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Abstract The aim of this study was to make an

intuitive visualization of intraventricular convection

(IC) and quantification of intraventricular convection

velocity (ICV) in acute ischemic left ventricular (LV)

failure of open-chest canines during early diastole

contrast to the baseline conditions using color Dopp-

ler-based echocardiographic vector flow mapping

(VFM). The animal care committee approved this

prospective study. In 6 anesthetized open-chest beagle

models, the emergence time and the emergence sites

of IC in the LV cavity during early diastole were

visualized at the standard apical 3-chamber (AP3c)

views with the VFM at baseline conditions and after

coronary artery ligation. The global ICV and the ICV

at the basal, middle and apical levels of LV at the

AP3c views at T1, T2, T3, T4, and T5 between both

states were compared respectively (T1: the beginning

of LV rapid filling period; T2: the middle of LV rapid

filling period; T3: the peak of LV rapid filling period;

T4: the middle of period of reduced filling; T5: the end

of early diastole.). Acute ischemic LV failure with a

marked increase in LV end diastolic volume and LV

minimal diastolic pressure was induced by coronary

artery ligation. The IC appeared only during the

period of reduced filling at baseline conditions, and

limited to the basal level of LV cavity. But the IC

appeared throughout all the early diastole, and was

seen almost occupying whole LV cavity during

ischemia. The peak of the global ICV for both states

appeared at T4. The global ICV at the AP3c views in

acute ischemic failure LV cavity increased than those

of baseline conditions at the T1 (6.593 ± 0.834 cm2/s

vs. 0.000 ± 0.000 cm2/s, P \ 0.001), T2 (9.457 ±

0.852 cm2/s vs. 0.000 ± 0.000 cm2/s, P \ 0.001), T3

(14.765 ± 1.791 cm2/s vs. 2.030 ± 0.502 cm2/s,

P \ 0.001), T4 (25.392 ± 4.640 cm2/s vs. 6.688 ±

1.343 cm2/s, P \ 0.001), and T5 (15.890 ± 3.159

cm2/s vs. 2.518 ± 0.869 cm2/s, P \ 0.001). And the

ICV at the basal, middle and apical levels at AP3c

views in acute ischemic failure LV cavity also

increased than those of baseline conditions at the same

phase of early diastole (P \ 0.01), except for the ICV

at the LV basal level at T1. VFM is a powerful tool for

visualization IC and quantification of ICV on profiles

of LV flow fields, which can give intriguing insights

into the subtle, flow-associated LV fluid dynamics of

normal and abnormal cardiac function. It will be of

great practical importance to elucidate the accurate

physiological and the pathophysiological significance

of the IC in further studies, so as to determine whether

the cardiac function can be precisely evaluated with IC
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related index, and to incorporate VFM into clinical

routine practice in the future.

Keywords Echocardiography � Vector flow

mapping � Intraventricular convection � Ischemia �
Heart failure

Abbreviations

VFM Vector flow mapping

LV Left ventricle/ventricular

IC Intraventricular convection

ICV Intraventricular convection velocity

T1 The beginning of LV rapid filling period

T2 The middle of LV rapid filling period

T3 The peak of LV rapid filling period

T4 The middle of period of reduced filling

T5 The end of early diastole

AP3c Standard left ventricular apical

3-chamber

HR Heart rate

LVEDV Left ventricular end diastolic volume

LVESV Left ventricular end systolic volume

LVSV Left ventricular stroke volume

LVEF Left ventricular ejection fraction

LVSPmax Left ventricular maximal systolic

pressure

LVDPmin Left ventricular minimal diastolic

pressure

dp/dtmax The maximal upstroke velocity of left

ventricular systolic pressure

Introduction

Cardiology is about flow [1]. The relationship

between blood flow patterns and cardiovascular

disease is important because disturbed flow may be

both a consequence and a cause of disease [2].

Therefore, qualitative and quantitative assessment of

the intracardiac flow field, especially the left ventric-

ular (LV) flow patterns, has received extensive

attention [3–5]. Color M-mode Doppler images

acquired time delay between peak velocity at the

mitral tip and the apical region was determined as an

index of LV flow propagation that can reflect LV

relaxation [6]. Studies proved that during early

diastole, the increased time delay accompanied with

dominated intraventricular convection (IC) within the

acute ischemic failure LV [7, 8]. Although the

abnormal IC in the dilated ischemic LV was observed

and its potential clinical relevance was indicated

about eleven years ago, there are only limited

medical imaging techniques for visualization of IC

and quantification of IC related index. Therefore, we

hypothesize that quantification of IC related index in

LV cavity with innovative tool has clinical relevance,

which may provide preliminary support for develop-

ing of a new marker of heart healthy status.

Color Doppler-based echocardiographic vector

flow mapping (VFM), which extracts potential infor-

mation of real-time color Doppler flow images by

using an algorithm of computational fluid mechanics,

provides new insights for intuitive visualization and

quantification of the LV flow field on a three-

dimensional flow plane [9]. One potential important

application of VFM was applied to quantify the flow

volume of the LV vortex flow in a cut plane. The

algorithm of VFM technology for depict the vortex

profile based on bellow assumptions: (1) A vortex is

bilaterally symmetric in shape and velocity profile,

i.e. the influx of a vortex equal to its outflow volume

in a scan plane; (2) The velocity components

perpendicular to the scan plane in a vortex are zero.

According to these special assumptions, the real

three-dimensional flow structure of vortex can not be

precisely assessed, but the algorithm actually facil-

itate intuitive visualization of IC and quantification of

intraventricular convection velocity (ICV) on a flow

fields profile with reasonable accurate [10].

It has not yet been established whether IC in LV

cavity can be quantified with non-invasive imaging

techniques. The aim of this study was to make an

intuitive visualization of IC and quantification of ICV

in acute ischemic LV failure of open-chest canines at

the standard apical 3-chamber (AP3c) views during

early diastole contrast to the baseline conditions using

VFM.

Methods

Animal preparation

Six healthy beagles (3 male and 3 female; 9–16 kg,

mean weight 12.40 ± 2.88 kg) were provided by

Experimental Animal Institute of Sichuan Academy

of Medical Sciences. All animals involved received
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human care in compliance with accredited facilities of

Chinese Association for Accreditation of Laboratory

Animal Care. The studies and animal care protocols

were reviewed and approved by the local Institutional

Care and Animal Research Committee. Preoperative

12 h fasting was applied in all animals. Intramuscular

injection of atropine 0.5 mg and aminazine 50 mg was

used for sedation and thirty minutes later, ketamine

100 mg and fentanyl 100 mg were given intramuscu-

larly for anesthesia. Anaesthetizd beagles were placed

in a supine position. A polyvinyl cannula was inserted

into the left femoral vein for drug and fluid adminis-

tration. Slow intravenous infusion of saline maintained

hydration throughout surgery, and anesthesia was

maintained using continuous intravenous infusion of

ketamine (500 mg/h) and fentanyl (500 mg/h).

Mechanical ventilation was used via an orotracheal

tube with 40–60% O2, ventilation frequency: 20 bpm,

tidal volume: 10–15 ml/kg/min (IE 902-C ventilator;

Ruideyigeer Co, China). Supplemental doses of anes-

thetics were given throughout the experiment to

suppress the medial ocular reflex. Arterial blood gases

and pH were kept stable by adjusting ventilation or

bicarbonate infusion. All the sheaths and catheters

were washed and filled using heparin sodium solution

before insertion. Under the monitoring of gray-scale

echocardiography, a 7F Millar catheter tip was intro-

duced into the LV outflow tract via left carotid artery,

with electrocardiography monitoring (Lead 2000;

Jingjiang Electronic Co, China). The heart was

exposed by a lateral thoracotomy and suspended in a

pericardial cradle. Left anterior descending coronary

artery distal to the first diagonal branch was isolated

and ligatured completely with 4# silk suture after

baseline imaging collection had been completed.

Echocardiography

Commercially available ultrasonic equipment (Pro-

sound a10; Aloka Co, Japan) with a 1.88–5.00 MHz

phased array cardiac transducer (UST-52101) was used.

The maximal velocity range of the color bar was preset

from 50 to 63 cm/s, and the baseline of color bar was

kept at 0 cm/s. The frame rate of real-time color Doppler

flow imaging was maintained from 23 to 30 frames/s. To

maintain flow data quality in the LV apex, sufficient

coupling medium were added into the space between

transducer and the epicardium during echocardiography.

For all beagles, LV real-time two-dimensional gray-

scale and color Doppler flow images of standard apical

3-chamber (AP3c) views in 3 consecutive cardiac cycles

were acquired and stored into DICOM image format via

trans-epicardial Doppler echocardiography at baseline

and 30 min later of the left anterior descending coronary

artery ligated completely.

Data collection

LV end diastolic volume (LVEDV), end systolic

volume (LVESV), stroke volume (LVSV) and ejec-

tion fraction (LVEF) were derived via Simpson rule.

LV maximal systolic pressure (LVSPmax) and min-

imal diastolic pressure (LVDPmin), and the maximal

upstroke velocity of LV systolic pressure (dp/dtmax)

were measured through pressure–time curves stored

in electrophysiological equipment.

All stored dynamic color Doppler flow images were

transferred into VFM workstation (DAS-RS1; Aloka

Co, Japan) for off-line analysis. A simple line was

placed across the mitral annulus to acquire the time-

flow curve of LV inflow, and five informative points

during the early diastolic period were determined

(Fig. 1): The beginning of LV rapid filling period (T1),

the middle of LV rapid filling period (T2), the peak of

LV rapid filling period (T3), the middle of period of

reduced filling (T4), and the end of early diastole (T5).

Three sample lines were placed across the LV chamber

at the levels of apex, papillary muscle and mitral valve

tips paralleled each other and approximately perpen-

dicular to the longitudinal axis of LV cavity at the

AP3c views. Then the trans-lines velocity profile

display was turned on for intuitive visualization of the

emergence time and the emergence sites of the IC

between the LV base and the LV apex (Fig. 2). To

acquire the ICV at the basal, middle and apical level of

LV cavity, normal velocity profile display was turned

on. The positive trans-line flow volume (Q?) and the

negative trans-line flow volume (Q-) at different

levels were automatically displayed and recorded

(Fig. 3, upper row). The ICV at each level on the AP3c

cut planes was calculated according to the trans-line

flow volume respectively: ICV = min (Q?, Q-). To

quantify the global ICV on the AP3c cut planes, the

vortex components display was turned on. The sum of

the maximal flow volume of the LV vortices at the

AP3c cut planes is equal to the global ICV on this

three-dimensional flow profile at a special informative

point during the early diastole (Fig. 3, lower row).
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Algorithm of VFM technology facilitates us to

acquire ICV on a flow fields profile with reasonable

accurate [9, 10]. A standard setting of an Aloka

machine gives a color Doppler sector image at a

special informative point comprising 80 beam lines in

regular angle increments and 392 pitches in regular

increments along each beam line, so there are 31,360

digital velocity data points in a single dataset at the

AP3c cut plane. We placed three sample lines at the

basal, middle and apical level of LV cavity perpen-

dicular to the longitudinal axis of LV cavity at the

AP3c views, and the digital velocity data points on

each sample line were decomposed into normal

velocity and parallel velocity. Normal velocity is

the flow velocity component that perpendicular to the

sample line. If the color Doppler velocity across the

sample line has only positive or negative sign, we

determined that no IC at this level. If the color

Doppler velocity across the sample line has both

positive and negative sign, we determined that IC

appeared at this level. Then the ICV at each level was

calculated according to the trans-line flow volume

respectively: ICV = min (Q?, Q-). The direction of

the ICV at each level is perpendicular to the sample

line. To acquire the global ICV on the AP3c cut plane

at each informative point, we drew assistance from

the algorithm of VFM technology about vortex

profile. Connection of every digital velocity data

point at the same depth along the acoustic beams on a

fanlike scan plane can construct an arc. During the

vortex profile analysis, at each informative point on

the AP3c cut planes is analyzed on an arc at each

depth. The spatial resolution VFM is 5 9 5 mm, so

the interval of the neighboring arcs is about 5 mm on

the fanlike scan plane. If the color Doppler velocity

profile on an arc has only positive or negative sign,

the flow across the arc is considered to be non-

vortical laminar flow. If it has both positive and

negative sign, the flow across the arc is considered to

be a combination of a single non-vortical laminar

flow and several vortical laminar flows. The fraction

with the opposite sign to the integration result is

assumed to represent a half part of a vortex. Its

counterpart should be included in the fraction with

same sign as the integration result and is extracted in

a rotationally symmetrical manner. Color Doppler

data along each arc on the special cut plane were

integrated to calculate the maximal 2D flow volume

of each LV vortex at the special informative point.

Therefore, the sum of the maximal flow volume of

the LV vortices at the AP3c cut plane actually

represented the global ICV on this three-dimensional

flow profile. The direction of the global ICV on the

AP3c cut planes is parallel to the acoustic beams.

Two double-blinded examiners repeatedly per-

formed the VFM acquired ICV for intraobserver and

interobserver analysis. The second observer repeated

the measurements 2 weeks after the first time.

Fig. 1 Time-flow curves of beagles LV inflow at both states.

Left panel was derived from the baseline condition, and the

right from the acute ischemic state. The curves have 2 positive

waves during the diastolic phase. The first one indicated the

early diastole, the followed one indicated the atrial systole

period. The five red lines numbered from 1 to 5 represent

following five informative points during the early diastole

respectively. At the beginning of LV rapid filling period (T1),

at the middle of LV rapid filling period (T2), at the peak of LV

rapid filling period (T3), at the middle of period of reduced

filling (T4), and at the end of early diastole (T5)
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Fig. 2 Velocity profile

displays of the IC within the

beagles LV cavity. Left
panel was derived from the

baseline condition, and the

right from the acute

ischemic state. The 5 rows

from the upper to the lower

were derived from T1 to T5

respectively. Three sample

lines were placed across the

LV chamber at the levels of

apex, papillary muscle and

mitral valve tips at the AP3c

views. The IC at the AP3c

views appeared at T3, T4,

and T5 at baseline

conditions, and limited to

the basal level of LV cavity.

But the IC appeared earlier

at the LV middle and apical

levels at T1, and was seen at

each level of the LV cavity

from T2 to T5 during

ischemia
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Statistical analysis

Statistical tests were performed with SPSS 13.0

statistical software (SPSS, Chicago, IL, USA). Quan-

titative data are expressed as mean ± SD. We tested

for data normalcy using the Shapiro–Wilk test. The

global ICV and the ICV at the basal, middle and

apical level of LV at the AP3c views at T1, T2, T3,

T4, and T5 between both states were compared

respectively using the paired Student t test. Also, the

bias tests for intraobserver and interobserver agree-

ment were compared using paired t test. Statistical

significance was defined as P \ 0.05. For P values

\0.000, a value of \0.001 was chosen.

Results

Effect of acute myocardial ischemia on the LV

structure and function

In all animals, the complete protocol was performed.

Acute ischemic LV failure was induced by coronary

artery ligation. We found statistical significance

Fig. 3 Normal velocity profile display of the positive trans-

line flow volume (Q?) and the negative trans-line flow volume

(Q-) at the basal, middle and apical level of LV cavity (upper
row). The ICV at each level on the special LV cut plane was

calculated according to the trans-line flow volume respectively:

ICV = min (Q?, Q-). Left panel in the upper row was

derived from the baseline condition at T4, and the ICV at the

LV basal, middle and apical level were 3.75 cm2/s, 0 cm2/s,

and 0 cm2/s respectively. Right panel in the upper row was

derived from the acute ischemic state at T4, and the ICV at the

LV basal, middle and apical level were 9.45 cm2/s, 14.47 cm2/

s, and 7.36 cm2/s, respectively. Vortex components display of

the beagles LV flow fields at the AP3c cut planes (lower row).

The LV vortex related parameters are displayed automatically

in the lower part of the maps, and the first parameter Qmax is

the maximal flow volume of the interrogated LV vortex. The

sum of the Qmax of the LV vortices on the special LV cut

plane is equal to the global ICV at this flow profile. Left panel
in the lower row was derived from the baseline condition at T4,

and the global ICV was 4.77 cm2/s. Right panel in the lower
row was derived from the acute ischemic state at T4, and the

global ICV was 32.14 cm2/s
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existing in all parameters between both states except

for the heart rate and the LVSV (Table 1). The

LVEDV, the LVESV, and the LVDPmin increased,

and the LVEF, the LVSPmax, as well as the dp/dtmax

decreased at the ischemic conditions.

Velocity maps at the AP3c views during early

diastole

Velocity vectors reflect the blood flow patterns on a cut

plane of LV flow fields. Circular arrangement of the

vectors represents the profiles of vortex flow at the

AP3c views. At baseline, the LV inflow was a pattern of

column motion with no apparent vortex flow at T1 and

T2. At T3, a small clockwise rotation vortex appeared

under the anterior mitral leaflet. At T4 and T5, two

vortices were seen curling back behind each mitral

leaflet. During ischemia, a counterclockwise rotation

vortex appeared earlier inside the LV apex at T1. Two

contrarotation large size vortices were observed beside

the LV inflow at each informative point from T2 to T5,

the counterclockwise rotation vortex inside the lower

part of ischemic failure LV cavity, and the clockwise

rotation vortex near the anterior mitral leaflet (Fig. 4).

The emergence time and the emergence sites

of IC in the LV cavity

The IC at the AP3c views appeared at T3, T4, and T5 at

baseline conditions, and limited to the basal level of LV

cavity. But the IC appeared earlier at the LV middle

and apical levels at T1, and was seen at each level of the

LV cavity from T2 to T5 during ischemia (Fig. 2).

The quantitative analysis of ICV at the AP3c

views

During early diastole, the peak of the global ICV at the

AP3c views appeared at T4 for both states (Fig. 5). The

global ICV in acute ischemic failure LV cavity during

early diastole increased than those of baseline condi-

tions at the same phase of early diastole (Table 2).

The ICV on the AP3c cut plane at the basal, middle

and apical level at AP3c views in the ischemic failure

LV cavity increased than those of baseline conditions

at the same phase of early diastole (P \ 0.001),

except for the ICV at LV basal level at T1 (Table 3).

Intraobserver and interobserver analysis

There was no statistically significant difference

between the 2 observers or within an observer for the

global ICV at the AP3c views (Table 4). And there

was no statistically significant difference between the

2 observers or within an observer for the ICV at the

basal, middle and apical level of LV cavity (P [ 0.05).

Discussion

Convection is the relative motion of each part within

fluid, and was classified into natural convection and

Table 1 Comparisons of the LV function between both states

Variable Baseline (n = 6) Ischemia (n = 6) t value P value

HR (beat/min) 133.000 ± 7.014 124.833 ± 9.663 1.879 0.119

LVEDV (ml) 19.432 ± 2.311 25.335 ± 1.627 9.701 0.001

LVESV (ml) 8.582 ± 1.236 15.243 ± 1.479 11.217 0.001

LVSV (ml) 10.515 ± 0.926 10.092 ± 7.760 1.587 0.175

LVEF (%) 55.950 ± 1.798 39.899 ± 3.001 11.175 0.001

LVSPmax (mmHg) 117.500 ± 15.630 89.000 ± 16.137 15.494 0.001

LVDPmin (mmHg) 9.167 ± 2.317 14.667 ± 3.011 4.919 0.004

dp/dtmax (mmHg/s) 2082.833 ± 65.687 1375.974 ± 291.173 5.731 0.002

Results were expressed as mean ± SD with six data points collected in each analysis. The t values and the P values were given by

comparing the results of the baseline with the acute ischemic state using paired Student’s t test. Statistical significance was defined as

P \ 0.05. For P values \0.000, a value of \0.001 was chosen

HR heart rate, LVEDV left ventricular end diastolic volume, LVESV left ventricular end systolic volume, LVSV left ventricular stroke

volume, LVEF left ventricular ejection fraction, LVSPmax left ventricular maximum systolic peak pressure, LVDPmin left ventricular

minimum diastolic pressure, dp/dtmax the maximum upstroke velocity of left ventricular systolic pressure
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Fig. 4 Velocity maps of

the beagles LV flow fields

at the AP3c views during

early diastole. Velocity

vectors reflect the blood

flow patterns on a cut plane

of LV flow fields. Circular
arrangement of the vectors

represents the profiles of

vortex flow. Left panel was

derived from the baseline

condition, and the right

from the acute ischemic

state. The 5 rows from the

upper to the lower were

derived from T1 to T5,

respectively. At baseline,

the LV inflow was a pattern

of column motion with no

apparent vortex flow at T1

and T2. At T3, a small

clockwise rotation vortex

appeared under the anterior

mitral leaflet. At T4 and T5,

two vortices were seen

curling back behind each

mitral leaflet. During

ischemia, abnormal large

size vortices with long

persistence time appeared

earlier inside the dilated

ischemic LV cavity
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forced convention. The latter is one of the principal

formative mechanisms of LV vortex flow. To say in

other words, LV vortex is the pattern of the manifes-

tation of the IC. Cardiac function could be measured

more precisely through quantitative analysis of the LV

vortex [11], but an extremely difficult issue to resolve

when discussing flow vortices is to accurately assess

their perimeter with conventional clinical imaging

techniques. The phenomenon of IC within ischemic

failure LV was observed by Steine et al., and its

potential clinical relevance was indicated in their

prominent study [8]. This result raised the possibility

that the quantitative analysis of the IC related index

within LV cavity may play an important role in

evaluating the heart healthy status.

The IC and the LV vortices during early diastole

at baseline conditions

With VFM, the substantial formations of the LV

vortices under mitral valves during the period of

reduced filling of early diastole at baseline conditions

were observed, and the IC appeared limit to the basal

level of LV cavity at the same phase. Ebbers et al. [12]

also found that vortices can be seen around the mitral

inflow in healthy LV during the period of reduced

filling using time-resolved three-dimensional phase-

contrast MRI. In order to interpret the phenomenon

appropriately, it is most essential to understand the

atrioventricular filling dynamics in healthy heart [12–

15]. During the rapid filling period, the left intraven-

tricular pressure gradient initiates by actively relaxa-

tion and enlargement of the LV, creating a pressure in

the LV that is lower than in the left atrium. The pressure

gradient draws blood from the atrium and accelerates

the blood rush into the LV apex. Therefore, the inflow

adopts a reasonably straight route towards the apex,

without significant secondary flow at T1 and T2.

Continuing inflow, caused by inertia and reentry of

pressure wave, creates a reversal of the initial trans-

mitral pressure difference. This results in moderately

advanced deceleration and redirection of the LV filling

blood flow during the period of reduced filling. From

T3 to T5, the blood flow starts to change direction and

vortices can be seen around the mitral inflow. At T5,

i.e. the onset of atrial systole period, a pressure gradient

arises caused by contraction the left atrium. This

pressure field reaccelerates the inflow, which weakens

the vortical pattern under mitral valves. The changes of

atrioventricular pressure gradient during early diastole

can explain our results that the peak of the global ICV

appeared at T4. Why dose the vortices and IC under

healthy conditions were seen limit to the basal level of

LV cavity? This phenomenon may be ascribed to the

Fig. 5 The cluster error bar shows that the peak of the global

ICV at the AP3c cut planes for both states appeared at T4, and

the global ICV in acute ischemic LV cavity during early

diastole increased than those of baseline conditions at the same

phase of early diastole. T1 * T5 on the time axis represent the

five informative points numbered from 1 to 5 respectively

Table 2 Comparisons of the global IVC (cm2/s) on the AP3c

cut planes between both states

Time Baseline

(n = 6)

Ischemia

(n = 6)

t value P value

T1 0.000 ± 0.000 6.593 ± 0.834 19.364 0.001

T2 0.000 ± 0.000 9.457 ± 0.852 27.197 0.001

T3 2.030 ± 0.502 14.765 ± 1.791 17.781 0.001

T4 6.688 ± 1.343 25.392 ± 4.640 11.802 0.001

T5 2.518 ± 0.869 15.890 ± 3.159 8.990 0.001

Results were expressed as mean ± SD with six data points

collected in each analysis. The t values and the P values were

given by comparing the results of the baseline with the acute

ischemic state using paired Student’s t test. Statistical

significance was defined as P \ 0.05. For P values \0.000, a

value of \0.001 was chosen

T1 the beginning of LV rapid filling period, T2 the middle of

LV rapid filling period, T3 the peak of LV rapid filling period,

T4 the middle of period of reduced filling, T5 the end of early

diastole
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Venturi effect. For example, fanlike airstream rush into

leeside when wind blow over a wall. Here, the semi-

closed mitral waves during the period of reduced filling

just as the wall, and the space between the mitral waves

and the LV basal wall just as the leeside. The VFM

acquired evolutional characteristic of the LV vortices

and the IC during early diastole under baseline

conditions were corresponding to a perfect computa-

tional fluid dynamics study about the formative

procedure of LV vortex ring during early diastole,

which based on solid hemodynamic theory of LV

filling [16].

Table 3 Comparisons of ICV (cm2/s) at the basal, middle and apical level of LV on the AP3c cut planes between both states

Level Time Baseline (n = 6) Ischemia (n = 6) t value P value

Basal T1 0.000 ± 0.000 0.000 ± 0.000 – –

T2 0.000 ± 0.000 2.288 ± 0.765 7.324 0.001

T3 1.663 ± 0.546 3.692 ± 0.803 5.029 0.004

T4 3.592 ± 0.331 8.577 ± 1.237 12.638 0.001

T5 1.877 ± 0.496 4.727 ± 1.189 5.076 0.004

Middle T1 0.000 ± 0.000 3.272 ± 0.800 10.013 0.001

T2 0.000 ± 0.000 4.082 ± 0.961 10.401 0.001

T3 0.000 ± 0.000 8.570 ± 1.592 13.190 0.001

T4 0.000 ± 0.000 12.062 ± 2.631 11.231 0.001

T5 0.000 ± 0.000 9.000 ± 1.692 13.030 0.001

Apical T1 0.000 ± 0.000 1.975 ± 0.865 5.593 0.003

T2 0.000 ± 0.000 3.428 ± 0.908 9.249 0.001

T3 0.000 ± 0.000 4.432 ± 0.951 11.411 0.001

T4 0.000 ± 0.000 6.960 ± 1.464 11.648 0.001

T5 0.000 ± 0.000 4.423 ± 0.895 12.102 0.001

Results were expressed as mean ± SD with six data points collected in each analysis. The t values and the P values were given by

comparing the results of the baseline with the acute ischemic state using paired Student’s t test. Statistical significance was defined as

P \ 0.05. For P values \0.000, a value of \0.001 was chosen

The sign ‘‘–’’ represents that the t value and the P value cannot be given because the standard error of the difference is 0

T1 the beginning of LV rapid filling period, T2 the middle of LV rapid filling period, T3 the peak of LV rapid filling period, T4 the

middle of period of reduced filling, T5 the end of early diastole

Table 4 Interobserver and Intraobserver Analysis of the global ICV (cm2/s) on the AP3c cut planes

State Time Observer P value

1 (n = 6) 2-First (n = 6) 2-Second (n = 6)

Baseline T3 2.030 ± 0.502 1.997 ± 0.0.486 2.135 ± 0.571 [0.05

T4 6.688 ± 1.343 6.066 ± 1.356 6.487 ± 1.455 [0.05

T5 2.518 ± 0.869 2.213 ± 0.779 2.474 ± 0.587 [0.05

Ischemia T1 6.593 ± 0.834 6.013 ± 0.834 6.587 ± 0.812 [0.05

T2 9.457 ± 0.852 8.922 ± 0.778 9.356 ± 0.803 [0.05

T3 14.765 ± 1.791 15.311 ± 1.256 14.875 ± 1.902 [0.05

T4 25.392 ± 4.640 23.586 ± 4.571 24.381 ± 4.912 [0.05

T5 15.890 ± 3.159 14.288 ± 2.995 16.012 ± 3.363 [0.05

Results were expressed as mean ± SD with six data points collected in each analysis. The P values were given by comparing the

results of the baseline with the acute ischemic state using paired Student’s t test

T1 the beginning of LV rapid filling period, T2 the middle of LV rapid filling period, T3 the peak of LV rapid filling period, T4 the

middle of period of reduced filling, T5 the end of early diastole
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Significant changes of IC and the LV vortices

in the acute ischemic failure LV

Abnormal relaxation induced by cardiac ischemia or

infarction has been described in animals and in

patients, and the abnormal diastolic filling can be

observed early in cardiac ischemia. Using contrast

echocardiography, Beppu et al. proved the existence

of recirculation flow in the dog LV during coronary

ligation [17]. They found that the contrast echoes did

not reach the apex but turned upward to the outflow

tract in the middle of the dilated ischemic LV cavity

during diastole. In an investigation in patients with

dilated ischemic LV using magnetic resonance

velocity vector mapping, the LV inflow was seen to

be directed toward the free wall, giving rise to a well-

developed circular flow pattern turning back toward

the septum and the outflow tract that persists through

the diastole [18]. Taylor et al. reported that complex

blood flow vortex formation appeared near the

infracted segments of the LV wall, which not

identified in healthy ventricles [19]. Retardation of

apical filling in acute ischemic failure reflecting

slowing of LV relaxation was pointed out by

Stugaard and colleagues [7]. Steine et al. confirmed

in their further study that the slowing of flow

propagation within the ischemic LV appeared to

represent a shift in apical filling from a pattern of

column motion to a pattern dominated by convection

[8]. In addition, Delemarre et al. concluded from their

prospective clinical study that LV spatial apical flow

patterns could predict clinical course of the patients

with acute myocardial infarction [20]. Aforesaid

evidences indicated that abnormal LV vortex flow

and enhanced IC must exist within the dilated

ischemic LV cavity, and this phenomenon must have

its potential clinical relevance. But both the quanti-

fication of IC and its pattern of manifestation, i.e. the

quantification of LV vortex flow are long-standing

and challenging tasks.

With the VFM, we found abnormal large size

vortices with long persistence time appeared within

the dilated ischemic LV cavity during early diastole,

and the ICV increased at the same phase. These

characteristics could be ascribed to the abnormal

pressure fields within the dilated LV cavity, which

result from cardiac ischemia. Regional differences in

the rate of relaxation could contribute to the intra-

ventricular pressure gradients [21]. Using the method

of analyzing the LV inflow propagation velocity,

Duval-Moulin et al. confirmed that during myocardial

ischemia, the premature cessation of diastolic filling is

associated with increased diastolic pressures due to

the slowing of relaxation and reduction of chamber

compliance, which may lead to compensatory eleva-

tion of LV filling pressure [22]. This investigation

provides us powerful supports for understanding the

premature appearance of the LV vortices and IC

within the dilated ischemic LV at T1 and T2 in our

study. The decreasing diastolic atrioventricular pres-

sure gradient during early diastole resulting from this

convective deceleration, termed ‘‘convective deceler-

ation load’’, which adversely impacts diastolic inflow

[22]. This adverse impact should be amplified in the

presence of ventricular dilatation with attendant

diastolic ventriculoannular disproportion [23]. Bot

et al. validated that LV diastolic inflow volume and

the size of the LV play a possible role in vortex ring

formation [24]. Baccani et al. have also predicted in

mathematical models that the presence of global LV

dysfunction, such as in dilated cardiomyopathy; the

LV filling vortex would result in increased intensity

and longer stagnation near the apex [25]. A proposed

useful physiological role of the vortex that cannot in

fact aid ejection lies within its containing energy,

which can assist reducing the pressure energy of the

inflow [26]. Therefore, we deduced that more kinetic

energy was trapped and dissipated in the ischemic

failure LV in our study, and the large vortices

accompanied with augmented ICV during whole early

diastole should be a compensated appearance of the

augmented filling pressure within the dilated failure

LV cavity.

Furthermore, not like the IC limited to the basal

level of LV cavity at baseline conditions, the IC

appeared earlier at the LV middle and apical levels at

T1, and was seen at each level of the LV cavity from

T2 to T5 during cardiac ischemia in our study. As our

wisdom, the IC and the ICV were determined by the

intraventricular pressure gradients. Ling et al.

reported 2–5 mmHg pressure difference between

the mid-left ventricle and the apex in healthy dog

LV during early diastole [27]. In addition, Courtois

et al. observed in healthy dogs that a significant

subbasal-apical early diastolic pressure gradient

along the LV inflow tract with minimum pressure

in the apex [14]. These results confirmed the active

suction of the blood in left atrium toward the LV apex
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under healthy conditions. Regional relaxation of the

LV wall and the normal intraventricular pressure

gradients should be damaged by myocardial ischemia

[17], and the water-hammer effect of the LV inflow

during early diastole must be enhanced by akinesis or

dyskinesis of the regional ischemic LV wall.

We speculating that the significant changes of IC

and the LV vortices in the acute ischemic failure LV

cavity contrast to the baseline conditions were the

direct reflection of the changes of LV intraventricular

pressure fields, which accompanying with: (1) the

damaged relaxation of the ischemic LV wall; (2) the

dilated LV cavity and the possible changes of LV

sharp and the inflow volume; (3) the changes of flow

effect in LV fluid mechanics within the failure LV. In

short, the characteristics of LV flow fields, such as the

IC, embodies an extremely high sensitivity to the

dynamic changes of LV boundary conditions, which

always affected by cardiac ischemia. Therefore,

intuitive visualization of IC and quantification of IC

related index with VFM can provide preliminary

support for developing of a new marker of heart

healthy status.

Practical applications

The practical application of the described methods is

that intuitive visualization IC and quantification of

ICV within LV cavity on a three-dimensional flow

plane with VFM is valuable for improving recogni-

tion of the subtle, flow-associated LV fluid dynamics

in various physiological or pathophysiologic condi-

tions. VFM may be a new and noninvasive diagnostic

method of cardiac function based on ultrasonic

visualization analysis of IC and quantification of IC

related index.

Limitations

It is noteworthy that the IC described in our

experiment is that of a complex circulation of LV

blood cell in three-dimensional flow but only its

special profiles were displayed. Although the con-

spicuous characteristics of LV flow fields during both

baseline and ischemic conditions were reflected

uniquely and sensitively, we could not correlate the

IVC with the LV volumetric parameters and the

invasively obtained pressure data successfully, and

could not quantify and rank the heart function

precisely with the ICV in this pilot study. We also

stressed that while this is an ‘‘in vivo’’ model, in fact

these hearts are exposed with relief of the pericardial

constraint, and with catheters in the LV cavity. This

may have undefined impacts, and limits the ability to

extrapolate these findings to other situations where

data is acquired noninvasively in un-instrumented

hearts. Other limitation in our study is limited sample

size, and the low spatio-temporal resolution of VFM

as well as its limited velocity resolution of color

Doppler flow imaging.

The characteristics of LV flow fields embodies an

extremely high sensitivity to the boundary conditions

such as the dynamic changes of LV geometry, the

structure and function of mitral valves, the position of

chordae and the musculi papillares, as well as other

nonconservative force resulted from the heart rate,

the relaxation of the LV myocardium, the cardiac

twisting motion, and the changes of loading condi-

tions [28]. We have to say that intuitive visualization

and quantification of LV flow field provide no direct

measure of myocardial mechanics, Therefore, the

precise definition of the pathophysiological values of

IC and the accurate relationship between the IC

related index and the cardiac healthy status are real

challenges for our further studies.

Conclusions

A highly valuable of VFM may be its use for

visualization IC and quantification of ICV on profiles

of LV flow fields, which can gives intriguing insights

into normal and abnormal cardiac function through

its intuitive visualization and quantification of the

subtle, flow-associated LV fluid dynamics. As dem-

onstrated in this study, ICV in LV cavity may be a

new index of heart function. It will be of great

practical importance to elucidate the physiological

and pathophysiological significance of the IC and the

accurate relationship between ICV and the cardiac

healthy status in further studies, so as to determine

whether the cardiac function can be precisely eval-

uated with IC related index, and to incorporate the

VFM into clinical routine practice in the future.
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