on intraventricular blood transport.
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