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‘ABSTRACT

In the evaluation of the left ventricular (LV) function using magnetic resonance imaging (MRI), a
stack of parallel short-axis (SA) cine images is acquired that covers the whole LV. The aim of this
study is to quantify the contribution to the LV volume parameters, provided by the most basal image
plane that shows the LV wall only in end diastole (ED) but not in end systole (ES). In 57 healthy
volunteers (31 men, mean body surface area 1.87 m?), a complete set of parallel SA images was
acquired (10-mm slice distance) by breathhold segmented k-space cine MRI (7 k, lines per beat). The
LV end-diastolic volume (EDV), stroke volume (SV), ejection fraction (EF), and cardiac output (CO)
were determined by slice summation. Calculations were performed both with and without inclusion of
the most basal slice. With inclusion of the most basal slice, all parameters were significantly (p <
0.001) larger compared with the values obtained by excluding this slice. EDV was 134 * 29 mi versus
113 = 26 mi; SV was 93 * 18 ml versus 72 * 16 ml; EF was 70 £ 4% versus 64 * 4%; and CO
was 5.3 * 1.4 l/min versus 4.1 = 1.1 l/min. The inclusion of the most basal slice leads to significantly
larger values of LV volume parameters. Thus, this most basal SA image slice should be included in
calculating the EDV. Whether or not this basal SA slice also contributes to the ES volume should be
decided by using anatomical criteria on the ES image. The projection line onto the ES image of a
long-axis view provides an additional criterion.
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INTRODUCTION

Accurate measurements of left ventricular (LV) vol-
umes and ejection fraction are of prognostic value in pa-
tients with known or suspected heart disease (1). These
parameters of global LV function can be obtained by us-
ing breathhold cine-magnetic resonance imaging (MRI).
The usual approach is to acquire a stack of short-axis
(SA) images covering the heart from base to apex and
then measuring the end-diastolic (ED) and end-systolic
(ES) volumes of the LV by slice summation. From these
volumes, the stroke volume (SV), ejection fraction (EF),
and cardiac output (CO) are derived. In this approach, no
geometrical assumptions concerning the shape of the LV
are necessary (2—4). An additional advantage of the stack
of SA cines is that regional myocardial function also can
be assessed by measuring wall thickening (5).

However, after processing the SA images, an as yet
unaddressed problem occurs in the evaluation of the most
basal image plane; in ED this plane clearly shows the
basal part of the LV, but during systole this basal part
moves through the image plane because of the longitudi-
nal shortening of the LV (6,7). The effect of this most
basal plane on the L'V volume parameters may be consid-
erable because of the large cross-sectional area of the LV
included in this slice.

The aim of this study is to quantify the contribution
of this most basal plane on the LV volume parameters.
In addition, an imaging and analysis procedure is de-
scribed that takes this contribution into account to obtain
more accurate LV volume parameters.

MATERIALS AND METHODS
Subjects

Fifty-seven healthy volunteers (31 men) aged 19-69
yr (mean, 28 yr) were examined. The volunteers weighed
48-100 kg (mean, 71 kg), their height was 158-197 cm
(mean ,177 cm), their body mass index ranged from 17.4
to 31.5 kg/m? (mean, 22.6 kg/m?), and their body surface
area (BSA) ranged from 1.46 to 2.21 m? (mean, 1.87 m?).

Magnetic Resonance Imaging

Forty-seven subjects were scanned using a 1.0-T Sie-
mens Impact Expert whole body system and 10 subjects
were scanned using a 1.5-T Siemens Vision whole body
system (Siemens Medical Systems, Erlangen, Germany).
On both systems, a phased-array body coil was applied.
Image acquisition was prospectively triggered by the R
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wave of the electrocardiogram. The subject was in-
structed to hold his or her breath in moderate inspiration
during all image acquisitions (thus also during “‘scout’’
imaging for localization of the heart). First, the horizontal
long-axis (LA) view was determined in a late diastolic
frame using a rapid black-blood prepared turbofiash se-
quence (8). Then, a breathhold cine-acquisition was per-
formed on this LA view. By using the ED cine frame of
this LA view, a series of parallel SA image planes was
defined starting at the base of the LV and encompassing
the LV from base to apex. The most basal image plane
was positioned close to the transition of the LV myocar-
dium to the mitral valve leaflets (at a distance of half the
slice thickness). This ensured that also the most basal part
of the LV was covered. At every SA plane, a breathhold
cine acquisition was then performed. Seven to 11 SA im-
age planes were needed to encompass the entire LV from
base to apex. For the cine-imaging, a gradient-echo pulse
sequence was applied with segmented k-space, 7 k, lines
per heartbeat, and a temporal resolution of 80 msec. On
the 1.5-T system, echo sharing was used, yielding a tem-
poral frame at every 40 msec. The excitation angle was
25°. For the SA images, the field of view was 219 X 250
mm, matrix size was 126 X 256, slice thickness was 8
mm, and the interslice gap was 2 mm (yielding a slice
distance of 10 mm). Heart rate was monitored during the
acquisition of the SA images.

Image Analysis

The images were processed on a Sun Sparcstation
(Sun Microsystems, Mountain View, CA) using the
MASS software package (Dept. of Radiology, Leiden
University Medical Center, Leiden, The Netherlands) (5).
ED was defined as the first temporal frame directly after
the R wave of the electrocardiogram. ES was defined as
the temporal frame at which the image showed the small-
est LV cavity area, usually 240-320 msec after the R
wave. Epicardial and endocardial contours were manu-
ally traced, and the papillary muscles were excluded from
the LV volume. The most basal slice was defined as the
slice which at ED still showed wall thickness compatible
with the LV and at ES showed wall thinning (due to atrial
wall involvement). At ES, this most basal slice could also
show a part of the LV outflow tract or the mitral valve -
leaflets. Thus, this basal plane contributed to the end-dia-
stolic volume (EDV) but not to the end-systolic volume
(ESV) of the LV. If the most basal image at ES was diffi-
cult to interpret (e.g., due to partial volume effects), then
this most basal plane was projected on the ES frame of
the LA cine images. The resulting projection line on this
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LA view then provided the decisive cue on whether or
not to include the ES SA image as a part of the LV.

EDV and ESV were calculated by summation of the
product (area X slice distance) for all slices. SV is then
given by SV = EDV — ESV, and EF by EF = (8V +
EDV) X 100%. CO is heart rate X SV. These calcula-
tions were performed both with and without inclusion of
the most basal plane. Finally, all LV volume measures
were also normalized for BSA. In the statistical analysis,
the effect of inclusion of the most basal plane was tested
by paired-samples #-testing.

RESULTS

Figure 1 illustrates the effect of through-plane motion
for the most basal image plane. The projection line of the
most basal SA image plane onto the LA plane demon-
strates that at ED the most basal slice encompasses the
upper part of the left ventricle, whereas at ES this basal
slice no longer contains any part of the left ventricle. In
addition, the anatomy of the most basal SA view at ES
(Fig. 1, middle right) provides evidence that the LV wall
is not presented anymore but rather the L'V outflow tract
or the left atrium.

In Table 1, the LV volume parameters and CO are
given calculated with and without inclusion of the most
basal slice. The third column presents the difference be-
tween these two approaches. After calibration for BSA,
the volume results are given in units per square meter.
The mean heart rate during image acquisition was 57 =
9 beats/min.

For all parameters, the difference between inclusion
and exclusion of the basal slice was highly significant
(p < 0.001). Also, the magnitude of the difference, ex-
pressed as percentage of the exclusion data, was consid-
erable. This relative difference was +19% for EDV,
+29% for SV, and +29% for CO. For the EF, the differ-
ence between inclusion and exclusion was +6%.

DISCUSSION

In earlier reports on healthy subjects, a mean longitu-
dinal shortening of the LV of 12 mm was found during
systole (7). In our study, the SA images were acquired
at 10-mm slice distance. This explains why at least one
more slice is needed at ED than at ES to encompass the
whole LV.

It seems likely that in earlier studies the most basal
slice was not included. Sechtem et al. (9) reported an
EDV index in normal subjects of 57 * 9 ml/m? and
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Soldo et al. (10) reported an EDV index of 59 = 10 ml/
m?. This compares well with our EDV index, excluding
the basal slice, of 60 * 11 ml/m%

The impact of the most basal slice on the LV parame-
ters, as shown in Table 1, is considerable. Conventions
on dealing with this basal slice are thus required for dif-
ferentiating accurately between dysfunction and normal
function and also for comparing results between different
MRI centers. These conventions should focus on MRI
acquisition and on postprocessing.

MRI Acquisition

Imaging should start with acquiring a breathhold cine
in the horizontal LA view (a cine in the vertical LA view
may be as useful). The planning of the stack of parallel
SA cine images should then be implemented on the ED
cine frame of the LA view, starting close to the transition
of LV myocardium to the mitral valve leaflets (at a dis-
tance of half the slice thickness). Breathhold command
and temporal resolution should be identical in the LA and
SA acquisitions. 3

The SA slice distance in our study was 10 mm. Near
the base of the heart, where it is very critical whether or
not to accept an imaged slice as part of the LV, the accu-
racy may be further improved by choosing a smaller slice
thickness and smaller slice distance. However, more SA
image planes are then necessary, resulting ir a longer in-
vestigation time.

Postprocessing of the Most Basal Slice

The proper handling of the most basal slice in ES may
be hampered by suboptimal contrast between blood pool
and the heart wall at this location. Also, partial volume
effects of the mitral valves, the LV outflow tract, and the
left atrium may contribute to problems in interpretation.
Some criteria for considering the basal slice in ES as not
being part of the LV may be the lack of wall thickening
or the recognition of the left atrial wall because of its thin
appearance. Probably the best decisive cue is given by
the projection line of the most basal image plane onto
the ES frame of the LA cine. This application of the LA
view is most accurate, when breathhold command and
temporal resolution are identical for the LA and SA ac-
quisition.

With regard to clinical applications, the longitudinal
shortening of the LV should noz be an a priori assump-
tion. After myocardial infarction, this shortening can be
smaller (e.g., only 5.5 mm total displacement in the ante-
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Figure 1. Top: Horizontal long-axis view. Middle and bottom: Short-axis views at basal and mid levels, respectively. Left, Views
at end diastole; right, views at end systole (280 msec after the R-wave trigger). The lines on the long-axis views represent the
projections of the basal and the mid short-axis image planes onto the long-axis image plane.
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Table 1
Left Ventricular EDV, SV, EF, and CO

Exclusion Inclusion
Basal Slice Basal Slice Inclusion — Exclusion
EDV (ml) 113 =26 134 =29 21 *4
EDVi (ml/m? 60 =11 71 =11 11 =2
SV (ml) 72 * 16 93 =18 21 *4
SVi (ml/m?3) 383 = 7 49 == 7 11 =2
EF (%) 64 * 4 70 * 4 6 =1
CO (1/min) 41 * 1.1 53+ 14 1.2 £ 03
CI [(1/min)/m?] 22 * 06 28 = 0.6 0.6 £ 0.1

Data from 57 subjects with exclusion and with inclusion of the most basal short-axis slice.
Inclusion — Exclusion denotes the difference between the inclusion and exclusion results.
The data indexed for BSA are given per m? and denoted by EDVi, SVi, and CI (CI is cardiac
output, indexed for BSA). Values are means * SD.

rior basal region after an infarct related to the left anterior
descending coronary artery [11]).

LV Regions near the Mitral and Aortic
Valves

It is possible that at the basal end of the LV, there is
an SA slice that partly contributes to LV volume and
partly to left atrial volume because of the shape of the
mitral valve plane. In these cases, the projection line of
this SA slice onto the corresponding temporal frame of
the LA cine may provide a cue for quantifying the partial
contribution to the LV volume. Another potential prob-
lem is the handling of a small region of the LV volume
below the aortic valves, which is omitted so far.

To overcome these problems near the mitral and aortic
valves, Bloomgarden et al. (12) acquired radially distrib-
uted LA images (‘‘rotating planes’”) to provide better
definition of the valve planes. However, it is difficult to
define the LV LA in cases of deformed LVs. Another
disadvantage of the LA images is the poorer contrast (as
compared with SA views) between myocardium and
blood because of less through-plane blood flow.

CONCLUSIONS

Because of the longitudinal shortening of the LV dur-
ing systole, usually one more SA image plane is needed
at ED than at ES for a complete coverage of the LV.
Neglecting this most basal slice would result in a consid-
erable underestimation of the EDV, SV, EF, and CO.

In the MRI acquisition of a stack of parallel SA im-
ages, the most basal SA image plane should be positioned

on the ED frame of a breathhold LA cine series as close
as half a slice thickness near the transition of LV myocar-
dium to the mitral valve leaflets. In judging whether or
not to consider the basal SA ES frame as a part of the
LV, the anatomical information of this ES frame should
be used. If this anatomy is not clear enough, then the
projection line on the ES frame of the LA cine should
be decisive.
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