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To determine the ability of nuclear magnetic resonance (NW) imaging to assesa left ventricular 
(LV) volumes and ejection fraction (EF), we studted 24 patknb wfthk 48 hours of atngie-piane LV 
angkgraphy. in ail patients, a tranaverae, ak$ie-ptane NWt acqwiattton techntque we8 employed 
with LV end-diaatoik (ED) and end-syatoiic (ES) volumes (V) cekukted by a modtftad area-iength 
algorithm. in nine patients, a muitiaiice ecqwkttkn technique waa empieyed with LVEDV and 
LVESV calculated by a Simpson’s rule algorithm. NWt-detarmked LVV and EF correlated 
reaaonabiy well with angiographk values (LVEDV: r = 0.75; LVESVz r = 0.90, and LVEF: I = 0.76). 
The single-plane NMR technique aignificantiy underestimated LVEDV @ < 0.01) whereas no 
significant difference was demonstrated for LVESV. AS a result, angkgraphic LVDF was 
aigniflcantiy underestimated (p < 0.05). This wndereattmetkn is itttaty related to off-aria imaging 
and to the geometrk constraints of a single-plane aigorithrn. in comparing muitiafke NW? to 
anglographic data, no signifkant dtfference wsa demonstrated for LyfDV, LVESV, or LVEF. Thus, 
qusntttation of LVV end EF with NMR is feasible, and comparison to angkgraphic votwmes is 
aimiiar to results reported from other noninvaaive imagtng modattties. improvement in current 
acquisition techniques and software shot&i reawit tn further qwantttattve potenttai. (AM HURT J 
1987;113:24.) 

Lee R. Dilworth, M.D., Alex M. Aisen, M.D., G. B. John Mancini, M.D., F.R.C.P.(C), 
Ian Lande, M.D., and Andrew J. Buda, M.D. Ann Arbor, Mich. 

The assessment of left ventricular (LV) function is 
fundamental to the diagnostic evaluation, prognosti- 
cation, and therapy of patients with cardiac disease. 
Traditionally, LV volume and ejection fraction have 
been important parameters in this assessment. Ever 
since Sandler, Dodge, et al.‘, 2 validated angiographic 
methods of measuring LV volumes and ejection 
fraction, a number of noninvasive techniques have 
been used to estimate these parameters. Both echo- 
cardiographic and gated blood pool estimates of LV 
volume have yielded variable results when compared 
to angiographic measurements. Nuclear magnetic 
resonance (NMR) imaging is a new technique that 
has been used primarily for tissue characterization 
and qualitative structural analyses3 However, gated 
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cardiac NMR images provide excellent endocardial 
definition and thus should be potentially useful for 
quantitating LV volumes and ejection fraction. To 
determine the accuracy of NMR determination of 
LV volumes and ejection fraction, we used two 
methods for determining these parameters by NMR 
and compared them to results from standard meth- 
ods that used LV angiography. 

METHODS 

Patient population. Twenty-seven patients (17 men and 
10 women, mean age 59 years, range 36 to 70 years) in 
normal sinus rhythm were studied prospectively. After 
informed consent had been obtained, all patients under- 
went NMR and routine cardiac catheterization, including 
conventional or digital angiography, within 48 hours. 
Three patients, two with technically unsatisfactory NMR 
studies (due to an irregular cardiac rhythm resulting in 
poor image quality) and one with a technically inadequate 
ventriculogram (due to post injection ventricular tachy- 
cardia), were excluded from further analysis. Among the 
remaining 24 patients, six had normal cardiac evaluations, 
14 had coronary artery disease (five with a history of 
myocardial infarction), two had variant angina, one had 
dilated cardiomyopathy, and one had idiopathic hypertro- 
phic subaortic stenosis. 

NMR acqutattion techniques and quantttatlve analysis. 

24 



Vdum. 113 

Number 1 LV volumes and EF by NMR 25 

Fig. 1. Transverse nuclear magnetic resonance images (acquired by the single-plane technique) at the 
midventricular level gated to end diastole (A) and end systole (B). This patient had coronary artery 
disease, but normal left ventricular function by cardiac catheterization. 

Fig. 2. Transverse nuclear magnetic resonance images (same as Fig. l), after magnification and tracing of 
left ventricular endocardial surface and long axis, gated to end diastole (A) and end systole (B). 
Trabeculations and papillary muscles were excluded from planimetered areas. The long axis was measured 
from the midpoint of the mitral valve plane to the left ventricular “apex.” 

Imaging was performed with a 0.35 tesla superconducting 
magnet (Diasonics MT/S, Diasonics, Milpitas, Calif.). 
Nonferromagnetic ECG leads were placed on the right and 
left subclavian and right abdominal regions. Gated, spin- 
echo NMR was performed with an echo delay (TE) of 28 
msec between the application of the initial radiofrequency 
pulse and the receipt of the corresponding signal (spin- 
echo). The pulse sequence repetition time (TR) was 
determined by each subject’s heart rate (60 to 100 bpm) 
and thus varied from about 0.6 to 1.0 second. Two NMR 
acquisition techniques (transverse single-plane and trans- 
verse multislice) were employed. A single-plane study 
required a total of 30 to 40 minutes and each multislice 
study required 50 to 60 minutes. The transverse single- 
plane acquisition technique was used in all 24 patients. 
Initially, a midventricular slice was chosen from five 
ungated images acquired at adjacent levels of the LV, 1 cm 
apart. Next, a gated end-diastolic image (10 msec after the 
R wave) was acquired at this level (Fig. 1, A). Gating was 
then reset for end systole (estimated by the midpoint of 

the downslope of the T wave’), again with acquisition at 
the midventricular level (Fig. 1, B). 

Quantitative analysis of these first spin-echo images 
was performed with a planimetry program. After magniii- 
cation, the endocardial border of the LV was traced, 
excluding the papillary muscles, and the LV area was 
computed. The long axis was measured from the midpoint 
of the mitral valve plane to the LV “apex” (Fig. 2, A and 
B). LV volumes were calculated by means of a modified 
area-length algorithm? V = 813~ X A2fL (l), where 
V = LV volume, A = area of transverse plane (through the 
center of the LV), and L = long axis (of same transverse 
plane). 

The multislice acquisition technique was employed in 9 
of the 24 patients. Initially, five images (at consecutive 100 
msec intervals) were acquired at each of 10 levels (Fig. 3). 
The end-diastolic (the first frame) and the approximate 
end-systolic (the frame with the smallest LV area) images 
were chosen at all levels through the left ventricle and 
were planimetered for area, with volumes calculated by a 
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Fig. .3. Transverse nuclear magnetic resonance images (acquired by the m.ultislice technique) at the 
midventricular level. The first image was gated 10 msec after the R wave. The next four images were 
acquired at the same level at consecutive 100 msec intervals. The final image is identical to the fifth except 
with a grid overlaid. The end-diastolic (first frame) and approximate end-systolic (fourth frame, which has 
the smallest left ventricular area) images were analyzed as shown in Fig. 2. This patient had normal 
cardiac catheterization. 

Simpson’s rule algorithm! V = (A, + A, + . . . + A,.,)h + 
(An)h/2 + (v/6)h3 (2) where V = LV volume, A, = planim- 
etered area of LV at first level (base of LV), An = planim- 
etered area of LV at level “n” (LV apex), and h = distance 
between the centers of two adjacent slices (1 cm). 

The interobserver variability of the transverse, single- 
plane technique was assessed in 10 of 24 studies (chosen at 
random) by two investigators who interpreted the same 
study and measured the volumes independently of each 
other. Intraobserver variability was evaluated by one of 
the investigators repeating the measurements in 10 of 24 
studies selected at random at least 1 month after the first 
interpretation and without knowledge of the first mea- 
surements. 

Anglagmphic acquisRion techniquoe and quant#btive 
an&d$. Single-plane LV angiograms were acquired in all 
24 patients (by conventional or digital technique) in the 
30-degree right anterior oblique (RAO) projection at 60 
frames/set. For conventional contrast angiography, 35 to 
50 ml of Renografin-76 was injected at a flow rate of 10 to 
12 ml/set. For digital angiography, Renografin was mixed 

with normal saline l:l, and 35 to 50 ml was injected at the 
same rate. The LV silhouette was traced at end diastole 
(largest cavity size) and at end-systole (smallest cavity 
size). Only beats in sinus rhythm not preceded by a 
premature contraction were used for analysis. LV volumes 
were calcukted by the modified area-length algorithm6 
and the following RAO ventriculogram correction factor’ 
was applied: V = 0.81 X V’ + 1.9 ml (3) where V = cor- 
rected LV volume and V’ = uiworrected LV volume (as 
calculated from the modified area-length algorithm). 

StatWkrl unatyaia. All data are expressed as mean f 
standard deviation. Statistical correlations between data 
were made with linear regression analysis. Student’s 
paired t test was employed to determine statistical signif- 
icance in comparing the NMR to angiographic data. 
Results were considered significant if p was less than 
0.05. 

RESULTS 

The angiographic and NMR d&a are listed for 
individual p&k&a in Tables I and II. P&ient.s No. 1 
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Table 1. Volume and ejection fraction data 

LV volumes and EF,by NMR 27 

Patient 
no. Diagnosis 

LVEDV (ml) LVESV (ml) LVEF (X) 

Angio NMR Angio NMR Angio NMR 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean + S.D. 

IHSS 
CAD,-MI 
CAD,+MI 
CAD,+MI 
CAD,-MI 
CAD,+MI 
CAD,-MI 
VA 
CAD,-MI 
NL 
NL 
CAD,-MI 
CAD,+MI 
CAD,-MI 
CAD,-MI 
NL 
NL 
VA 
NL 
NL 
CAD,-MI 
CAD,-MI 
CAD,+MI 
DCM 

51 48 8 14 84 71 
155 105 29 22 81 79 
122 143 55 82 55 43 
101 88 46 33 54 63 
153 153 63 49 59 68 
156 105 33 26 79 75 
144 147 74 59 49 60 
170 146 72 57 58 61 
110 122 37 37 66 70 
183 114 53 49 71 57 
123 99 32 38 74 62 

95 81 19 27 80 67 
174 180 61 71 65 61 
142 128 49 36 65 72 
146 89 36 29 75 67 

82 92 26 22 68 76 
144 168 38 38 74 77 
171 134 59 51 65 62 
128 115 38 34 70 70 

93 83 21 27 77 67 
118 134 29 30 75 78 

98 73 33 33 66 55 
165 160 49 75 70 53 
199 202 145 180 21 1 

134 + 36 121 + 377 46 f 27 47 * 33 67 + 12 64 f 14* 

Abbreviations: LVRDV = left ventricular end-diastolic volume; LVRSV = left ventricular end-systolic volume; LVRF = left ventricubx ejection fraction; 
IHSS = idiopathic bypertropbic subaortic stenosis, CAD = coronary artery disease; -MI = no history of myocardial infarction; +MI = history of 
myocardii infarction; VA = variant angina; DCM = dilated cardiomyopathy; NL = normal cardiac evaluation; Angio = angiograpby; NMR = nuclear 
magnetic resonance imaging. 
With the use of single-plane NMR, *p < 0.05, tp < 0.01. 

Table II. Volume and ejection fraction data 

Patient 
no. 

1 
2 
3 
4 
5 
6 
7 
8 

9 
Mean f S.D. 

Diagnosis 

IHSS 
CAD,-MI 
CAD,+MI 
CAD,+MI 
CAD,-MI 
CAD,+MI 
CAD,-MI 
VA 

CAD,-MI 

LVEDV (ml) LVESV (ml) LVEF (%) 

Angio NMR * Angio NMR * Angio NMR* 

51 66 8 19 84 71 
155 124 29 29 81 77 
122 167 55 58 55 65 
101 91 46 41 54 55 
153 142 63 62 59 56 
156 127 33 38 79 70 
144 105 74 59 49 44 
170 163 72 45 58 72 

pJ 114 37 38 ss s7 
129 f 37 122 + 33 46 z!z 22 43 + 14 65 k 13 64 ZIZ 10 

Abbreviations: LVRDV = left ventricular end-diastolic volume; LVRSV = left ventricuiar end-systolic volume; LVRF = left ventricular ejection fraction; 
IHSS = idiopathic bypertropbic subaortic stenosis; CAD = coronary artery disease; -MI - no history of myocardial infarction; +MI = history of 
myocardial infarction; VA = variant angina, DCM = dilated cardiomyopathy; NL = normal cardiac evaluation; Angio = left ventricular angiography; 
NMR = nuclear magnetic resonance Imaging. 
*With the use of mukislice NMR. 

to 9 had both NMR acquisition techniques (single- (LVEDV) (p < 0.01). No sign&ant difference was 
plane and multislice) performed. The single-plane demonstrated between NMR single-plane and 
NMR technique significantly under&mated angio- angiographic left ventricular end-systolic volume 
graphic left ventricular end-diastolic volume (LVESV). As a result of the NMR underestimation 
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Table III. Linear regression analysis 

Variable n us y  

LVEDV Angio vs NMR (Both methods) 
LVEDV Angio vs NMR (Single-plane) 
LVEDV Angio vs NMR (Multislice) 

LVESV Angio vs NMR (Both methods) 
LVESV Angio vs NMR (Single-plane) 
LVESV Angio vs NMR (Multislice) 

LVEF Angio vs NMR (Both methods) 
LVEF Angio vs NMR (Single-plane) 
LVEF Angio vs NMR (Multislice) 

No. r Equation 

33 0.75 y  = 0.74 x +22.7 
24 0.76 y  = 0.79 x +X.6 

9 0.73 y  = 0.64 x +39.2 

33 0.90 y  = 1.04 x -2.2 
24 0.92 y  = 1.14 x -6.1 
9 0.88 y  = 0.58 X +16.3 

33 0.76 y  = 0.80 x +10.3 
24 0.78 y  = 0.89 x +4.0 
9 0.76 y  = 0.60 x +25.0 

Abbreviations as in Tables I and II. 

of LVEDV, angiographic left ventricular ejection 
fraction (LVEF) was significantly underestimated 
(p < 0.05) by the NMR single-plane technique. In 
comparing multislice NMR data to angiographic 
data, no significant difference was demonstrated for 
LVEDV, LVESV, or LVEF. 

Table III summarizes the correlation coefficients 
and equations of the linear regression analysis for all 
data. A fair correlation was observed between 
LVEDV by NMR and LVEDV by angiography 
(r = 0.75, SFJ3 f 24 ml). The correlation with angi- 
ography was similar for both the NMR single-phme 
technique and the NMR multislice technique 
(r = 0.76, SEE + 25 ml vs r = 0.73, SEE k 23 ml, 
respectively) (Fig. 4). A good correlation was 
observed between LVESV by NMR and LVESV by 
angiography (r = 0.90, SEE k 13 ml). The correla- 
tion with angiography was similar for both the NMR 
single-plane technique and the NMR multislice 
techniqUf? (F = 0.x?, SEE k 13 d VS r = 0.88, 

SEE + 7 ml, respectively) (Fig. 5). A fair correlation 
was observed between LVEF by NMR and LVEF by 
angiography (r = 0.76, SEE + 8%). Again, the cor- 
relation with angiography was similar for both the 
NMR single-plane technique and the NMR multi- 
slice technique (r = 0.78, SEE f 9% vs F = 0.76, 
SEE + 7%) respectively) (Fig. 6). 

In the nine patients who had both NMR acquisi- 
tion techniques performed, a good correlation was 
observed between LV volumes by the NMR single- 
plane and NMR multislice techniques (LVEDV: 
r = 0.88, SEE + 21 ml; and LVRSV: r = 0.90, 
SEE f 11 ml). No sign&ant difference between 
these two techniques was demonstrated for LVEDV 
or LVESV. 

Results of intraobserver and interobserver vari- 
ability are summarized in Table IV. For LVEDV, 
the mean intraobserver variability was 13 ml (10% ) 

and the mean interobserver variability was 20 ml 
(15%). For LVESV, the mean intraobserver vari- 
ability was 6 ml (14%) and the mean interobserver 
variability was 8 ml (17%). 

DISCU88ION 

Our data demonstrate that NMR-determined LV 
volumes and ejection fraction are quantifiable and 
correlate reasonably well with angiographic volumes 
and ejection fraction (LVEDV: r = 0.75, LVESV: 
r = 0.90, and LVEF: r = 0.76). The transverse, sin- 
gle-plane NMR technique underestimated LVEDV 
0, < O.Ol), whereas no significant difference was 
demonstrated for LVESV. As a result, angiographic 
LVRF was underestimated (p < 0.05). This underes- 
timation is likely related both to off-axis NMR 
imaging, resulting in foreshortening of the long axis, 
and to the geometric constraints of a single-plane 
algorithm. In the nine patients who had both NMR 
acquisition techniques (single-plane and multislice) 
performed, no significant difference was demon- 
strated between the two methods for LVEDV, 
LVESV, or LVEF. (Multislice acquisition was per- 
formed in only nine patients because this technique 
became available only near the end of our study.) 
Although it was hoped that multislice acquisition 
would account for partial volume effects, correlation 
with angiography was no better than with the single- 
plane technique for each of the three parameters. 
This unexpected result may be expIained by a 
number of factors. First, the multi&ice technique 
required determining area and long axis at several 
levels (usually five), thus increasing the potential 
measurement error. Second, the estimation of end 
systole was less precise with the mu&&lice tech- 
nique, as images at each level were o&y at 
109msec intervals. .Finally, since a small number of 
patients were imaged over a narrow range of vol- 
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l Single-Plant 24 .76 0.79x+ 15.6 25 

0 Multi-Slice 9 .73 0.64x+39.2 23 

a+0 33 .75 0.74x+22.7 24 

Fig. 4. Relationship between left ventricular end-dia- 
stolic volume as measured by angiography and by NMR. 
The line of identity is indicated by the dashed line. The 
plotted regression line includes data from both NMR 
acquisition techniques. ANGIO = left ventricular angiog- 
raphy; MRZ = nuclear magnetic resonance imaging; 
ml = milliliters. 

umes, the correlation with angiographic values may 
have been limited on this basis. Despite these con- 
cerns, on-axis, multislice imaging in a larger group of 
patients may be expected to result in improved 
statistical correlation. 

The results of this in vivo study of gated, cardiac 
NMR quantitation of LV volumes are encouraging 
and complement the experience of others. A recent 
investigation8 demonstrated that normal end-dia- 
stolic cardiac dimensions by NMR are reproducible 
and correlate with values obtained by two-dimen- 
sional echocardiography (2D echo). Prehminary 
results of two other studies demonstrated that NMR 
accurately measured volumes of latex caste of the 
human left ventricles and also accurately measured 
LV function in seven patient studies with the use of 
a computerized three-dimensional reconstruction.1o 
Thus, increasing evidence supports the use of NMR 
to accurately quantitate LV dimensions, volumes, 
and function. 

In recent years, radionuclide angiography and 2D 
echo have become the preferred noninvasive meth- 
ods for LV volume measurement. This study indi- 

200 

160 

160 

140 i 

SOL 

III I I I I I I I I J 

0 20 40 60 80 100 I20 140 160 180 200 
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n r Y SW 

l Single-Plane 24 .92 1.14x+6.1 I3 

0 Multi-Slice 9 .88 0.58x+16.3 7 
l +o 33 90 1.04x-2.2 I3 

Fig. 5. Relationship between left ventricular end-systolic 
volume as measured by angiography and by NMR. The 
line of identity is indicated by the dashed line. The 
plotted regression line includes data from both NMR 
acquisition techniques. AiVGlO = left ventricular angiog- 
raphy; MRI = nuclear magnetic resonance imaging; 
ml = milliliters. 

cates that NMR determination of LV volumes is 
comparable to these other noninvasive techniques of 
volume assessment. Numerous studies”-l5 have 
reported variable success in estimating angiographic 
LV volumes with 2D echo. Correlations have varied 
widely, depending upon the view(s) chosen for mea- 
surement of dimensions, the method of measuring 
the dimensions, the geometric algorithm used for 
volume calculation, the percentage of patients 
studied with cardiac disease, and perhaps most 
importantly, the quality of the images acquired. For 
example, Folland et all3 observed a correlation 
coefficient of r = 0.61 (SEE + 52 ml) for LVRDV 
and r = 0.64 (SEE f 48 ml) for LVRSV when com- 
paring 2D echo volumes calculated by a single-plane 
e&pee algorithm to single-plane angiographic vol- 
umes. In contrast, Silverman et al.,14 with the use of 
a biplane algorithm for both 2D echo and angio- 
graphic images in 20 children, reported excellent 
correlations (LVEDV: r = 0.97, and LVRSV: 
r = 0.91) for volumes, but LVRF correlated less well 
(r = 0.82). Several 2D echo studies report underesti- 
mation of angiographic ventricular size, often by as 
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Fig. 6. Relationship between left ventricular ejection 
fraction as measured by angiography and by NMR. The 
line of identity is indicated by the dashed line. The 
plotted regression line includes data from both NMR 
acquisition techniques~ ANGIO = left ventricular angiog- 
raphy; MRI = nuclear magnetic resonance imaging. 

much as 30% ,15 in patients with normal or diseaeed 
hearts. 

In addition, several radionuclide methods for 
measuring LV volume have been developed, but 
none has gained universal clinical acceptance. 
Although some inveetigators16~17 have reported good 
results with area-length algorithms on equilibrium- 
gated cardiac blood pool images, such volume deter- 
minations are prone to error due to difticulty in 
identifying LV boundaries and true length, amplifi- 
cation of inaccurate measurements because of min- 
iaturized display sizes for most gated images, and 
the limitations inherent in &ape aaaumption. Other 
authorP20 have reported excellent correlations 
(r = 0.96 to 0.99) with contrast angiography when 
count-baaed ventricular volume determination by 
equilibrium blood pool acanning is employed. A 
major advantage of this technique is its indepen- 
dence from geometric assumptions regarding the LV 
cavity. A more recent report from our inatitution,21 
however, indicates that a sixable inherent error may 
be associated with individual count-baaed LV vol- 

Table IV. Intraobserver and interobserver variability (sin- 
gle-plane NMR technique) 

No. r Equation 

A. Intraobeerver variability 
LVEDV 10 0.94 y  = 0.82 x +11.4 
LVESV 10 0.96 y  = 0.90 x +2.0 

B. Interobserver variability 
LVEDV 10 0.86 y  = 0.86 x -13.7 
LVESV 10 0.97 y  = 1.19 x -13.3 

Abbreviations as in Tables I and II. 

ume measurements. Thus, although a number of 
noninvasive techniques for LV volume determina- 
tion have been validated, each method has unique 
problems in accurately defining true volume. 

There are a number of limitations and potential 
sources of error in our study that may have affected 
our results. First, each NMFt image was acquired in 
a transverse plane, since “on-axis” imaging was not 
yet poseible at the time of our patient studies. The 
images analyzed, therefore, were neither true long- 
or short-axis views. The area-length algorithm5 used 
for computation of volumes assumes a long-axis view 
through the LV apex, and thus LV area and “long- 
axis” measured in our NMR studies would be 
expected to underestimate the true cardiac dimen- 
sions and volume. 

Second, the time delay between acquisition of 
NMR and angiographic images, though less than 48 
hours for each patient, may have resulted in actual 
LV volume differences, due to changes in the indi- 
vidual’s heart rate and hemodynamic state. Third, 
there are inherent differences between NMR and 
contrast angiography; NMR is a tomographic tech- 
nique, whereas angiography is a projection tech- 
nique. Thus, improper selection of a midventricular 
level from initial ungated NMR images may result in 
underestimation of area, and thus of volume. If the 
patient shifts position during or between individual 
NMR image acquisition periods (each lasting 6 to 10 
minutes), inaccurate estimates may result. (We 
repeated imaging in the only case where this was a 
problem.) Furthermore, the NMR image is an “aver- 
age picture” of numerous beats, whereas the angio- 
graphic image is a picture of a single beat. 

Fourth, although NMR acquieition is gated, there 
are inherent di&ulties with present acquisition 
techniques. As a result, the images acquired and 
chceen for analysis probably do not represent true 
end diaetole and end aystole. The flrat spin-echo 
signal is received 28 msec after the preset gating 
interval. Thus for both eingle-plane and multialice 
techniques, with a gating interval of 10 msec after 
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the R wave, end diastole is probably approximated 
well. For the single-plane technique, the end-systolic 
gating interval was set to coincide with the midpoint 
of the downslope of the T wave.” However, for the 
multislice technique, the end-systolic image was 
chosen from five consecutive images acquired at 100 
msec intervals, introducing a potential error due to 
the limited temporal resolution. 

Fifth, there may be difficulties related to the 
definition of the endocardisl borders of the left 
ventricle. A recent study22 reported obscuration of 
endocardial boundaries by high intraluminal flow 
sign& in NMR images from patients with LV wall 
motion abnormalities, particularly with second spin- 
echo imaging, presumably due to stasis of blood 
bordering of involved segment(s). In the vast major- 
ity of our images, we observed excellent endocardial 
defu.Gtion without the problem of obscuration, prob- 
ably due to first spin-echo imaging and also because 
only 25 % of the patients had wall motion abnormal- 
ities. However, in some instances, arbitrary tracing 
of the mitral valve plane or short portions of the 
endocardial boundary was necessary due to poor 
definition, particularly in images acquired near the 
base or apex by the multislice technique. 

Sixth, the assumption that angiographicahy 
determined volume represents a gold standard may 
not be reasonable. As a projection technique, angiog- 
raphy is subject to error from divergence of x-ray 
beams and from magnification changes. Although 
correction factors are employed to account for these 
problems, some error is introduced. Intraventricular 
contrast injection has been shown to produce hemo- 
dynamic changes that adversely affect LV perfor- 
mance because of the contrast agent’s negative 
inotropic and volume loading effecta.23 We tried to 
minimize this problem by analyzing one of the first 
five beats after contrast injection. Also, the tracing 
of endocardial surfaces from angiographic images 
may be error-prone due to contrast invagination 
around trabeculae and papillary muscles. 

Finally, as with most other imaging modalities 
including angiography, this method of NMR analy- 
sis relates measured LV dimensions to volume by 
assuming a geometric configuration of the left ven- 
tricle, as well as a single, fixed relationship between 
LV dimensions and volume at all parts of the cardiac 
cycle. A recent analysiP disputes these basic 
assumptions, noting that the LV shape changes as 
cavity volume changes and that this assumption of a 
fixed relationship between dimensions and volume 
becomes even more tenuous when changes in vol- 
umes are measured at frequencies greater than the 
heart rate. 

We emphasize that the NMR imaging techniques 
utilized in this study are crude and represent the 
initial capabilities of first-generation imaging sys- 
tems. Data acquisition was time-consuming and 
results are without immediate clinical utility. Our 
data, however, do suggest the feasibility of LV 
volume assessment with this new modality. Ongoing 
improvementa in NMR software and acquisition 
techniques should result in further improved accu- 
racy of volume determinationslo Methods for 
obtaining oblique on-axis images with NMR, either 
by reorienting the direction of’ the magnetic field 
gradients or by repositioning the patient,26s26 are now 
commercially available. The relatively long acquisi- 
tion time for NMR can be shortened by utilizing 
echo-planar techniques. 27 Currently, however, this 
method sacrifices resolution for a reduction in 
acquisition time. A combination of echo-planar 
techniques with the use of volume hybrid methodP 
might shorten the time required for a study without 
significantly compromising image quality, even per- 
mitting creation of tomographic tine films at a 
chosen level.% 

In summary, quantitation of LV volumes and 
ejection fraction with NMR is feasible. Statistical 
comparison with angiographic volumes is similar to 
initial results reported for other noninvasive imag- 
ing modalities. Although it is unlikely that NMR 
will replace currently used modalities at the present 
time, ongoing deveiopment of NMR acquisition 
techniques and software should improve the quanti- 
tation of LV volumes and global function, as well as 
regional analysis of LV wallmotion and thickening. 
The ability of proton NMR to accurately measure 
ventricular performance as well as delineate myocar- 
dial tissue characterization suggests that it should 
become an increasingly important cardiac imaging 
technique. 

We thank Ms. Sheree Wilson for her expert assistance in typing 
the manuscript. 
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