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Summary

Nuclear magnetic resonance imaging (MRI)is a noninvasive method which can discriminate between
flowing blood and vascular walls, and is expected to contribute to the diagnosis of cardiovascular
diseases. Since the data acquisition by conventional MRI is too long for precise cardiac imaging, the
ECG-gated method is mandatory in evaluating cardiac function and producing cardiac images of high
quality. To evaluate the effectiveness of ECG-gated MRI, left ventricular wall motion and ejection
fraction by MRI were compared with those obtained by radionuclide technique. Two types of MR
imagers were used : one with a resistive magnet (0.15 Tesla) for 12 patients, and the other with a
superconductive magnet (0.35 Tesla) for eight patients. MRI imaged cardiac muscle and vascular walls
without the need for any contrast media or radionuclides. The superconductive apparatus provided
better quality images than did the resistive one. Comparing MRI with radionuclide technique regarding
left ventricular wall motion, resistive and superconductive MRI data correlated satisfactorily with
those of radionuclide technique, except in the inferior wall, which was better evaluated by radionuclide
technique. Left ventricular ejection fraction obtained by MRI was moderately lower than those obtained
by radionuclide technique, though the correlation was good [r=0.84 (resistive unit) and r=0.85 (super-
conductive unit)]. In addition to three-dimensional morphological information, ECG-gated MRI pro-
vides information nearly comparable to that of radionuclide technique in the evaluation of left ventri-
cular function and wall motion. Therefore, we regard gated MRI as effective in evaluating various
aspects of cardiovascular diseases.
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Introduction

Good quality examinations are minimally
invasive and provide clear images and sufficient
information for the physician to accurate diag-
nosis. The diagnostic imaging techniques for
cardiovascular diseases include contrast angio-
graphy, X-ray CT, and nuclear medicine. Each
of these modalities has its own advantages, but
all of them involve ionizing radiation exposure
and use of contrast media or radionuclides
which can cause severe side effects including
shock. Echocardiography is a non-invasive imag-
ing modality, which require technical skill and
expeniences in its interpretation. The recently
developed nuclear magnetic resonance imaging
(MRI) involves no ionizing radiation exposure
or other hazards, and provides objective three-
dimensional images. Its diagnostic capabilities
have been documented in neurology, especially in
evaluating the posterior fossa, the spine and the
spinal canal. MRI is also expected to be di-
agnostically effective for cardiovascular diseases
due to its ability to discriminate flowing blood
from the vascular wall. However, the data acqui-
sition time of conventional MRI is too long to
provide clear cardiac images; therefore, the
gated method is mandatory to evaluate cardiac
function and to obtain cardiac images of good
quality. The present study was designed to
determine the effectiveness of ECG-gated MRI,
comparing with established techniques in cardio-
vascular nuclear medicine.

Methods and Materials

MR imagers

We have used two types of MRI apparatus
clinically; one, with a resistive magnet; the
other, with a superconductive magnet. The
resistive apparatus had a 0.15 Tesla magnet,
and required an inversion recovery (IR) pulse
sequence for gated heart studies to distinguish
the cardiac pool from muscle. The supercon-
ductive apparatus was operated at 0.35 Tesla and
required a spin-echo pulse sequence to dis-
tinguish the cardiac blood pool from heart mus-
cle. Single-slice images produced by the resistive

magnet apparatus and multiple images from the
superconductive apparatus were used. The
images of both units were reconstructed using
the 2-dimensional (2D) Fourier transformation
imaging techniques. Images were based on a
256x256 matrix. The thickness of the slices
made by the resistive and superconductive mag-
net apparatus was 15 and 10 mm respectively.
Imaging technique

Images can be obtained by resistive magnet
imager using saturation recovery (SR) and
inversion recovery (IR), but the former cannot
distinguish the blood flow from the vascular
walls, probably due to short Tg. The former
pulse sequence was used to select slices because
of its short acquisition time. In the inversion
recovery scan, T; was 400 msec; and Tg, 13
msec. For end-diastolic images, we obtained
an echo-signal at the R wave, and the time
delay between the Rwave and the 180° pulse
was set at the RR time interval minus 413
msec. End-systolic images were obtained in
the same way at the T wave (Fig. 1). With the
superconductive MR imager, only the spin-
echo technique with T of 35 and 70 msec was
used; a Ty of 200 msec was used to select slices.
To obtain end-diastolic images, a 90° pulse was
applied at half the maximum height of the R
wave for an echo-signal near the R wave. End-
systolic images were made by applying a 90°
pulse at RT time minus 35 msec (Fig. 2). The
data acquisition time using the resistive magnet
MRI was four to six minutes per slice, and the
reconstruction time was one minute per slice.
With superconductive MRI, the time for data
acquisition was 10 to 15 minutes for three to four
slices, and the reconstruction time was eight
seconds per slice.
Evaluation of the left ventricle

Left ventricular wall motion abnormalities
were evaluated by displaying the end-diastolic
and end-systolic images reciprocally on the
CRT. The left ventricular ejection fraction was
calculated by obtaining the left ventricle volume
using the area-length method.
Radionuclide technique

The multigated blood-pool scan was obtained
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ECG-gated MRI

End-systolic

Fig. 1.
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Pulse sequence of gating in resistive MRI.
The following values are usually applied: T1=400 msec; Ty=13 msec.
*=inversion of field gradient; Dd: time delay for diastolic image; Ds: time delay for systolic image.
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Fig. 2. Pulse sequence of gating in superconductive MRI.

T =35 and 70 msec.
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Table 1. Clinical diagnosis of patients using
resistive MRI

Normal 2 (2
Pericarditis 1
Cardiomyopathy 4+ (2)
Myocardial infarction 12 (7)

Total 19 (12)

The figures in parenthesis indicate the numbers of
patients who were evaluated by both MRI and radio-
nuclides techniques.

Table 2. Clinical diagnosis of patients who
underwent superconductive MRI

Normal 2 2
Cardiomyopathy 2 (1)
Myocardial infarction 10 (5)

Total 14 (8)

by both the first-pass and equilibrium methods
using LFOV gamma camera after the injection
of 20 mCi of Tc-99m in vivo-labelled erythro-
cytes. Left ventricular wall motion was measured
using both the first-pass and equilibrium images.
The left ventricular ejection fraction was also
evaluated using both methods, but in this com-
parative study only the values from the equili-
brium method were used.
Patient population

The resistive magnet MR imager was used
for 19 patients, 14 were men and five were
women, whose ages ranged from 36 to 81 years,
with an average age of 54.6 years. There were
two normals, four with cardiomyopathy, one
with pericarditis, and 12 with myocardial in-
farction (Table 1). Within one week of each
other, 12 of the 19 patients were tested using
both MRI and radionuclide techniques. Using
the superconductive MR imager, 14 patients,
10 men and four women, whose ages ranged
from 45 to 72 years and averaged 52.5 years
were studied. Eight of the 14 patients were
evaluated by both procedures (Table 2).

Fig. 3. Resistive MRI of a patient with hyper-
trophic cardiomyopathy.

In SR image (a), the cardiac muscle cannot be
distinguished from the blood pool, probably due to
short T';. End-diastolic (b) and the end-systolic (c) IR
images show thickened cardiac muscle and good
wall motion of the left ventricle.
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Fig. 4. Superconductive MRI of a patient without cardiac problems.
End-diastolic (a) and end-systolic (b) spin-echo (SE) images reveal good wall motion of the left
ventricle. The quality of images is better than that of resistive images shown in Fig. 3.

Results

By resistive magnet (MR) imaging, only the
inversion recovery images could distinguish
cardiac muscle from the blood pool without
using contrast material (Fig. 3). Using super-
conductive MR imaging, all spin-echo images
clearly differentiated cardiac muscle from the
blood pool. The quality of the images obtained
by the superconductive MRI apparatus was
superior to that obtained by the resistive
magnet imager, largely because of better spatial

and contrast resolution, as shown in Fig. 4.

The comparative results of left ventricular
wall motion assessed by resistive MRI and by
gated blood pool images are shown in Table 3;
those by superconductive MRI and radio-
nuclides, in Table 4. Correlations of both
modalities with cardiovascular radionuclide
techniques were satisfactory except in the
inferior wall, which was better evaluated using
radionuclide techniques.

Left ventricular ejection fractions obtained by
MRI and radionuclide studies are summarized
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Table 3. Left ventricular wall motion assessed by resistive magnet MRI

Case Age Sex Anterior Septum Lateral Posterior Inferior

1. 46 F MRI N N N N U
NM N N N N N

2. 45 M MRI N N N N U
NM N N N N N

3. 49 M MRI N N N N U
NM N N N N N

4. 36 M MRI N N N N U
NM N N N N N

5. 66 F MRI H H H H U
NM H H H H H

6. 47 M MRI N N N N U
NM N N N N H

7. 56 M MRI A H N N U
NM A H N N A

8. 66 F MRI A H N N U
NM A H N N H

9. 45 M MRI N A N A U
NM N A N A A

10. 37 M MRI N H N N U
NM N H N N H

11. 68 M MRI N H N N U
NM N H N N N

12. 56 M MRI A A N N U
NM A H N N A

N =normal wall motion; H=hypokinesia; A =akinesia; U=undetermined.

NM =radionuclide studies.

in Tables 5 & 6. Ejection fractions obtained by
MRI were moderately lower as compared with
those obtained by radionuclide techniques.
Correlation of the two methods was good:
r=0.84 (resistive) and r=0.85 (superconductive).

Discussion

The phenomenon of nuclear magnetic reso-
nance (NMR), first discovered by Purcell and
Block in 194612, occurs when nuclei having
magnetic components are placed in strong mag-
netic fields. When these magnetized nuclei are
exposed to radio waves of a specific frequency,
they emit signals having the same frequency as
that induced. With NMR phenomenon, infor-
mation concerning chemical shifts and relaxation

times can be obtained. ‘‘ Chemical shift * refers
to the fact that the same nucleus has different
resonance conditions in different chemical envi-
ronments. With chemical shift as the basis for
NMR spectroscopy, the structures of individual
chemical species can be analyzed noninvasively.
NMR spectroscopy has been widely applied to
chemistry, especially to structural organic
chemistry since 1960.

After stimulation, the nuclei lose energy,
emit radio waves, and transfer energy to sur-
rounding molecules while returning to equili-
brium. This process by which energy is lost is
called ‘‘ relaxation.” These processes are ex-
ponential in time and are characterized by two
time constants: T, (the longitudinal magnetic
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Table 4. Left ventricular motion assessed by superconductive magnet MRI

Case Age Sex Anterior Septum Lateral Posterior Inferior
1. 54 F MRI N N N N U
NM N N N N N
2. 50 F MRI N N N N U
NM N N N N N
3. 50 F MRI N N N N U
NM N N N N N
4. 72 M MRI N N N N U
NM N N N N N
5. 46 M MRI N N N N U
NM N N N H N
6. 62 M MRI N N N N U
NM N N N N A
7. 45 M MRI N N N A U
NM N N N A A
8. 68 M MRI A A H N U
NM A A H N N

N =normal wall motion; H=hypokinesis; A =akinesis; U=undetermined.

Table 5. Left ventricular ejection fraction cal-
culated by resistive magnet MRI

Case Diagnosis MRI NM
1. N1 42.9 (%) 59.6 (%)
2. N1 37.7 50.9
3. PC 25.0 50.3
4. CM 39.3 56.6
5. CM 17.8 31.1
6. MI 37.5 55.3
7. MI 231 29.5
8. MI 32.3 37.7
9. MI 441 48.7

10. MI 14.6 24.7

11. MI 319 32.0

12. MI 16.3

23.0

Nl=normal; PC=pericarditis; CM =cardiomyo-
pathy; MI=myocardial infarction.

relaxation time) and T} (the transverse magnetic
relaxation time). In 1971, Damadian demon-
strated that the T, and T, relaxation times of
malignant lesions differed from those of normal
tissues® . Damadian and Lauterbur both tried to

Table 6. Left ventricular ejection fraction cal-
culated by superconductive magnet

MRI

Case Diagnosis MRI NM

1. N1 43.1 (%) 53.9 (%)

2. Nl 65.9 61.9

3. CM 63.8 87.1

4. MI 521 62.8

5. MI 46.5 55.8

6. MI 55.6 46.2

7. MI 35.3 47.3

8. MI 11.0 18.6
Nl=normal; CM =cardiomyopathy; MI=myo-

cardial infarction.

apply NMR clinically, and Lauterbur reported
the successful use of NMR in clinical imaging in
19734, However, only during the past several
years has MRI been truly used clinically. This
was partly because of the widely successful
diagnostic imaging using X-ray CT, which was
introduced in 1972%. In the 1980s, when the
role of CT was clarified, the search for a new
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Fig. 5. Gated image of a patient with hypertrophic cardiomyopathy.

End-diastolic MRI shows thickened left ventricular wall, particularly in the septum. The quality of
image is better than that of the non-gated one shown in Fig. 6.

Fig. 6. Non-gated image of a patient with hypertrophic cardiomyopathy.
The left ventricular wall is thought to be thickened on MRI without gating, but because of poor
image quality, a definite determination cannot be made.

and more efficient diagnostic modality has
intensified. MRI is well-suited to answer this
need.

MRI has been classified according to the
permanent and electric current magnets used,
and the latter, dividing into resistive and super-
conductive magnet types. Many manufacturers
are presently concentrating on producing super-
conductive magnets because of their uniform,
stable magnetic fields. As shown in Figs. 3 & 4,
the images produced by superconductive type
MR apparatus are superior to those produced
by resistive type apparatus. There are numerous

reports of the usefulness of MRI, particularly in
neurology®?, but in other fields, its effectiveness
is still being evaluated. MRI has been con-
sidered useful for cardiovascular diseases, be-
cause it can distinguish flowing blood from solid
organs without contrast materials or radio-
nuclides®?. Data acquisition times of conven-
tional MRI apparatus are too long to allow
precise cardiac imaging. The gating method
is mandatory for evaluating cardiac function and
for depicting images of good quality (Figs. 5 &
6). For gated MRI, plethysmographic, laser-
Doppler and electrocardiographic signals have
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Fig. 7. Image of a patient with old myocardial infarction.
MRI reveals severe thinning of the posterior wall of the left ventricle.

Fig. 8. Images of a patient with recent myocardial infarction.

MRI with T} of 35 msec. (a) shows an area of high intensity in the inferoposterior wall of the left
ventricle. MRI with T} of 70 msec. (b) reveals an area of higher intensity in the same region, which
suggests a prolonged T, relaxation time.

been used. The ECG-gating method is reported-
ly most suitable for in vivo cardiac MRI. The
cardiac images from the early portion of the
cardiac cycle are difficult to obtain due to
intrinsic delays between the R wave of ECG
and the peripheral detection of the gating signal
by plethysmography and laser-Doppler veloci-

metry'?,

The R wave of ECG was used as the gating
signal in the present study. The purpose of this
study was to determine the effectiveness of
ECG-gated MRI compared to established
cardiovascular radionuclide technology. Using
resistive and superconductive MRI and radio-

— 1195 —



Nishikawa, Ohtake, Machida, et al

nuclide techniques, correlations of left ventri-
cular wall motion were the same, except for
those of the inferior wall, which were better
evaluated by radionuclide technique. This is
due to the fact that MRI is limited to transaxial
cardiac images in the present study, and the in
ferior wall is nearly parallel to this transaxial
plane. From end-systole to end-diastole the locus
of the inferior wall includes several planes, so
inferior wall motion cannot be evaluated in a
single plane, even if it were possible to obtain
both end-systolic and end-diastolic images in
that plane. Sagittal tomography has been neces-
sary to evaluate the inferior cardiac wall by gated
MRI. We are now able to evaluate the inferior
wall motion using gated sagittal images produced
by superconductive MRI. Left ventricular ejec-
tion fractions determined by MRI were relatively
lower than those by radionuclide technique, be-
cause we are currently using only transaxial
images, causing the long axis of the left ventricle
as measured by MRI to appear shorter than its
true long axis. Despite this, the correlation of
values by both modalities was satisfactory
(resistive: r=0.85; superconductive: r=0.84).
This leads us to believe that use of a new tomo-
graphic plane of the heart would permit deter-
mining the true ejection fractions of the left
ventricle without the need of contrast media.

Our results mentioned above proved ECG-
gated MRI was effective in evaluating left ven-
tricular status. We subsequently applied super-
conductive MRI to myocardial infarction (MI)
and hypertrophic cardiomyopathy (HCM). MRI
demonstrated diffusely thickened myocardium in
patients with HCM (Fig. 5), thin areas of the
ventricular wall due to old MI (Fig. 7), and
recent MI with the myocardium of apparently
normal thickness. Interestingly, recent MI
lesions were represented as areas of prolonged
T, relaxation times (Fig. 8). These results cor-
related well with previous reports that experi-
mental myocardial infarction in dogs had pro-
longed T; and T, values!!~13

One of the advantages of MRI is its good
contrast resolution of soft tissue without the
need for contrast materials. However, a suitable

contrast material might permit subtle imaging
differences between lesions and normal cardiac
muscle. The bivalent manganese ion (Mn2*)
was first used as a potential pharmaceutical for
MRI of experimental myocardial infarction.

Brady reported that nine of 12 dogs receiving
manganese showed differences in the image
intensities between the normal myocardium and
that subjected to reduced perfusion for 90
minutes!¥. However, Mn2* can be toxic to the
cardiovascular system. Among many rare-earth
materials, metal cations and nitroxide spin labels
tried as potential contrast agents for MRI, only
Gd-DTPA has been used clinically as an effec-
tive contrast agent in patients with cerebral,
hepatic and urinary bladder tumors!®, but there
has been no report of its application to patients
with cardiovascular diseases. Gd-DTPA is
reportedly useful in increasing the sensitivity
and diagnostic utility of MRI in experimental
myocardial infarction and acute myocardial
ischemia'® . Hence, good results can be expected
clinically.

In summary, MRI can discriminate between
cardiac muscle and vascular walls without the
need for contrast media or radionuclides. The
present study using resistive and superconduc-
tive MRI demonstrated the effectiveness of the
ECG-gated method and showed that gated MRI
provided nearly the same information as did
radionuclides in evaluating left ventricular
function and wall motion. Superconductive
imaging is more advantageous than resistive
type imaging, because of its fast data acquisition
and its high quality images. Our clinical ex-
perience with ECG-gated superconductive MRI
has been brief, but the three-dimensional
morphological information provided in various
cardiovascular diseases was excellent. We are
now investigating the relationship of T, relaxa-
tion times to heart diseases. With the further
development of MRI, improved data analysis,
and proper contrast materials, gated MRI will
no doubt provide more useful information for
the diagnosis of various cardiovascular diseases
and become a more effective means of contribut-
ing various aspects to cardiovascular evaluations.
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