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Left ventricular volume measured rapidly by oblique
magnetic resonance imaging
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SUMMARY Magnetic resonance measurements of left ventricular volume and ejection fraction
based on measurements of area and length in a single oblique plane containing the long axis of the
ventricle were compared with measurements made by summing the areas of the chamber in
multiple contiguous slices. The multislice technique is known to be accurate, but the single slice
technique is much quicker; it takes only nine minutes of acquisition time for both volume and
ejection fraction. In 25 normal subjects there was good agreement between the two methods of
measuring volume with a mean (SD) difference between measurements of 2-0 (6-6) ml. In 20
patients with previous infarction it was less good with a mean (SD) difference of4-5 (18- 1) ml. The
mean (SD) difference ofejection fraction measurements was - 0-019 (0 038) in the normal subjects
and - 0 059 (0 106) in the patients, and the discrepancy between the two techniques was greatest in
the patients with a pronounced abnormality ofwall motion and low ejection fraction. In a further 25
normal subjects, the agreement between single plane volume measurements in the vertical and
horizontal long axis planes was good, indicating that either plane is suitable for rapid measurement.

Single plane measurements of left ventricular volume and ejection fraction can be made with the
accuracies stated, which are sufficient for routine clinical use except in patients with a pronounced
abnormality of wall motion. In combination with measurements of regional wall thickness and
motion, previously described, the technique offers a rapid non-invasive assessment of both global
and regional left ventricular function.

Left ventricular volume and ejection fraction are
widely used as measures of global function. We have
previously shown that magnetic resonance imaging
provides an accurate method ofmeasuring volume by
summing the areas of the ventricle in contiguous
transverse slices,' and that these measurements have
clinical value in the determination of global ven-
tricular function and regurgitant fraction.2 Eight
acquisitions are usually required to cover the whole
left ventricle, however, and this may take up to 40
minutes, depending upon heart rate. Because images
can now be acquired in oblique planes, more rapid
measurements can be made from images containing
the long axis of the left ventricle if the ventricle is
assumed to be an ellipsoid of revolution about the
long axis. Volume can then be calculated from a
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single image and ejection fraction from a pair of
images at end diastole and end systole.
To assess the validity of the rapid technique for

routine use we compared measurements of left
ventricular volume and ejection fraction from
oblique images with those made by the multislice
technique.

Patients and methods

We studied 50 symptom free volunteers without a
history ofcardiac disease (mean age 42, range 25-64),
subsequently referred to as "normal subjects"
because they were assumed to have normal left
ventricular function. We also studied 20 patients
with previous myocardial infarction (mean age 51,
range 40-73), which was established on the basis of
the history and the electrocardiogram in conjunction
with regional abnormalities of left ventricular con-
traction seen by either right anterior oblique x ray
contrast ventriculography or left anterior oblique
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allowed both vertical and horizontal long axis planes
to be imaged. In these subjects, we compared single
plane area-length measurements in the horizontal
and the vertical long axis planes and biplane
measurements in which both planes were used.
We used a Picker International Vista MR2055

scanner operating at 0.5 tesla and an electrocar-
diographically gated spin echo sequence with an echo
time of 40 ms. Each acquisition consisted of two
averages of 128 phase encoding steps; the pixel size
was 1-17 mm x 1 17 mm and the slice thickness was
10 mm. In the initial study of25 normal subjects and
20 patients with infarcts, measurements were made
in the horizontal long axis plane, and the angle of
depression of the long axis was determined from an
initial sagittal image through the body of the left
ventricle. In this plane, contiguous slices were
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Fig 1 The vertical and horizontal long axis planes contain
the long axis of the left ventricle and are roughly equivalent
to the right anterior oblique view in x ray contrast
ventriculography and the apicalfour chamber view of
echocardiography respectively.

equilibrium radionuclide ventriculography. The site
of infarction was judged from the ventriculograms
and there were abnormalities of the anterior wall in
14 patients, the septum in six, the inferior wall in
nine, the lateral wall in two, and the apex in nine.

In the patients with previous infarction and in 25
of the normal subjects, volumes were measured by
magnetic resonance by both the multislice method
and a single plane area-length method in the hori-
zontal long axis plane (fig 1). Radionuclide ven-
triculography was performed only in the patients and
the radionuclide left ventricular ejection fraction was
compared with the multislice magnetic resonance
technique. The other 25 normal subjects were

tbJ ,2....,

Fig 2 The area and length of the left ventricle in vertical
(a) and horizontal long axis planes (b) were measured by
tracing on the computer screen. The images displayed are of a
normal subject with an end diastolic volume of 125 ml.
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pairs-diastole at one level and systole in another.
The end systolic image was timed to coincide with
the end of the electrocardiographic T wave. Total
acquisition time was approximately 30 minutes
depending upon heart rate, but if the horizontal long
axis images alone had been acquired it would have
been five minutes for a single volume measurement
or nine minutes for an ejection fraction
measurement.

In the subsequent study of a further 25 normal
subjects, the horizontal and vertical long axis planes
were used (fig 2). An initial transverse image was
acquired through the body of the left ventricle, and
from this, the rotation ofthe ventricle towards the left
could be seen. The vertical long axis images were
acquired perpendicularly to the transverse plane but
they were rotated to include the long axis of the
ventricle. The depression of the ventricle was seen
from the vertical long axis image and this permitted
the horizontal long axis plane to be acquired.

Left ventricular endocardial contours were drawn
manually on the computer screen and volume was
calculated either by summing the area of the contour
in each image (multislice technique) or from the
central images containing the long axis of the ven-
tricle (area-length technique). The following
formulas were used for the area-length calculations':

Single plane V = (8 x A2)/(3nr x L)
Biplane V = (8 x A, x Ah)/(3nr x Lmi.)

where A represents the area of the left ventricular
cavity, L the distance from apical endocardium to
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mitral valve plane, the v and h subscripts refer to
vertical and horizontal lung axis planes, and the min
subscript to whichever value ofL is smaller (fig 2).
Equilibrium radionuclide ventriculography was

performed in a left anterior oblique projection with
300 ofcaudal tilt after labelling the erythrocytes with
740 MBq of technetium-99m sodium pertechnetate.
Sixteen frames per cardiac cycle were acquired and
left ventricular ejection fraction was calculated from
counts within a left ventricular region ofinterest after
functional background subtraction.4 First harmonic
Fourier amplitude and phase images were used to
detect regional wall motion abnormalities.5
Volume and ejection fraction measurements were

compared by the methods outlined by Bland and
Altman.6 Probability was assessed by Student's t test.

Results

Figure 3 compares the multislice measurements of
left ventricular volume and the single plane area-
length measurements in the first 25 normal subjects.
Figure 3a shows the individual data points and fig 3b
plots the difference between measurements against
the mean of the two measurements. The table shows
the statistics derived from these data and from the
data in all subsequent figures. The mean difference
between measurements did not differ significantly
from zero at end diastole (p > 01), but at end systole
the mean difference was 2-7 ml which was signifi-
cantly greater than zero (p < 0 O1), indicating that
the area-length measurements were slightly under-
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Fig 3 (a) Individual data pointsfor single plane area-length measurements of left ventricular volume and multislice
measurements in 25 normal subjects. The dotted line is the line of identity. (b) Difference between measurements plotted
against the mean of each pair of measurements.
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Table Data derivedfrom single and multislice magnetic resonance imaging

Comparison Subjects No Mean Mean diff SD diff Error p

Single v multi volume (ml) Normal
Diastole 25 131 1-3 8-2 622% NS
Systole 25 51 2-7 4-5 888% <0-01
Combined 50 92 2-0 6-7 7.3% <0 05

Single v multi volume (ml) Infarct
Diastole 20 187 -1-1 17-8 9-6% NS
Systole 20 114 10-1 18-4 16-1% < 0-01
Combined 40 150 4-5 19-0 12-6% NS

Single v multi EF Normal 25 0-62 -0-019 0-038 6-2% <0-01
Single v multi EF Infarct 20 0-41 -0 059 0-106 25-7% <0-01
Single (VLA) v biplane (ml) Normal 50 87 -2-2 12-2 14-1% <0 05
Single (HLA) v biplane (ml) Normal 50 87 -5 0 12-2 14-1% < 0-05
Single (VLA) v single (HLA) Normal 50 90 2-8 23-1 2566% NS
Radionuclide v multi EF Infarct 20 0-41 0-026 0-052 12-5% <0-001

No, number of measurements; mean, mean of the measurements; mean diff, mean difference between measurements (the second minus
the first); SD diff, standard deviation of the difference between measurements; error, SD diff - mean; single, single plane area length
measurement; biplane, biplane area length measurement; multi, multislice measurement; VLA, vertical long axis; HLA, horizontal long
axis; EF, ejection fraction.

estimated. The standard deviation of the difference
between measurements (SD diff) and the percentage
error ((SD diff)/mean) were sufficiently low (8-2 ml
(6 2%) diastole, 4-5 ml (8-8%) systole) for the area-
length measurements to be clinically useful in normal
subjects.

Figure 4 compares the volume measurements in
the 20 patients with previous infarction. As in the
normal subjects, the mean difference between
measurements did not differ significantly from zero
at end diastole (p > 0-5), but at end systole the area-
length technique gave a slight underestimate of
volume (mean difference 10-1 ml, p < 0-05). The
standard deviation of the difference between
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measurements and the percentage error, however,
were much higher than in the normal subjects
(17-8 ml (9-6%) diastole, 18-4 ml (16%-1%) systole).
There was no obvious difference between those with
anterior or septal infarction and those with inferior
infarction. Figure 5 shows the systolic horizontal
long axis image of a patient with anterolateral infarc-
tion and apical dyskinesia. The shape of the left
ventricle was irregular compared with the normal
subject in fig 2 and there is thinning ofthe lateral wall
with considerable thinning at the apex. The multi-
slice measurements of diastolic and systolic volume
were 195 ml and 125 ml, giving an ejection fraction
of0 37, and the area-length volumes were 180 ml and
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Fig 4 Individual data pointsfor single plane area-length measurements of left ventricular volume and multislice
measurements in 20 patients with previous infarction. The dotted line is the line of identity. (b) Difference between
measurements plotted against the mean of each pair of measurements.
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Fig 5 Systolic horizontal long axis image ofa patient with
previous anterolateral and apical infarction. There is
thinning of the lateral wall and apex, and there is
intracavitary signalfrom static blood close to the basal
lateral wall. The area of the left ventricular cavity and its
long axis are indicated.

117 ml, giving an ejection fraction of 0 35.
Figure 6 compares the ejection fractions calculated

from the diastolic and systolic multislice and single
plane volumes in the normal subjects and in the
patients. In both cases, the mean difference between
measurements was significantly less than zero (p <
0.01), indicating that the area-length technique
overestimated the ejection fraction. The standard
deviation ofthe difference and percentage error were
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much smaller in the normal subjects (0-038, 6 2%)
than in the patients with infarcts (0-106, 25-7%),
indicating that in normal ventricles the area-length
technique may lead to errors ofup to 0-07 in ejection
fraction, but in abnormal ventricles these errors may

be as high as 0-21. Inspection of the data shows that
much of this error arose in three patients with
ejection fractions of approximately 0-20 by the
multislice technique, and these were all patients with
pronounced wall motion abnormalities.

Figure 7 compares the radionuclide ejection frac-
tion measurements in the patients with those made
by magnetic resonance with the multislice technique.
Although radionuclide ventriculography under-
estimated the ejection fraction by a mean of 0-026 (p
< 0 01), the standard deviation of the difference
between measurements was 0-052 which is probably
low enough for routine clinical use of the radionu-
clide technique.

Figure 8 compares the single plane volume
measurements in vertical and horizontal long axis
planes in the second group of normal subjects. At
end systole the mean (SD) difference between
measurements (horizontal long axis -vertical long
axis) was 6-1 (15-0) ml which was significantly
different from zero (p < 0 05). At end diastole, the
mean (SD) difference (- 0-6 (29 3) ml) was not
significantly different from zero (p > 0-05), although
a single spurious point probably affected this result.
These differences are sufficiently small for either
plane to be suitable for measurement of ventricular
volume.

0-4

*'t 0-2

-U

E 0

c

W-0-2
M._

-041

1-0 0 0-2 014 0-6
Mean (multi + single)/2

0-8 1.0

Fig 6 (a) Individual data pointsfor single plane area-length measurements of left ventricular ejection fraction and multislice
measurements in 25 normal subjects and 20 patients with previous infarction. The dotted line is the line of identity.
(b) Difference between measurements plotted against the mean of each pair of measurements.
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Fig 7 (a) Individual data pointsfor left ventricular ejection fraction measured by radionuclide ventriculography and by the
multislice magnetic resonance technique. The dotted line is the line of identity. (b) Difference between measurements plotted
against the mean of each pair of measurements.

Discussion

The importance ofmeasuring left ventricular volume
is highlighted by its long history.7 Invasive tech-
niques based on x ray contrast ventriculography have
been used for many years, and they assume that the
left ventricle is either an ellipsoid or a prolate
spheroid. The method first proposed by Chapman et
al 8 is similar to the multislice technique used in this

study in that the areas of sections through the left
ventricle are summed. The method was too tedious
for routine use and it was eclipsed by the methods of
Arvidsson9 and Dodge et al'0 in which the minor axes
of the ellipsoid are either measured directly or are
calculated from the projected area of the left ven-
tricle. Adaptation of the technique for single plane
ventriculograms" 2 and for oblique biplane ven-
triculograms' has been successful, and the subject has
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Fig 8 (a) Individual data pointsfor single plane volume measurements in the vertical and horizontal long axis planes in 25
normal subjects. The dotted line is the line of identity. (b) Difference between measurements plotted against the mean of each
pair of measurements.
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been well reviewed.'314 Both the multislice and the
area-length methods used in this study have been
extensively studied but their application to magnetic
resonance imaging is newer.

Previous studies have investigated magnetic reson-
ance imaging for the determination of left ventricular
volume and various techniques have been used. The
multislice method is the most accurate because it
makes few assumptions about ventricular geometry
and it has been validated by a comparison of left
and right ventricular stroke volumes in normal
subjects.' " Although there are some sources of error,
such as the partial volume effect and ambiguities in
defining the endocardium, it is probably the most
accurate non-invasive method of measuring left
ventricular volume, and it is a suitable standard
against which to judge other techniques. It has also
been compared with biplane x ray cineangiography'6
and with measurements of cardiac output from
indicator dilution'7 and thermodilution,'8 but the
invasive nature ofthese techniques makes them a less
suitable comparison. Single plane'"2' and biplane22
area-length measurements have also been reported
and have been compared with x ray angiography, but
there are no reports of a comparison of area-length
with multislice measurements.
We have shown that single plane area-length

measurements of left ventricular volume agree well
with multislice measurements in normal subjects
with a mean error throughout the range ofvolumes of
7 3%, which is adequate for routine clinical use. The
mean error is less at end diastole (6-2%) than at end
systole (8-8%), suggesting that the ventricle more
closely fits the assumed geometry at end diastole. In
patients with infarcts the agreement is less good,
presumably because of the abnormally shaped ven-
tricle. The mean error throughout the range of
volumes is 12-6%, and it is much higher at end
systole (16-1%) than at end diastole (9.60%). This is
consistent with the assumption that the abnormal
ventricle deviates most from an ellipsoid of revolu-
tion at end systole. We expected that the correlation
would be worst in inferior infarction because the
horizontal long axis plane does not include the
inferior wall, and errors would be greatest in these
patients. No consistent difference was seen between
inferior and septal infarction, however, but this may
have been because the number of patients was small.
In addition, there were few patients in whom the
infarct was limited to a single region.
The mean error in ejection fraction measured by

the area-length method was also much greater in the
abnormal ventricles than in the normal ventricles.
The error of 6-2% is adequate for clinical use in
normal ventricles, but the error of 25.7% in abnor-
mal ventricles indicates that the single plane

measurements should not be used in patients with
previous infarcts.
The comparison of vertical and horizontal long

axis volume measurements (fig 8) showed that
volumes were slightly higher in the horizontal long
axis plane, but the mean difference across the range of
volumes was only 2-8 ml. This indicates that in
practice both planes are equivalent, but the vertical
long axis plane is more familiar to the cardiologist
since it is similar to the right anterior oblique
ventriculogram. It also requires only a single pilot
image to identify the plane and so permits more rapid
imaging.
Apart from the assumptions of ventricular

geometry, the single plane and biplane techniques for
measuring volume make other assumptions that may
not always be warranted. The oblique planes were
identified at end systole and the same planes were
used for the end diastolic images. If the long axis of
the ventricle moves between the two, then the end
diastolic images may not contain the true long axis.
In fact, it is possible to display on an image the line
along which any other image cuts it, and hence check
that the true long axis is included at end diastole.
Separate planes could have been identified for dias-
tole and systole, but this would have lengthened the
acquisition time by a further two pilot scans and we
did not think that this was necessary for routine
measurements.
A further problem in any technique requiring

identification of the endocardial surface is the
accuracy with which the boundary can be traced. We
have previously discussed the problems of edge
detection,2 but the principal problem in this study
was the distinction between myocardium and slowly
moving blood within the left ventricular cavity. This
problem is apparent in fig 5, but with experience
slowly moving blood can usually be distinguished by
its high and non-uniform signal. In cases of doubt, a
field even echo rephasing sequence can be used.23
This sequence gives high signal from all non-tur-
bulent blood and low signal from myocardium, and it
aids the definition of the endocardial boundary and
the distinction of slowly moving blood from throm-
bus.24

Conclusion

Single plane area-length measurements of left
ventricular volume agree well with multislice
measurements, which are ofproven accuracy, and the
agreement is slightly better at end diastole than at end
systole in normal ventricles. In patients with
previous infarction, the agreement is less good.
Ejection fractions calculated from single plane
volumes are sufficiently accurate for routine use in
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normal ventricles but they should be interpreted with
caution in patients with abnormal ventricles. Both
the vertical and horizontal long axis planes can be
used, but if time is limited the vertical long axis
images can be acquired slightly more quickly. In
combination with regional wall motion studies from
the same images," both global and regional left
ventricular function can be assessed in a short time by
magnetic resonance imaging.
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