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ABSTRACT

Regional myocardial function is a complex entity consisting of motion in three

dimensions (3D). Besides magnetic resonance imaging (MRI), no other noninvasive

technique can give a true 3D description of cardiac motion. Using a time-resolved 3D

phase contrast technique, three-dimensional image volumes containing myocardial

velocity data in six normal volunteers were acquired. Coordinates and velocity

information were extracted from nine points placed in different myocardial segments

in the left ventricle (LV), and decomposed into longitudinal (VL), radial (VR), and

circumferential (VC) velocity components. Our findings confirm a longitudinal apex-

to-base gradient for the LV, with only a small motion of the apex. The mean velocity

for VL for all the basal segments was higher compared to the midsegments during

systole [3.5±1.2 vs. 2.5±1.7 cm/s (p<0.01)], early filling [�6.9±1.8 vs. �4.9±

1.8 cm/s (p<0.001)], and during atrial contraction [�2.2±1.4 vs. �1.6±1.3 cm/s

(p<0.05)]. A similar pattern was observed when comparing velocities from the mid-

segments to the apex. Radial velocity was higher during early filling in the midportion

of the lateral [�4.9±2.7 vs. �3.2±1.6 cm/s (p<0.05)] wall compared to the basal

segments, no difference was observed for the septal [�2.0±1.5 vs. �0.3±2.5 cm/s

(p =0.15)], anterior [�5.8 ±3.3 vs. �4.0 ±1.7 cm/s (p= 0.17)], and posterior

[�2.3±2.1 vs. �2.5±1.0 cm/s (p=0.78)] walls. When observing the myocardial

velocity in a single point and visualizing the movement of the main direction of the

velocities in this point as vectors in velocity vector plots like planes, it is clear that
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myocardial movement is by no means one dimensional. In conclusion, our time-

resolved 3D, phase contrast MRI technique makes it feasible to extract myocardial

velocities from anywhere in the myocardium, including all three velocity components

without the need for positioning any slices at the time of acquisition.

Key Words: Myocardial velocities; Magnetic resonance imaging; Phase contrast;

Three dimensional.

INTRODUCTION

The left ventricle (LV) moves in a complex, three-

dimensional (3D) pattern. The motion can, in every

point, be divided into longitudinal (base to apex), radial

(towards the centerline of the cavity), and circumfer-

ential (torsional) components. An adequate presentation

of all three velocity components would enhance our

understanding of the physiology and pathophysiology

of regional myocardial function. Previously, the in-

vestigation of the heart in 3D has been limited to

cineventriculography of implanted epicardial markers

in animals and surgically treated patients, which does

not allow the investigation of the untouched heart

(Hansen et al., 1988; Ingels et al., 1989). Cardiac ultra-

sound using Doppler myocardial imaging (DMI) has

made it possible to assess myocardial velocities and

gradients in one direction noninvasively (Miyatake

et al., 1995; Sutherland et al., 1994). Myocardial ve-

locities acquired with DMI are, however, affected by

the angle of insonation of the ultrasound beam from

the transducer (Uematsu et al., 1995).

Magnetic resonance imaging (MRI) tagging with

derived parameters such as strain can be performed by

placing noninvasive tags that move and deform with

the myocardium on which they are inscribed, and is not

limited by the acoustic window of ultrasound (Axel

and Dougherty, 1989; Bogaert and Rademakers, 2001;

Zerhouni et al., 1988). Quantification of myocardial

motion based on MRI tagging requires time-consuming

postprocessing, which currently limits this method to

research applications (Masood et al., 2000). Phase

contrast MRI has proven to accurately describe motion

in all three directions in a single point (Karwatowski

et al., 1994; Pelc et al., 1994). Acquisition of velocities

using MRI phase contrast will also make it possible to

evaluate findings observed using DMI. A combination

of multiple 2D slices acquired in different orientations

can be used to produce a three-dimensional description

of myocardial motion (Holman et al., 1997; Kayser

et al., 2000). However, using a 2D MRI technique,

the slices of interest have to be placed prior to the

acquisition, and the slices will give a sparse represen-

tation of the heart. Information from an image volume

covering the entire heart will make it possible to define

the region of interest anywhere after the acquisition of

the data. A three-directional velocity data set will then

make it possible to determine the main direction of the

velocity vector along the three main axes of the left

ventricle, and thereby improve our understanding of

cardiac physiology. Also, it will enable us to assess the

limitations of a 1D or 2D approach to regional

myocardial function.

The aim of the present study is to describe a phase

contrast MRI technique for acquiring velocity infor-

mation that assesses the three-directional motion of the

human heart.

METHODS

Study Population

Six normal volunteers (one female), mean age 40

years (range, 25–56 years) with a normal 12-lead

electrocardiogram, without visible echocardiographic

motion abnormalities, and no family history of

cardiovascular disease were included in the study. All

subjects were in sinus rhythm (65±8, bpm, range 52–

73). The study was approved by the Regional Ethics

Committee for Human Research at the Faculty of

Health Sciences, Linköping University, and written

informed consent was obtained from all the volunteers.

Study Protocol

Velocity vector information was obtained using a

time-resolved 3D phase contrast pulse sequence

(Wigström et al., 1996). The sequence is retrospec-

tively gated, and since we acquire data from a full 3D

volume of interest, the velocity information can be

studied anywhere within the myocardium, without the

need to accurately position any slices at the time of

data acquisition. A 1.5 T MRI scanner (Signa LX

Echospeed, GE Medical Systems, Milwaukee, WI) and

the following acquisition parameters were used: repe-

tition time (TR)=27 ms, echo time (TE)=8 ms,

velocity encoding (VENC)=18 cm/s, field-of-view
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(FOV)=300�300�128mm with a spatial resolution of

1�4�4 mm, with an acquisition time of 32 minutes.

Two of the data sets were acquired using the reduced

field of view approach (Madore et al., 2000). To

suppress artifacts from pulsatile blood flow, spatial

saturation pulses were applied superiorly and inferiorly

to the acquired volume (Drangova et al., 1997). The

phase contribution from concomitant gradient (Max-

well) terms and eddy current effects was subtracted

(Bernstein et al., 1998). The velocity data was trans-

formed to the Ensight1 visualization program (CEI

Inc, Research Triangle Park, NC) for further analysis

(Wigström et al., 1999).

In the visualization program, a four-chamber plane

was retrospectively extracted giving good delineation

of the left ventricle (Fig. 1). Subsequently, two short

axis planes were placed perpendicularly to the four-

chamber plane; one plane below the mitral annulus and

the next at the midpapillary level halfway between the

former and the apex. Nine points were manually

deployed within the myocardium in the following

locations: the basal part of the lateral, septal, anterior,

and posterior walls, the midventricular level of the

same four walls, and at the apex (Fig. 2).

For each point, the spatial coordinates and the

velocity information in all three directions through the

32 time frames were exported to Matlab1 (Mathworks

Inc., Natick, MA). The orientation for the longitudinal

velocity vector, VL, was defined as perpendicular to the

short-axis plane. The radial velocity vector, VR, was

defined as the direction between the point and the

center of the grid made by the four points forming a

plane. The circumferential velocity vector, VC, was

defined as perpendicular to the vector pair formed by

VL and VR (Fig. 2). Motion towards the apex was

defined as positive for longitudinal velocity. For radial

motion, positive values corresponded to motion to-

wards the center of the LV cavity. Circumferential

positive values indicate clockwise motion seen from

the apex. This procedure gives information related to a

fixed point in space (Eulerian coordinates), i.e., the

myocardium moves through the point of observation

during the heart cycle in the same way as in the

Doppler myocardial imaging and conventional blood

pool Doppler techniques (DeGroff, 2003).

The timing of the peak velocity data for the systolic

contraction (S-wave), early filling of the LV (E-wave),

and atrial contraction (A-wave) was defined in each

individual data set. Timing of the velocities was defined

from the velocity curve of the longitudinal velocity

component of the left ventricle based on the mean value

of all nine points. The same time frames for the S, E, and

A waves were then used for all four walls, including the

apex and all three velocity components.

Figure 1. Phase contrast MRI images of two intersecting planes extracted from the 3D volume data in peak systole. Magnitude

image (A) and the total velocity data (B) displayed with a schematic wire frame made from the points used in the velocity analysis.

Figure 2. Schematicdrawingdemonstrating the two short-axis

planes and the apical point forming the left ventricle. In every

one of the nine points, three-directional velocity was extracted

over time (VL, longitudinal velocity component; VR, radial ve-

locity component; and VC, circumferential velocity component).
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In order to show the direction of the motion of the

myocardium during the cardiac cycle, velocity vector

loops were created. This was performed by plotting the

velocity vectors corresponding to a single point in the

myocardium for every time frame over the cardiac

cycle. By connecting the tips of the velocity vectors,

loops were formed. In analogy with vectorcardiogra-

phy, the vector information was displayed by project-

ing it onto three orthogonal planes (frontal, left sagittal,

and horizontal). By combining the information from

two of the three loops, information on the spatial

direction of the velocity was obtained. It is important

to understand that the plots show the direction of the

velocity vectors in space in one chosen point, and not

the motion of the point.

All data are presented as mean±SD, and the

values for the decomposed velocity components are

presented in bull’s-eye diagrams (Fig. 3). Student’s

t-test with dependent samples was used to analyze the

difference between the myocardial segments. All cal-

culations were performed with Statistica (StatSoft, Inc.,

Tulsa, OK). Statistical significance was set as p<0.05.

RESULTS

Data were extracted from the four walls of the left

ventricle (LV), anterior, posterior, lateral, and septal.

Waveforms corresponding to systolic contraction

(S wave), early filling of the LV (E wave), and atrial

contraction (A wave) were observed in all four walls

(Fig. 4). The longitudinal (VL) component showed a

clear velocity gradient from base to apex in all four

walls, with highest velocities in the basal part (Fig. 5).

The mean velocity for VL for all basal segments was

Figure 3. Bull’s-eye diagram showing the defined regions of

the left ventricle.

Figure 4. Velocity data (cm/s) from the anterior, posterior, septal, lateral wall, and the apex in six normal volunteers. First row of

figures corresponds to the basal segments, second to middle segments for the four walls. Mean values (–)±standard deviation (- - -).

VL denotes longitudinal velocity component; VR, radial velocity component; and VC, circumferential velocity component.
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higher compared to the midsegments during the S wave

[3.5±1.2 vs. 2.5±1.7 cm/s (p<0.01)], the E wave

[�6.9±1.8 vs. �4.9±1.8 cm/s (p<0.001)], and the A

wave [�2.2±1.4 vs. �1.6±1.3 cm/s (p<0.05)]. The

same pattern was seen for the midsegments compared

to the apical segment, higher velocity during systole

[2.5±1.7 vs. �0.3±0.7 cm/s (p<0.001)] and early

filling [�4.9±1.8 vs. �0.3±1.3 cm/s (p<0.001)], and

during atrial contraction [�1.6±1.3 vs. �0.3±1.3 cm/s

(p<0.001)]. Apical movement in the longitudinal

direction was almost zero.

The E-wave radial velocity (VR) was higher during

early filling in the midportion of the lateral [�4.9±2.5

vs. �3.2±1.6 cm/s (p<0.05)] walls compared to the

basal segments, no difference was observed for the

septal [�2.0±1.5 vs. �0.3±2.5 cm/s (p=0.15) ], ante-

rior [�5.8±3.3 vs. �4.0±1.7 cm/s (p=0.17)], and pos-

terior [�2.3±2.1 vs. �2.5±1.0 cm/s (p=0.78)] walls

(Fig. 6). Finally, circumferential velocities (Fig. 7)

were of the same magnitude as the longitudinal

and radial ones, but there was no apparent base-to-

apex gradient.

Figure 5. Longitudinal velocity component (cm/s). Mean values±SD.

Figure 6. Radial velocity component (cm/s). Mean values±SD.
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Figure 8. Velocity vector plots (cm/s) from a single point in the basal segment of the lateral wall of the left ventricle (average value

from all the volunteers). S, systolic contraction; E, early diastolic filling; A, atrial contraction. Note that the plots show the direction

of the velocity vectors in space in one chosen point, and not the motion of the point.

Figure 7. Circumferential velocity component (cm/s). Mean values±SD.
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An interesting observation for the circumferential

velocity (VC) is a clear pattern of motion in a clockwise

manner (i.e., right-handed helix) during the E wave of the

lateral wall. During the S wave, negative values are seen

for the lateral and posterior, while the anterior and septal

wall moves clockwise (positive values).

Points were extracted from LV, and one example

from the basal part of the LV lateral wall is shown in

Fig. 8. The direction of the velocities in this point over

time is shown as a vector velocity loop. The direction

of the main velocity vector from the point during the E

wave and A wave are not parallel, but have different

directions in 3D space. During systole the direction of

the main velocity vector from the point is not 180�
opposite to the direction during diastole. This pattern

can be seen for all three projection planes.

DISCUSSION

Global vs. Regional
Myocardial Function

Global parameters of cardiac function have a

central role in the evaluation of cardiac disease. In

coronary artery disease, global parameters such as

ejection fraction (EF) may be normal. One possible

reason for EF remaining within normal limits is that

impaired function in one region of the ventricle is often

accompanied by hyperkinesis elsewhere (Popp, 1990).

It is therefore prudent to evaluate regional myocardial

function, which is routinely done in both echocardio-

graphic and angiographic investigations. However,

regional motion of the heart, including flow as well

as wall motion, is dynamic and three dimensional.

Time-resolved 3D phase contrast MRI has previously

been used to resolve flow velocities and local pressure

variations (Wigström et al., 1999; Ebbers et al., 2002).

The aim of this paper is to extend the technique to

studies of regional myocardial function.

Quantification of Regional
Myocardial Function

Several new MRI techniques to estimate myocar-

dial deformation have emerged over the last few years.

Myocardial deformation can be intuitively seen in MRI

tagging data, but quantitative strain analysis still

requires advanced postprocessing techniques to auto-

matically identify tag lines. Using harmonic imaging

(HARP), the tagging data can be more rapidly analyzed

to give myocardial strain estimates (Osman et al., 1999;

Ryf et al., 2002; Sampath et al., 2003), but the tagging

data still suffer from a relatively low spatial resolution

due to the required tag spacing and fading of the tag

lines over the cardiac cycle. The use of tagging in

combination with steady-state free precession (SSFP)

acquisition techniques can result in an increased image

contrast between blood and myocardium, or an

improved tag persistence/contrast-to-noise ratio (Herzka

et al., 2003; Zwanenburg et al., 2003). Displacement

encoding with simulated echoes (DENSE) has been

introduced as a new method to measure displacement to

be used for strain estimation over a predetermined

fraction of the cardiac cycle (Aletras et al., 1999). The

DENSE method has also been shown to improve the

image contrast separating myocardium from the blood

pool (Aletras et al., 1999). Both the tagging/HARP and

the DENSE approach will result in estimates of

myocardial strain maps. Phase contrast (PC) MRI will

instead provide velocity information that may be an

important parameter to assess regional myocardial

function as described in this paper, and can also be

used in subsequent calculations of deformation param-

eters such as strain and strain rate.

Cardiac ultrasound using Doppler myocardial

velocity imaging (DMI) has expanded as a technique

to quantify regional myocardial function (Miyatake

et al., 1995; Sutherland et al., 1994). Doppler

myocardial imaging has made it possible to assess

changes in velocity gradients across and along the

walls, and has been suggested to be a possible indicator

of myocardial contractility (Fleming et al., 1994;

Gorcsan et al., 1996). However, DMI is limited to

the in-plane movement and only measures one-velocity

component (Miyatake et al., 1995).

Ingels and colleagues found the twist of the apex

to be characteristic of left ventricular contraction

(Ingels et al., 1989). It therefore seems important to

include the apex in the assessment of regional

myocardial function. With MRI, the movement of the

apex can be analyzed in more detail in contrast to

echocardiography, where the apical movement is lost in

the near field of the transducer. Currently, only MRI,

either as tagging or phase contrast, can noninvasivly

assess apical movement. The main problem with the

apex is defining a proper coordinate system.

An important difference between our MRI tech-

nique and the epicardial marker studies in the as-

sessment of regional myocardial function, is that the

locations of the epicardial markers are tracked over time

(Lagrangian coordinates), while our data is extracted

from a fixed location in space (Eulerian coordinates)
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(DeGroff, 2003). Similar Eulerian coordinate systems

are used in DMI and pulsed Doppler imaging, making

our findings of the movement of the heart more

comparable to DMI (Hatle and Sutherland, 2000). The

epicardial marker technique requires sternotomy and,

usually, also cardiopulmonary bypass. This procedure in

itself causes hypokinetic motion of the tricuspid annulus

and paradoxical motion of the intraventricular septum

(Wranne et al., 1991, 1993). Against this background it

is difficult to translate findings from epicardial marker

studies in animals or patients to results obtained from

ultrasound or MRI.

Myocardial Velocities

Time-resolved 3D phase contrast MRI provides

data describing myocardial velocities in all parts of the

left ventricle (LV) from a single acquisition. Our

findings indicate a longitudinal apex-to-base gradient

for all four walls of the LV, with limited movement of

the apex. The velocity gradient was present during

systole, early filling, and atrial contraction. The

longitudinal gradient has been shown to be important

for the function of LV filling and is affected early in

left ventricular disease (Jones et al., 1990). In contrast

to DMI, our data are not limited to one-directional

velocity. Radial velocities are seen to be higher in the

middle part of the lateral wall, but not for the septal,

anterior and posterior part of the walls compared to the

basal part of the LV. Our finding of higher values for

the radial velocity components at midventricular level

may be a result of the basal segments having their

motion limited by the annulus fibrosus.

Using vector velocity plots to elucidate the

movement of the ventricle, we have been able to

describe the direction of the velocity vector from any

point in the myocardium over the cardiac cycle. If the

movement in a single point was strictly one directional

and uniform during the cardiac cycle, the vector loops

in Fig. 8 should have been a straight line in all three

2D planes. Our findings show that regional myocardial

motion is truly a three-directional movement, and

caution should be taken when assessing myocardial

function using either a 1D or 2D imaging technique.

Since our method allows us to study any region of the

left ventricle after acquisition, we are not constrained

to study wall motion abnormalities that may not have

been known at the time of the actual acquisition.

Strain rate, as a parameter to assess local

expansion and compression, has been used within the

cardiac ultrasound community as a complement to

DMI (Heimdal et al., 1998). The 3D velocity data

acquired from our measurements can be studied

directly, or used for calculations of strain rate or

strain, without the angle sensitivity that is a problem

using Doppler data (Arai et al., 1999). A better

understanding of normal physiological and pathophys-

iological responses of the myocardium in three

dimensions could improve our knowledge and inter-

pretation of the heart in situ as a truly 3D organ. Our

method opens up a possibility to assess three-direc-

tional myocardial strain rate and strain in healthy vol-

unteers and in any patient group.

Study Limitations

A drawback of our technique is the low temporal

resolution, resulting in an underestimation of the peak

systolic and diastolic velocity values. The 3D PC-MRI

technique will, however, provide data describing all

three velocity components and hence the direction of

the motion in 3D space. The long acquisition time

makes our tool foremost applicable to basal under-

standing of cardiac function, and is not ready for

clinical use yet. Further refinement of the acquisition

scheme with the use of parallel imaging and other

recent scanner technologies could reduce the scan time

as well as improve the temporal resolution. The time

needed for postprocessing of the velocity data is less

than 1 hour. The analysis includes the positioning of a

cursor in the 3D space to extract the velocity data from

the points of interest. Consequently, the number of

points will also determine the time needed for the

analysis. Our data has not been compensated for any

interference secondary to the respiratory motion, which

degrades the quality of the data by introducing a slight

blurring. The points from which we extract our data are

fixed over time. As the heart moves, the point will

move through the whole wall and generate data from

both subendocardial and subepicardial layers.

CONCLUSIONS

The time-resolved 3D phase contrast MRI tech-

nique makes it feasible to extract myocardial velocities

for all three velocity components and describe the

motion of the left ventricle without the need for

placing any slices at the time for the acquisition.
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