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Abstract
Objective-To assess the pattern ofglobal
and regional left ventricular long axis
motion during early diastole in patients
with ischaemic heart disease with and
without myocardial infarction using
magnetic resonance velocity mapping.
Design-Prospective study of 26 patients
with a history of myocardial infarction
(age 29-78, mean 55 years) and 21
patients with coronary artery disease
without infarction (age range 39-71,
mean 58 years). Values were compared
with a control group (19 controls, age
35-76, mean 52 years) with a low likeli-
hood of cardiovascular disease.
Results-Regional long axis velocity var-
ied with time and position around the
ventricle. All measurements were taken
at the time of maximum early diastolic
long axis velocity. Patients with coronary
artery disease without infarction had
lower values for maximum (mean (SD))
(99 (30) v 125 (33) mm/s, P < 0.05) and
mean peak early diastolic wall motion (63
(13) v 82 (22) mm/s, P < 0.05) than con-
trols. The coefficient of variation showed
greater inhomogeneity of relaxation in
patients than in controls (38 (18)% v 27
(10)%). All values were lower in patients
with previous infarction than in patients
with coronary artery disease without
infarction and normal subjects. In
patients with previous myocardial infarc-
tion the maximum (mean (SD)) early
diastolic velocity was 80 (22) mm/s (P <
0-01 compared with controls and P < 0 05
compared with patients without infarc-
tion) and the mean (SD) velocity was 47
(18) mm/s (P < 0-01 compared with con-
trols). The coefficient of variation was
greater (52 (33)%) than for controls (P <
0.05) and patients with coronary artery
disease without infarction. 18 of 26
patients with previous myocardial infarc-
tion and 13 of 21 patients with coronary
artery disease without infarction had
regional abnormalities corresponding to
areas of fixed or reversible ischaemia on
exercise electrocardiography or thallium
myocardial perfusion tomography.
Conclusions-Magnetic resonance veloc-
ity mapping can be used to assess
regional long axis myocardial velocity.
Ischaemic heart disease causes alter-
ations in the patterns of left ventricular
long axis velocity during early diastole.

(Br HeartJ7 1994;72:332-338)

Left ventricular diastolic function may be
abnormal at rest in patients with ischaemic
heart disease' 2 and the abnormalities may be
more pronounced during acute ischaemia.34
During ischaemia, subendocardial blood flow
is compromised earlier and to a greater extent
than other layers and this territory is also sub-
jected to the highest wall stress.5 6 Sub-
endocardial myocytes are oriented along the
long axis of the heart7 and contribute to the
descent of the base of the heart towards the
apex during systole, thus playing an important
part in systolic ejection. During systole, elastic
energy is stored in the myocardial wall.
During diastole the release of this stored
energy leads to an increase in ventricular vol-
ume and a decrease in intraventricular pres-
sure which facilitates early ventricular filling.
Abnormal long axis function has been docu-

mented in the absence of impaired short axis
function.8 Unlike radial contraction, long axis
motion is difficult to assess, although it may
provide an early indication of ventricular dys-
function.89 M mode echocardiography has
been used successfully; it has good temporal
resolution, but measurements are taken from
only three sites. Magnetic resonance imaging
is a safe non-invasive technique which can
produce tomographic images of the body in
any plane with high spatial and temporal reso-
lution. Magnetic resonance velocity mapping
is a technique which encodes the velocity of
moving structures quantitatively in the phase
of the magnetic resonance signal and hence
provides accurate measurements of velocity.
The combination of anatomical magnetic res-
onance imaging and velocity mapping can be
used to study the regional long axis velocity of
the left ventricle, a measurement not available
with any other technique. Using magnetic res-
onance velocity mapping we have studied the
pattern of long axis myocardial velocity in
controls.'0 The aim of this study was to test
the ability of magnetic resonance velocity
mapping to assess abnormal diastolic long axis
myocardial velocity in patients with ischaemic
heart disease.

Patients and methods
STUDY POPULATION
Twenty six patients with a history of myocar-
dial infarction (age 29-78, mean 55 years)
and 21 patients with coronary artery disease
but no previous infarction (age 39-71, mean
58 years) were studied. Values were compared
with a group of control subjects of a similar
age but with a low likelihood of ischaemic
heart disease (19 controls, age 35-76, mean
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ethical committee of the Royal Brompton
National Heart and Lung Hospital. All sub-
jects gave informed consent.

Figure 1 Magnetic resonance spin echo image of basal short axis plane of the left
ventricle; velocity information was encoded through this plane.

52 years). The findings in the control sut
have previously been published.'0 Eleven
mal subjects and eight patients under
immediate repeat imaging to assess short
reproducibility. The patients were recr
from the outpatient department of the I
Brompton National Heart and Lung Hos
Previous myocardial infarction was diagr
from conventional clinical, electroca
graphic, and enzyme parameters. Pat
with coronary artery disease without ir
tion had reversible ischaemia documente
exercise electrocardiography or stress tha
perfusion tomography. Beta blockers
withheld 72 hours before the study, long a
calcium antagonists the day before, and
cardiac drugs, except short acting nit]
were withheld on the day of the s
Patients requiring loop diuretics or whc
had a previous bypass operation
excluded. The study was approved b)

METHODS
A modified Picker 0 5 T machine was used to
acquire cardiac images with a surface receiver
coil. Conventional spin echo sequences (echo
time 40 ms) were used to document anatomy
and to define the vertical and horizontal long
axis and a basal short axis plane at end systole
(fig 1). Using a cine gradient echo sequence"
velocity maps were acquired in a basal short
axis plane below the mitral annulus where the
septum and lateral wall are muscular. Velocity
was encoded through this plane-that is, par-
allel to long axis motion-the velocity window
was set at + 0-15-0-25 m/s. All studies were

3 performed using 192 phase encoding steps,
each averaged from two repeat measurements.
The field of view was between 35 and 40 cm,
giving a pixel size of 1-4 x 1-8 to 1-6 x 2-1
mm with 10 mm slice thickness. The first
image was acquired 18 ms after the R wave

)jects and the temporal resolution was 25 ms, giving
nor- 24-31 images for each cardiac cycle. To
rwent assess short term reproducibility image acqui-
term sition was repeated in 11 normal subjects and
uited eight patients without removing the subject
Royal from the magnet. Intraobserver variability was
;pital. assessed by the analysis of 10 sets of data on
iosed two separate days.
Lrdio-
tients ANALYSIS
ifarc- Reference and velocity encoded phase images
ed by were subtracted to produce velocity maps of
llium long axis myocardial motion (fig 2) and the
were zero point was corrected by the manual selec-
icting tion of stationary structures over the chest
other wall. The endocardial and epicardial bound-
rates, aries were traced manually. The myocardium
tudy. was divided into 16 segments and the mean
had velocity in each segment was calculated.
were Velocity curves were constructed for the
y the entire cardiac cycle (fig 3).

t;A'~~~~~~~~~~~~~~~~~~~~~~~~~~~ii.W,. +X<{A

Figure 2 Velocity maps of left ventricular long axis motion. The image on the left is during systole, showing a myocardial ring with dark grey pixels
indicating motion out of the plane towards the viewer. The image on the right is during early diastole; pixels are lighter shades ofgrey indicating motion
into the plane, awayfrom the viewer. The left hand image also shows the hand drawn boundaries used to define the myocardial ring which the image
processing package has divided into 16 segments before calculating the velocity.
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Figure 3 Regional long
axis wall velocity through
the cardiac cycle in a
normal subject. Initial
displacement of the base of
heart during
transformation from
ellipsoid to spheroid, point
a. Velocity drops during
isovolumic contraction, b,
before descent of the base
during systole, c. Early
diastole is accompanied by
rapid motion of the base
away from the apex, d.
This is followed by a brief
period of motion back
towards the base, e. All
measurements were made
at point d.
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GLOBAL MEASURES OF EARLY DIASTOLIC WALL
MOTION
All global measurements were made at the
time of peak early diastolic myocardial veloc-
ity. Peak, mean, and minimum early diastolic
velocity were measured. The variability of
regional velocity at the time of peak early dias-
tolic velocity was used as a marker of homo-
geneity of myocardial relaxation. It was
expressed as the coefficient of variation.

Coefficient of variation =

Standard deviation of velocity x 100%
Mean velocity

CORRELATION WITH ANATOMICAL SITE OF
ISCHAEMIA
As the velocity profile varied around the ven-
tricle a single value for the lower limit of nor-
mal could not be taken. The regional velocity
was standardised to the mean velocity to pro-
duce a relative velocity profile, which was dis-
played for the control group as the median,
25th, and 75th centiles (fig 4). The standard-
ised velocity profiles of the patients were com-
pared with the control group and any segment
with a velocity below the 5th centile was con-
sidered abnormal. These areas were com-
pared with electrocardiographic, perfusion,
and angiographic data to assess the correla-
tion of an area of reduced wall motion with
the expected site of abnormality.

Figure 4 Regional values
of long axis velocity
standardised to the mean
value at the time ofpeak
long axis wall motion in
the control group. Broken
lines represent 25th and
75th centiles.
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STATISTICS
Analysis of variance was used to assess differ-
ences between groups; post hoc analysis
between groups was performed using
Scheffe's F test. Statistical significance was
defined as P < 0-05. Correlation between
heart rate and wall motion was assessed by
Spearman's correlation coefficient. Repro-
ducibility was assessed using the technique
described by Bland and Altman.'2

Results
A projected three dimensional plane can be
used to display the data (fig 5). Figure 6 illus-
trates the analysis of a normal subject and a
patient with a myocardial infarction.

a/a
|!| |I I I I I11 1161

Velocity
Sector around ventrical

Time

Figure 5 The basal short axis velocity map is divided
into 16 sectors and the mean velocity measured. The
myocardial ring can then be transformed to a line, left. By
using a projected plane ofposition along one axis and time
along the other velocity can be displayed above and below
this plane; systole is represented by a trough, diastole by a

peak, fig 6.
-Anterior Lateral Inferior Septum
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Figure 6 Left ventricular long axis velocity in a normal subject, top, and a patient with a
myocardial infarction, bottom. The colour image represents a bird's eye view with negative
velocities in blues and positive velocities in reds andyellows. The normal subject shows an
unbroken band during systole and diastole. The patient shows a broken band during systole
with reduced and delayed motion during diastole.

Table 1 shows the mean values of maxi-
mum, minimum, mean, and range of diastolic
velocities during early diastole in each group.
The patients with coronary artery disease
without infarction had lower group values for
maximum and mean peak early diastolic
velocity than controls. The coefficient of varia-

Table 1 Mean (SD) measurements of early diastolic long axis velocity for the three
groups

CAD CAD
Controls without infarction with infarction

Maximum early diastolic 125 (33) 99 (30) 80 (22)
velocity (mm/s) < 0.05* < 0.01*

< 0 05t
Minimum early diastolic 46 (21) 27 (23) 13 (24)

velocity (mm/s) < 0.05* < 0-01*
Mean early diastolic 82 (22) 63 (23) 47 (18)

velocity (mm/s) < 0-05* < 0.01*
Coefficient of variation 27 (10) 38 (18) 52 (33)

< 0.05*

CAD = Coronary artery disease.
* P Value for Scheffe test between control subjects and patients.
t P Value between myocardial infarcts and effort coronary artery
disease without infarction.

|--Lower 5th centile -Right coronary lesion

Figure 7 Peak early diastolic velocity profile standardised
to the mean in a patient with a right coronary artery lesion
plotted with the lower 95th centile. The inferior segments in
the patient drop below the 95th centile.

tion in the two patient groups showed a
greater inhomogeneity of relaxation than con-
trols.

All values were lower in patients with previ-
ous infarction than in patients with coronary
artery disease without infarction and normal
subjects. The coefficient of variation was
greater than in controls and patients with
coronary artery disease without infarction. At
the time of peak early diastolic velocity, four
patients had areas of wall motion out of phase
with the rest of the ventricle, indicating
delayed relaxation in these areas.

There was a marked variation of velocity
within each group. Some patients without a
history of myocardial infarction had a pattern
of wall motion similar to those with a myocar-
dial infarction and others had patterns similar
to controls.

There was no correlation between heart
rate and mean long axis velocity or its coeffi-
cient of variation. Mean heart rate was not
statistically different between the three groups
(mean (SD) beats/min controls 64 (11),
patients with coronary artery disease without
infarction 65 (19), patients with infarction 69
(12)).

COMPARISON OF MAGNETIC RESONANCE
IMAGING VELOCITY MAPS WITH CLINICAL
REGION OF ISCHAEMIA
The myocardium was divided into anterior
and inferior territories. In the myocardial
infarction group 18 of 26 (69%) patients had
one or more areas of velocity below the 5th
centile in areas corresponding to their infarc-
tion. In the reversible ischaemia group 13 of
21 (62%) patients had areas of reduced long
axis velocity in regions corresponding to the
exercise ST segment or reversible thallium
perfusion abnormalities (fig 7, table 2).

Table 2 Comparison of clinical site of ischaemic heart
disease and presence ofwall motion abnormality on
magnetic resonance imaging (MRI) velocity mapping

MRI Sensitivity
MRI negative (%)

Anterior infarction 6 4 60
Inferior infarction 12 4 75
Anterior ischaemia 8 3 70
Inferior ischaemia 5 5 50

c 1-6
D 1-4E
° 1.2
a)
> 1.0

0.8

>. 0-6
0
o 0.4
> 0-2
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SHORT TERM REPRODUCIBII=TY
In the 20 studies performed for reproducibil-
ity, the mean (SD) early diastolic velocity was
84 (32) mm/s. The mean difference between
studies was -5 mm/s (95% confidence interval
-11 to 0 76).

INTRAOBSERVER VARIABILITY
In the 10 studies analysed twice, the mean

(SD) early diastolic velocity was 90 (29) nmm/s
and the mean difference between studies was

0O739 mm/s (95% confidence interval, -0)65
to 2 17). The mean (SD) coefficient of varia-
tion of myocardial velocity at the time of peak
velocity was 23-0 (6)% and the mean differ-
ence was -0-6% (95% confidence interval -

2-2 to 1 0).

Discussion
Abnormal diastolic function is an early marker
of ventricular disease with important clinical
implications. Impaired left ventricular dias-
tolic function with normal systolic function
has been observed in many disorders includ-
ing coronary artery disease," and ventricular
hypertrophy.'4 In heart failure as many as

one third of patients have isolated diastolic
abnormalities at presentation.5 16 Abnormal
diastolic function at rest may predict systolic
abnormalities on exertion'7 and this may be
the cause of dyspnoea as well as limiting exer-

cise tolerance.'8 In ischaemic heart disease
these 'abnormalities can be reversed by inter-
ventions such as angioplasty.1920
Much of our assessment of diastolic func-

tion has been based on patterns of ventricular
filling using techniques such as radionuclide
ventriculography and Doppler echocardiogra-
phy.2' Filling patterns are, however, affected
by age, heart rate, systolic function, preload,
and afterload.222' The relation between flow
patterns and diastolic function has been called
into question.24 Flow across the mitral valve is
the result of an atrioventricular pressure
gradient which is determined by the left
atrial pressure and left ventricular wall
motion.25 Doppler patterns of ventricular fill-
ing do not truly reflect diastolic myocardial
function, therefore patterns of wall motion
may be a more useful marker of myocardial
disease.
The importance of studying subendocardial

function is that subendocardial perfusion is
affected before that of other layers and to a

greater extent in ischaemic heart disease,56
and recovery of function takes longer than for
other layers.26 Subendocardial perfusion is
impaired during exercise in left ventricular
hypertrophy, even without occlusive coronary
disease.27 Chronic ischaemia without infarc-
tion leads to myocardial fibrosis with the
subendocardial layers being affected.28 This
damage has functional consequences and
subendocardial function of the non-ischaemic
area needs to be intact for the maintenance of
compensatory regional contraction after coro-

nary artery occlusion.29 Subendocardial perfu-
sion may be important in the genesis of
arrhythmias as premature ventricular depolar-

isations, which may initiate re-entry arrhyth-
mias, originate in the subendocardium.'0
The study of subendocardial function may

therefore provide us with an early marker of
ischaemic heart disease. Gibson and cowork-
ers have previously studied long axis motion
usingM mode echocardiography of the mitral
annulus. They have shown impaired long axis
function in the absence of short axis abnor-
malities in patients with ischaemic heart dis-
ease8 and they have documented improved
long axis function after coronary angio-
plasty.' M mode echocardiography of long
axis motion provides real time information
about the displacement of the mitral annulus;
it has advantages in that simultaneous phono-
cardiography can define the onset of diastole,
but it cannot study all areas of the
myocardium and recordings are only made
from three sites. We have developed a new
technique which can provide true regional
and global information of long axis ventricular
motion and we believe that this may lead to a
better understanding of subendocardial func-
tion.

During systole the ventricle contracts
beyond its equilibrium volume32 and energy,
proportional to systolic function,33 is stored in
the elastic component of the ventricular wall.
This energy is released when the actin-myosin
cross bridges are uncoupled during early dias-
tole,34 initiating long axis motion of the ventri-
cle. Changes in the ultrastructure of the
myocardium, such as fibrosis, will impair the
transition of stored energy to wall motion.
Patients with a previous myocardial infarction
are likely to have abnormal myocardial velocity
because of fibrous tissue at the site of the
infarct; these patients were found to have the
lowest velocities. They also had the largest
variation of regional velocity because of low
velocity at the site of the infarction.
Long axis motion in normal subjects results

in a negative intraventricular pressure during
early diastole.35 This decrease in pressure will
increase the atrioventricular pressure gradient
and augment peak early filling.2536 Impair-
ment in wall motion during early diastole will
reduce the decrease in intraventricular pres-
sure and so impair early filling, a commonly
used marker of diastolic function. In this
study patients with coronary artery disease
without infarction also had reduced myocar-
dial velocity and greater inhomogeneity,
although not as marked as those with infarc-
tion. This will be related to increased suben-
docardial fibrosis28 and the effects of chronic
ischaemia. We have shown that the long axis
velocity during early diastole is significantly
correlated with Doppler parameters of early
filling. (Karwatowski SP, Brecker SJD, Yang
GZ, Firmin DN, St John Sutton M,
Underwood SR, unpublished data.) This
impairment of early long axis motion may be
an important part of the mechanism of altered
ventricular filling.
The mean velocities in the patient groups

were lower than in the controls, which may
reflect a residual effect of drugs. A reduced
mean velocity would not affect the assessment
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of regional variation by either coefficient of
variation or centile score as these two mea-
sures allowed for the mean velocity.

ANATOMICAL SITE OF ISCHAEMIA
Electrocardiographic criteria are poor in local-
ising the site of ischaemia and so the division of
anatomical territories into anterior and infe-
rior is necessarily broad. Magnetic resonance
velocity mapping detected regional abnormal-
ities of long axis velocity in 70% of patients
with previous myocardial infarction and in
62% of patients with reversible ischaemia but
no evidence of infarction. A previous echocar-
diographic study of patients with healed
infarctions showed a sensitivity of between 48
and 91% for the detection of abnormal wall
motion depending on the site.37 The sensitiv-
ity also depends on the size of the infarct.38 In
patients without infarction echocardiography
detected resting abnormalities in 66 of 166
(40%) patients with proved coronary artery
disease.' Our data suggest that magnetic reso-
nance imaging velocity mapping has a similar
sensitivity for the detection of abnormal wall
motion in patients with healed myocardial
infarction and better sensitivity for detecting
abnormalities in patients with reversible
ischaemia.

LIMITATIONS
Like all cross sectional imaging techniques,
the method used measures myocardial veloc-
ity in a single plane and therefore does not
image a constant part of the myocardium
throughout the cycle. Long axis velocities
depend, however, on the function of all of the
myocardium between the imaging plane and
the apex, and this is a strength of the tech-
nique because localised regional abnormalities
are likely to be detected even if not within the
imaging plane. Echocardiographic and
radionuclide methods of assessing diastolic
left ventricular function are more widely avail-
able than magnetic resonance with velocity
mapping and we have not compared our find-
ings with more commonly used measures of
radial motion. Whether the flexibility and sen-
sitivity of our technique will prove an advan-
tage in clinical practice is the subject of
further studies. It may be appropriate to delay
formal comparison with other imaging tech-
niques until a number of technical advances
have been implemented. These include satu-
ration of the blood pool signal to avoid arte-
fact over the myocardium in the velocity
maps, and real-time acquisition which will
remove artefact from the averaging of non-
identical cycles.
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