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SUMMARY Magnetic resonance imaging provides an accurate method for the measurement of left
and right ventricular volume. The ratio of left ventricular stroke volume to right ventricular stroke
volume was calculated from contiguous transverse magnetic resonance images and was used to
measure the severity of regurgitation in 18 patients with aortic regurgitation and 10 with mitral
regurgitation. Cardiac anatomy was well demonstrated, allowing an assessment of relative cham-
ber volumes and associated abnormalities, although valve abnormality was not well seen. There
was a weak correlation between magnetic resonance measurements of left ventricular end diastolic
volume and stroke volume ratio. The stroke volume ratio differed significantly in four groups with
increasing angiographic severity of regurgitation, and all but the group with trivial regurgitation
differed significantly from normal. There was good correlation between magnetic resonance and
radionuclide measurements of left ventricular ejection fraction and stroke volume ratio, although
the stroke volume ratio was consistently overestimated by radionuclide ventriculography.
Correlation was less good for the right ventricular ejection fraction, which was underestimated
by radionuclide ventriculography.

It is concluded that magnetic resonance imaging provides valuable information in patients with
valvar regurgitation, and serves as a suitable standard by which to judge conventional techniques.

Magnetic resonance imaging now has an established
place in diagnostic imaging of the brain and spinal
cord. Its value lies in high soft tissue contrast and
high resolution and in the fact that contrast is deter-
mined partly by the biochemical environment of the
protons forming the image. Moving organs in the
thorax and abdomen require special techniques to
minimise artefact, but images ofthe heart with excel-
lent anatomical definition can be produced with elec-
trocardiographic gating alone.' 3 Contrast media
are not required because of the natural contrast
between myocardium and flowing blood which
usually gives no magnetic resonance signal.

Functional and anatomical information are
obtained, and we have previously demonstrated that
cardiac chamber volumes can be measured with an
accuracy of approximately 2%.4 Ventricular volume
measurements allow an assessment of systolic ven-
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tricular performance (end systolic volume and ejec-
tion fraction), and the ratio of left ventricular stroke
volume to right ventricular stroke volume gives a
measure of valvar regurgitation and atrial shunting.'
In this study we have used measurements of left and
right ventricular stroke volume to quantify the
severity of aortic and mitral regurgitation and we
have compared these findings with measurements
made by radionuclide ventriculography and cardiac
catheterisation.

Patients and methods

PATIENTS
We studied 28 patients (17 male, 1 1 female, mean age
53 5 (range 18-75)). Eighteen had isolated aortic
regurgitation and 10 had isolated mitral regur-
gitation. The aetiology of aortic valve disease was
unknown in nine, a bicuspid valve in two, Marfan's
syndrome in one, ankylosing spondylitis in one,
rheumatic valve disease in one, leaking homografts
in three, and a leaking pulmonary valve autograft in
one. The aetiology of mitral regurgitation was valve
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prolapse in seven, Marfan's syndrome in one, hyper-
trophic cardiomyopathy in one, and coronary artery
disease in one. All patients were in sinus rhythm
except four with mitral regurgitation who were in
atrial fibrillation.

All patients were studied by magnetic resonance,
26 underwent cardiac catheterisation, and 26 equi-
librium radionuclide ventriculography, investi-
gations in each patient being completed within 8
weeks.

MAGNETIC RESONANCE
A Picker International Vista MR2055 magnetic res-
onance scanner operating at 0 5 T was used to
acquire multiple 10mm contiguous sections in the
transverse plane at end diastole and at end systole.
The images were reconstructed by two dimensional
Fourier transformation from two averages of 128
spin echo sequences (echo time 24ms). Diastolic
images were acquired immediately after the R wave
of the electrocardiogram, and systolic images were
timed to coincide with the end of the T wave.
Diastole at one level was acquired at the same time
as systole at another, and each pair of images took
between 3 and 4 minutes to acquire, depending upon
heart rate. Preliminary coronal images were acquired
in the plane of the aortic valve and sagittal images in
the plane of the pulmonary valve; 12 transverse
images were usually sufficient to cover both ventri-
cles. Total imaging time was between 40 and 60
minutes.

Left and right ventricular endocardial contours
were assigned manually by use of a Nodecrest V77
computer, and diastolic and systolic volumes were
measured by summing the areas of the chambers in
each transverse image. The left and right ventricular
stroke volumes, ejection fractions, and the left to
right ventricular stroke volume ratio were derived
from the volumes.

RADIONUCLIDE VENTRICULOGRAPHY
Equilibrium radionuclide ventriculography was
performed after in vivo erythrocyte labelling with
740MBq of technetium-99m sodium pertech-
netate.6 Sixteen frames were acquired in the left
anterior oblique projection with 300 of caudal tilt by
means of a Siemens gamma camera (200mm field of
view) and a Medical Data Systems "A2" computer.
Fourier phase and amplitude images were
constructed7 and used together with the end
diastolic and end systolic images to assign left and
right ventricular regions of interest. Counts within
these regions were used to calculate left and right
ventricular ejection fractions and the left to right
ventricular stroke volume ratio. Background counts

were estimated from a crescentic region inferior and
lateral to the left ventricle.

CARDIAC CATHETERISATION
Mitral and aortic regurgitation were assessed from
an x ray contrast left ventriculogram and aortogram
respectively by one of three consultant radiologists
without knowledge of the magnetic resonance or
radionuclide findings. Aortic regurgitation was
classified as trivial (I), mild (II), moderate (III), or
severe (IV) according to whether regurgitant con-
trast opacified the left ventricle incompletely and was
cleared at end systole (I), failed to be cleared at end
systole (II), accumulated within the left ventricle
with complete opacification (III), or filled the ven-
tricle completely at the end of the first diastole fol-
lowing injection (IV).89 Mitral regurgitation was
classified into the same grades according to the size
of the regurgitant jet and the degree of left atrial
opacification, taking into account the size of the left
atrium.10 l

STATISTICAL ANALYSIS
The Wilcoxon rank-sum test was used to compare
measurements between groups and to compare with
a group of normal subjects previously studied by the
same methods.4

Results

Magnetic resonance image quality depended mainly
upon the ability of the patient to keep still during
acquisition and upon the cardiac rhythm. In the four
patients with atrial fibrillation the images were of
poorer quality but it was still possible to measure
ventricular volume. Figure 1 shows a coronal image
in one of the patients with atrial fibrillation and
mitral regurgitation due to valve prolapse.

Cardiac anatomy was easily judged from the
images, giving an estimate of relative chamber sizes,
myocardial hypertrophy, and aortic dilatation. Fig-
ure 2 shows the dilated ascending aorta in a patient
with Marfan's syndrome and mitral valve prolapse.
In one patient with aortic regurgitation studied dur-
ing an episode of infective endocarditis, an abscess
mass was seen involving the anterior aortic wall com-
pressing the right ventricular outflow tract (fig 3).
This abnormality was also shown by echo-
cardiography. The aortic and mitral valves were vis-
ible in many of the patients, particularly the mitral
valve in the systolic images, but resolution was not
sufficient to identify valve abnormalities.
Mean (SD) left ventricular end diastolic volume in

the whole group of patients was 262 ml (131.5),
which is significantly higher (p < 0-001) than the
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Fig 1 Systolic coronal magnetic resonance image through Fig 2 Magnetic resonance image of transverse section at
the left atrium (LA), mitral valve, and left ventricle the level of the pulmonary valve in a patient with Marfan's
(LV) in a patient with atrial fibrillation and severe mitral syndrome and mitral regurgitation through a floppy mitral
regurgitation through a floppy mitral valve with ruptured valve. The ascending aorta (AAo) is dilated (67mm
chordae tendineae. The left atrium is very large and diameter) and there is mild pectus excavatum. The aortic
although the left ventricle is also enlarged (end diastolic valve was competent. DAo, descending aorta; PA,
volume 403 ml) systolic function was good (left ventricular pulmonary artery.
ejection fraction 057). The regurgitant fraction was 0 47.

normal value of 132 ml (14 7), measured by the same
method in a group of 20 normal subjects.4 There was
no significant difference (p > 0 05) between mean
right ventricular end diastolic volume in the patients
(160ml (53.7)) and the same group of normal sub-
jects (152 ml (20 9)). Figure 4 shows the correlation
between left ventricular end diastolic volume and the
left to right ventricular stroke volume ratio measured
by magnetic resonance. There is a loose but
significant correlation (r = 0 75, standard error of
the estimate (SEE) 88-8 ml, p < 0-001).

Figure 5 compares magnetic resonance mea-
surements of the stroke volume ratio with the semi-
quantitative assessment of severity of valvar regur-
gitation made at cardiac catheterisation. There was
very little overlap between the four groups, and the
mean stroke volume ratio increased with the severity
of regurgitation. In the group with severe regur-
gitation, there was a wide range of stroke volume
ratios (1 6-3 5), but in the other groups the ranges
were narrower.
The mean (SD) values of stroke volume ratio in

each group were: trivial 0 95 (0 11), mild 127.(0-09),
moderate 1-50(0-10), severe 2-34(0 50). Mean (SD)
stroke volume ratio in 20 normal subjects who had
been studied previously was 1 01 (0-067),4 so that
although there was no significant difference between
normal and the group with trivial regurgitation (p >
0 05), in the other three groups the difference in

mean stroke volume ratio was highly significant (p <
0 001). The differences between the groups with
trivial and mild regurgitation and between those
with mild and moderate regurgitation were

Fig 3 Magnetic resonance image of transverse section at
the level of the aortic valve in a patient with infective
endocarditis on a severely incompetent valve. There is an
abscess mass (Ab) involving the anterior aortic wall and
compressing the right ventricular outflow tract (RVOT).
Ao, aortic root; LA, left atrium; RA, right atrium.
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significant (p < 0 05), and the difference between
the moderate and severe groups was highly
significant (p < 0 001).
Two patients were restudied after valve operation.

In one (preoperative image in fig 3) after homograft
aortic root and valve replacement the stroke volume

ratio fell from 2-0 to 0-95, and in the other after
mitral valve repair it fell from 1 9 to 0 95.

Figures 6 to 8 show the relation between magnetic
resonance and radionuclide measurements of left
ventricular ejection fraction, right ventricular ejec-
tion fraction, and stroke volume ratio. There was a
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Fig 4 Correlation between the left ventricular end diastolic
volume (LVEDV) and left to right ventricular stroke
volume ratio (LVSV:RVSV) measured by magnetic
resonance. The dotted line shows the regression equation
(y = 161x - 32, r = 0 75, standard error of the estimate
= 88 8 ml, p < 0 001) .
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Fig6 Correlation between magnetic resonance and
radionuclide measurements of left ventricular ejection
fraction (y = 0 73x + 0 16, r = 0-85, p < 0 001,
standard error of the estimate = 0-06). The dotted line is
the line of identity.
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Fig 5 Magnetic resonance (MR) measurements of the
ratio of left ventricular stroke volume to right ventricular
stroke volume (LVSV:RVSV) compared with
angiographic assessment of the severity of regurgitation.
The bars represent mean and standard deviation in each
group.
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Fig 7 Correlation between magnetic resonance and
radionuclide measurements of right ventricular ejection
fraction (y = 0O69x + 0-25, r = 0-58, p < 0 01,
standard error of the estimate = 0-09). The dotted line is
the line of identity.
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Fig 8 Correlation between magnetic resonance
radionuclide measurements of left to right ventri
volume ratio (y = 0 61x + 0-36, r = 0-88, p
standard error of the estimate = 0 31). The do
the line of identity.

close relation for left ventricular ejection fraction
(mean (SD) difference between measurements =
0 012 (0 070)), but for right ventricular ejection frac-
tion it was much worse, with the radionuclide
method consistently giving lower results (mean
difference = 0-144 (0 088)). Agreement for the
stroke volume ratio was good but the radionuclide
method gave higher values than magnetic resonance
(mean difference = - 620 (0 464)).

Discussion

Several methods are available for the assessment of
valvar regurgitation, and although echocardiography
is the most widely used imaging technique, without
Doppler ultrasound quantification is difficult. We
have chosen to compare magnetic resonance with
angiocardiography and radionuclide ventriculo-
graphy because they are most commonly used to
assess the severity of regurgitation. There is in gen-
eral good correlation, but the differences illustrate
some of the problems of angiographic and radio-
nuclide assessment.

ANGIOCARDIOGRAPHY
Angiocardiography is widely performed and
although it is invasive its ability to measure pressure
allows an assessment of stenosis as well as regur-
gitation. It is not suitable, however, for regular fol-
low up, and it provides only a semiquantitative mea-

- - surement which has eluded more accurate
,' description. A more precise measurement can be

, * obtained by comparing the forward stroke volume
measured by thermodilution or indicator dilution

o with total stroke volume measured by left ventricu-
lography but the results are not reproducible and

0* their accuracy in routine use is poor.'2
This study compares magnetic resonance mea-

0 ° surements and the commonest angiographic method,
with experienced observers each using the same cri-
teria. The criteria essentially assess regurgitant vol-
ume,8 -11 and although the volume of the chamber
into which the contrast regurgitates may influence
the findings the result will be closely related to regur-
gitant volume or fraction (regurgitant fraction =
regurgitant volume - stroke volume). Since the left

- , to right ventricular stroke volume ratio is related
4. reciprocally to regurgitant fraction (regurgitant frac-

lY tion = 1 - 1 + stroke volume ratio), the shape of
and the relation in fig5 can be predicted. It is expected
icular stroke that there will be a wide range of stroke volume ratios
< 0001, within the group with high regurgitant fractions
tted line is (severe regurgitation) but narrower ranges in the less

severe groups.

RADIONUCLIDE VENTRICULOGRAPHY
Radionuclide methods for the assessment of valvar
regurgitation are non-invasive and they are suitable
for regular follow up of adults'3 14 and children.'5 16
In addition, studies can be performed during
dynamic exercise to provide information on the
effects of regurgitation upon ventricular function.
Both first pass' 7 18 and equilibrium techniques have
been used,'3 19 the latter more widely. Values
obtained by equilibrium radionuclide ventricu-
lography depend upon the methodology, and
although the method used in this study gives
reproducible results'3 the stroke volume ratio is
greater than 1 in normal subjects with a
range of 1-0 to 1-7 (S R Underwood, S Walton,
unpublished observations). This is because in the
left anterior oblique projection (even with caudal
tilt) the right ventricle and atrium overlap and right
ventricular stroke counts are underestimated.20 Fig-
ure 8 shows this effect. The radionuclide technique
consistently overestimates the stroke volume ratio,
but correlation with magnetic resonance is good and
the radionuclide value alone could be interpreted by
reference to the regression equation or to a normal
range.

Overlap between right atrium and ventricle also
leads to an underestimation of right ventricular
background counts and right ventricular ejection
fraction. Figure 7 shows that the radionuclide mea-
surement of right ventricular ejection fraction is
consistently lower than the magnetic resonance
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measurement but, more importantly, correlation
between the two is not as good as for the left ven-
tricle. This implies that the contribution of the right
atrium to background is very variable, and right ven-
tricular ejection fraction measured by this technique
should be interpreted with caution.

MAGNETIC RESONANCE
Volume measurements by magnetic resonance are
very simple but there are several points to consider
in achieving accurate results. Most important is
image quality and patient cooperation is essential for
this.2' In future imaging times will be reduced,
simplifying the imaging of sick or uncooperative
patients: real time imaging is already possible.22
Respiratory gating can be used to eliminate respira-
tory motion artefact, but imaging time is unaccept-
ably prolonged and alternative techniques such as
respiratory ordered phase encoding23 are more
suitable.

Irregular rhythms also degrade image quality
because the size and position of the heart may vary
with each heart beat. Many patients with mitral valve
disease are in atrial fibrillation, but satisfactory
images are still obtained (fig 1). Because there is less
variation in end systolic size of the ventricles the
systolic images are better than diastolic. It is tech-
nically possible to reject data from beats with lengths
outside a predetermined range if the aquisition time
is extended. This is particularly helpful in patients
with extrasystoles or profound sinus arrhythmia, but
was not necessary in any of the patients in this study.
Accuracy in outlining the endocardium is also

important and some experience is needed to achieve
reproducible results. Visual methods are adequate
for edge detection in these high resolution, high con-
trast images, but automatic edge detection would
speed up the process. An automatic programme
would need to be complex, since it can often be
difficult to distinguish between signals from the
myocardium and from static blood within the ven-
tricle,24 particularly under the anterior cusp of the
tricuspid valve. In addition, criteria must be defined
for the inclusion or exclusion of trabeculae and
papillary muscles. We excluded papillary muscles
but included small trabeculae in the cavity because
the latter may not occupy the whole of a 10mm slice,
and we found that exclusion gave low values for right
ventricular stroke volume.4 Thinner slices are more
accurate but they increase the acquisition time or
decrease the signal to noise ratio.
An important limitation of the use of the stroke

volume ratio for the measurement of regurgitation is
that in the presence of multiple valve disease or
shunting the ratio reflects the sum of all effects. With
equally severe mitral and tricuspid regurgitation for

instance the ratio will be 1. More accurate assess-
ment of multiple lesions will be possible by magnetic
resonance flow imaging.25 26 A colour coded cine
display of blood velocity within the cardiac cham-
bers and arteries may be superimposed upon the
anatomical images,27 allowing an assessment of
regurgitation in the same way as two dimensional
Doppler flow imaging,28 although with greater ver-
satility.
Some patients with valvar heart disease may have

prosthetic valves but this is not a contraindication to
magnetic resonance imaging.29 Virtually all modern
valves are non-ferromagnetic and their workings are
not affected by either static or changing magnetic
fields. They may cause loss of magnetic resonance
signal and hence a "black hole" in the image, but the
area affected is small and does not prevent assess-
ment of the rest of the heart.

ECHOCARDIOGRAPHY
Both M mode and cross-sectional echocardiography
are widely used in the assessment of patients with
valvar heart disease. The presence and type of dis-
ease are seen and the severity of stenosis can be
assessed. Valvar regurgitation is less easy to quan-
tify, however, and reliance is usually placed on indi-
rect observations such as relative chamber sizes and
diastolic fluttering of the mitral valve. Continuous
wave and pulsed Doppler echocardiography are sen-
sitive and specific in the detection of valvar regur-
gitation, 3031 and they allow an assessment of the
severity of regurgitation in various ways.32 -34 Two
dimensional Doppler flow imaging is also of poten-
tial value, although it is not yet widely practised and
its clinical role is still to be established.28 3538
Although cross-sectional echocardiography was

performed on all the patients in this study, with
Doppler velocity measurements in some, we did not
compare the magnetic resonance results with echo-
cardiography because reliable quantitative informa-
tion was not always achieved.

Conclusion

Magnetic resonance imaging allows an assessment of
cardiac anatomy and ventricular function in patients
with isolated aortic and mitral regurgitation. It
provides an accurate measure of ventricular volume,
ejection fraction, and the left to right ventricular
stroke volume ratio, which can be used to quantify
the severity of regurgitation. Associated anatomical
features may be seen, but details of valve disease are
not well shown. Although it is unlikely to displace
conventional methods of assessment in the short
term, magnetic resonance imaging is a valuable addi-
tion and serves as a suitable standard by which to
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judge their accuracy. Improved resolution, rapid
imaging techniques, and flow imaging promise an
important role for magnetic resonance in the future
assessment of valvar heart disease.
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