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Abstract To qualitatively assess the
accuracy of automated
cardiovascular magnetic resonance
planning procedures devised from
scout acquisitions in free-breathing
and breath-holding modes, to
quantitatively evaluate the accuracy
of the derived left ventricular
volumes, mass and function and
compare these parameters with the
ones obtained from the manually
planned acquisitions. Ten healthy
volunteers underwent cardiovascular
MR (CMR) acquisitions for
ventricular function assessment.
Short-axis data sets of the left
ventricle (LV) were manually
planned and generated twice in an
automatic fashion. Automated
planning parameters were derived
from gated scout acquisitions in
free-breathing and breath-holding
modes. End-diastolic volume (EDV),
end-systolic volume (ESV), ejection
fraction (EF), and left ventricular
mass (LVM) were measured. The
agreement between the manual and
automatic planning methods, as well
as the variability of the
aforementioned measurements were
assessed. The differences between

two automated planning methods
were also compared. The mean
differences between the manual and
automated CMR planning derived
from gated scouts in free-breathing
mode were 8.05 ml (EDV), 1.84 ml
(ESV), 0.69% (EF), and 4.72 g
(LVM). The comparison between
manual and automated CMR
planning derived from gated scouts
in breath-holding mode yielded the
following differences: 4.22 ml (EDV),
0.34 ml (ESV), 0.3% (EF), and
−0.72 mg (LVM). The variability
coefficients were 3.72 and 3.66
(EDV), 5.6 and 8.19 (ESV), 3.46 and
4.31 (EF), 6.49 and 5.20 (LVM) for
the automated CMR planning
methods derived from scouts in
free-breathing and breath-holding
modes, respectively. Automated
CMR planning methods can provide
accurate measurements of LV
dimensions in normal subjects, and
therefore may be utilized in the
clinical environment to provide a
cost-effective solution for functional
assessment of the human
cardiovascular system.

Introduction

Understanding and consequent treatment of cardiovas-
cular diseases relies substantially on the accurate assess-
ment of cardiac volume, mass, and function [1,2]. The
most widely available tool to carry out such an assessment

is two-dimensional echocardiography. While the image
acquisition has proven to be highly reproducible in nor-
mal individuals, the quantitative analysis is restricted
by the geometric assumptions imposed on the shape
of the human heart in these two-dimensional images
[3,11,12]. An alternative technique to echocardiography
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is cardiovascular magnetic resonance (CMR) imaging,
which is free from any geometric assumptions because
of its truly three-dimensional characteristics and has
been proven to be accurate [4,5,20] and reproducible
[6,7,21].

In spite of these apparent advantages, the widespread
utilization of CMR in clinical practice is mainly confined
by two factors, namely high hospital costs from the use of
CMR and increased examination time, which cannot be
well tolerated by all patients. Both factors partially origi-
nate from the complexity of the CMR planning procedure,
but their impact can be significantly reduced. In order to
make CMR a more cost-effective technology, automated
image analysis techniques can provide new possibilities to
radiologists and radiographers.

A first step involves careful planning of MRI
acquisitions. The human heart anatomy is relatively com-
plex, and appearance of the cardiac structures depends
on the spatial position of the imaging plane. The most
useful imaging planes are those perpendicular to the LV
cardiac axes, commonly known as the short-axis (SA) view
[13,23,24]. Definition of the correct location and orienta-
tion of the SA imaging planes requires preliminary scout
images, two additional acquisitions in long-axis directions
or so-called two-chamber (2chv) and four-chamber (4chv)
views [13,23,24], as well as good understanding of the
target anatomy. Moreover, the radiographer is presented
with the results of the intermediate acquisitions, which
are two-dimensional in nature. Hence, the planning of
the anatomy with the nontrivial spatial orientation and
geometry becomes a time-consuming, labor-intensive and
knowledge-specific task.

The complexity of CMR planning also requires use
of standardized acquisitions. Although modern MRI
scanners come with the predefined set of cardiac scanning
protocols, the latter are independent of geometric assump-
tions. Therefore each patient’s imaging session must be tai-
lored to accommodate individual variations of the heart
spatial orientation. In spite of the fact that use of a proto-
col may facilitate and accelerate the planning procedure,
this task remains a challenging job even for experienced
radiologists.

In our laboratory we developed a novel system [9,
16,17] that enables us to automate the procedure of SA
acquisition planning. Our approach is based upon a geo-
metric model of the human thorax. This model describes
the shapes of thoracic organs with the distinct air-tissue
boundaries. The feature points obtained by automatic seg-
mentation of the lung and thorax surfaces in scout acqui-
sitions are registered against the geometric model. Once
the feature points are aligned with the model, the orien-
tation of the LV axis can be computed and the imaging
planes for SA acquisitions can be devised.

One of the original contributions of this paper is
to qualitatively assess the accuracy of automated CMR

planning and to compare this with manual planning, as
well as to quantitatively evaluate the accuracy and var-
iability of the cardiac volumes, mass and function. The
accuracy of the automated technique is of crucial impor-
tance in establishing its clinical feasibility and poten-
tial applicability in a hospital environment. This factor
comprises the minimal requirement imposed on all com-
puter-aided diagnostic tools and provides an answer to the
question of whether the manual and automatic methods
can be used interchangeably in everyday clinical practice.

A second original contribution is to compare two
automated CMR planning procedures: one derived from
the gated in free-breathing mode and the other one from
the gated scouts in breath-holding mode. The scouts are
commonly used to locate the global position of the heart
within the thoracic cavity and are usually acquired in non-
gated mode without respiratory or electrocardiographic
(ECG) triggering. Segmentation of non-gated scouts re-
sults in a noisy set of feature points, which may negatively
affect the accuracy of automated CMR planning. To im-
prove this situation, modified versions of the scout acquisi-
tions were proposed. Both scouts were acquired with ECG
triggering. One version of scouts was obtained in free-
breathing mode, while the other was obtained in breath-
holding mode. The accuracy of automated CMR planning
methods derived from gated scouts in free-breathing and
breath-holding modes is assessed. Furthermore, the accu-
racy of cardiac volumes, mass and function measurements
obtained from both automated planning methods is com-
pared with the manually planned acquisitions.

Materials and methods

Patient population

Ten healthy volunteers (eight men and two women; mean age
30 ± 5; age range 23–38) underwent the CMR imaging proce-
dures. All subjects enrolled in the study had neither a history
of cardiac diseases nor identified risk factors. The study was
carried out in accordance with the institutional regulations and
was approved by the ethics committee. Prior to examination all
subjects gave informed written consent.

Image acquisition

MR imaging was performed with a Philips Gyroscan Intera
1.5-T scanner (Philips Medical Systems, Best, The Netherlands)
using a dedicated five-element synergy cardiac coil and prospec-
tive ECG triggering.

Protocol for manual CMR planning

For manual CMR planning, the conventional clinical protocol
[18,19] used in our institution was adhered to. An operator with
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extensive experience in CMR planning carried out the manual
planning. Imaging consisted of acquisitions of balanced-FFE
scout images, and subsequent two- and four-chamber cinematic
(cine) images. A stack of breath-hold short-axis cine cross sec-
tions was acquired from the apex to the mitral valve with an 8.0-
mm slice thickness and 2.0-mm slice gap. Each cross section was
acquired in a separate breath-hold at end expiration. The num-
ber of reconstructed cardiac phases was set to 30, 8–13 slices were
acquired to completely encompass the LV from the apex up to
the atrioventricular ring. Segmented steady-state free-precession
breath-hold cines (Balanced-FFE) were used for all slices and
acquisitions with the following parameters: TR-2.3 ms and TE-
1.25 ms (scout acquisitions); TR-3.0 ms and TE-1.56 ms (2chv);
TR-3.3 ms and TE-1.63 ms (4chv); TR-3.1 ms and TE-1.55 ms
(SA acquisitions); slice thickness 8 mm, slice gap 2 mm, field
of view 45 × 45 cm (scouts) and 35 × 35 cm (other), acquisition
matrix 128 × 128 (scouts) and 192 × 192 (other), reconstruction
matrix 256 × 256, number of frames 30 with the average tempo-
ral resolution of 20–25 ms depending on the heart rate, and flip
angle 50◦. The R-wave was used as a trigger to perform prospec-
tive ECG gating.

Protocol for automated CMR planning

A novel system for automated CMR planning was developed
in our laboratory and described in previous publications [9,16,
17]. It is based upon a three-dimensional geometric model of
the human thoracic cavity. This model describes the shapes of
thoracic organs with the profoundly distinct air-tissue bound-
aries such as lungs, heart, spleen, liver etc. (Fig. 1). To account
for variability in shapes, location and spatial orientation of the
organs, the correspondence between the modeled organs and
the scanned thoracic data has to be established. To achieve this,
the scout images of the examined subject are automatically seg-
mented, resulting in a set of three-dimensional feature points.
Consequently, these feature points are aligned with the geo-
metric model in such a way that the maximal correspondence
between the subject’s specific data and the model is achieved
(Fig. 2). Thus the aforementioned organs in the scan data of the
examined subject are recognized and the spatial location and
orientation of the modeled heart can be projected back from
the model coordinate system into the imaging domain. Know-
ing the exact location and orientation of the heart inside the
subject’s thoracic cavity, the imaging planes for SA acquisitions
can be devised.

The experimental setup for automated CMR planning
includes the scanner and the remote workstation connected to
one another via the network. The acquired scout images were
transferred via the DICOM protocol from the scanner to the
workstation running the proprietary software. The program
automatically segments the input images, extracts a set of the fea-
ture points, establishes the correspondence between the model
of the human thorax and the scanned data of the examined sub-
ject, and computes the spatial location and orientation of the

Fig. 1 Three-dimensional geometric model of the human thorax
includes the following anatomical organs: right lung (A) and left
lung (B). The cavity in between the lungs (C) describes the boundary
between the heart and the lungs

subject’s heart in the coordinate system of the scanner. The sug-
gested location and orientation of the SA imaging planes are
manually transferred to the operator’s console of the scanner.
The number of slices was chosen by the operator to assure com-
plete coverage of the left ventricle from the apex to the atrioven-
tricular ring.

Automated planning of SA acquisitions was devised for each
subject twice from two different scouts. In our first experiment,
the modified scouts were used: multiple slice (15 transversal, 15
coronal, and 15 sagittal images) turbo field-echo pulse proto-
col (turbo factor 64 and linear profile order), performed in free-
breathing mode with ECG triggering and the R-peak of the ECG
as a trigger, applied with the following parameters: TR-6.9 ms
and TE-3.5 ms; slice thickness 8 mm and a 2 mm slice gap, field
of view 45 × 45 cm, acquisition matrix 256 × 256, reconstruction
matrix 256 × 256, and flip angle 20◦. However, segmentation of
gated scouts in free-breathing mode results in a noisy set of fea-
ture points due to respiratory artifacts. This factor potentially
has a negative influence on the automatic estimations of the
LV axis orientation and may introduce a tilt and/or displace-
ment in the orientation of the SA imaging planes. To eliminate
these artifacts and increase the accuracy of automated planning
a modified version of the scout acquisition was adopted in our
second experiment. The multiple slice (10 transversal and 10
sagittal images) turbo field-echo pulse protocol (turbo factor 64
and linear profile order) was performed at end-expiration with
the following parameters: TR-6.9 ms and TE-3.5 ms; slice thick-
ness 10 mm, slice gap 4 mm, field of view 45 × 45 cm, acquisi-
tion matrix 256 × 256, reconstruction matrix 192 × 192, and flip
angle 20◦. The R-wave was again used as a trigger to perform
prospective ECG gating.
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Fig. 2 The feature points (green and blue) extracted from the scouts
of the examined patient and describing the air-tissue boundaries in
the thoracic cavity. The maximal correspondence between the geo-
metric model (red) and the feature points is achieved during the align-
ment procedure (feature points and model before (A) and after (B)
matching)

Image analysis

Analysis was performed with a personal computer using the
MASS software (Medis medical imaging systems bv, Leiden, the
Netherlands) and done by one experienced observer in accor-
dance with the general guidelines for image analysis [14]. Prior
to the analysis the acquired data sets were anonymized and pre-
sented in random order to the observer. The first cine phase of
each SA acquisition corresponded to end-diastole due to the
prospective ECG triggering. The cine movie for a mid-ventric-
ular slice was observed to identify end-systole as the phase with
the minimal area of the LV blood pool. Due to the heart rate
variability, the end-systolic phase was independently detected for
each SA acquisition. The epicardial and endocardial LV borders
were manually outlined in both end-diastole and end-systole.
The contours were delineated in all slices where the myocardium
exposed at least half of its circumferential length [14,22]. Due
to the fact that the endocardial border identification is difficult,
especially in the apical slice at the end-systolic phase, we adhered
to a strict set of guidelines. The papillary muscles and trabecu-
lations were disregarded in the manual segmentation and were
assigned to the LV blood pool. The RV trabeculations appear-
ing as pouches along the septal wall and subepicardial fat were
excluded from LV mass. Summation over the volume of each
individual short-axis slice was used to quantify the end-diastolic
and end-systolic volumes (Simpson rule). The weighted differ-
ence between the epicardial and endocardial volumes comprises
the LV mass. The commonly used density factor of 1.05 g/cm3

served as the weighting coefficient in the calculation of the LV
mass.

Visual analysis of accuracy

To assess the accuracy of CMR planning a system of visual
scores was adopted. This system was based upon the observer’s
judgment. The automatic SA imaging planes were projected

back into 2chv and 4chv and the LV axis deviation was visu-
ally classified into three categories: excellent (perfect alignment),
acceptable (the automatic LV axis was slightly deviated) and
unacceptable (the deviation was more than 7–8◦). The automatic
planning was considered to be excellent when the LV axis devi-
ations in both views had the excellent scores, to be acceptable
when the score was acceptable in one projection and excellent in
the other (Fig. 3). The rest of the cases were considered unac-
ceptable.

Quantitative analysis of accuracy

To evaluate quantitatively the accuracy of CMR planning the
following approach was used. The spatial orientation of the
imaging plane of the manual SA series was chosen as the ref-
erence. The angular difference between the reference and the
orientation of the imaging plane of another SA acquisition was
used to characterize the planning accuracy. The mean values as
well as the standard deviations of the angular differences were
calculated for other SA acquisitions resulting in quantitative
measurements of the accuracy of the automated CMR planning
procedures.

LV function analysis

The calculated functional parameters were statistically ana-
lyzed. Firstly, the Pearson correlation coefficient was computed
to estimate the strength and direction of a linear relationship
between two measurements. Secondly, the paired t-test was em-
ployed to find out the statistical significance of the differences
between the functional parameters. The level of statistical sig-
nificance was established at 0.05. Thirdly, the Bland–Altman
analysis [8] was performed to quantify the agreement between
different methods. Finally, the degree of variability (expressed
as a percentage) was assumed to be the standard deviation of
the differences between two measurements with respect to their
mean value [4,7,14].

Results

All subjects included in the study tolerated CMR well. The
total imaging time did not exceed 45 min. All subjects had
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Fig. 3 Projection of the short-axis imaging planes (red lines) into
two- and four-chamber views. Two top images present an example
of the excellent visual score. The imaging planes are perpendicular
to the left ventricular axis in both projections. The automated plan-
ning on the bottom provides an example of the unacceptable visual
score because the short-axis imaging planes are slightly angled in
both projections

normal sinus rhythm. The average breath-hold time for a
cine acquisition was between 15 and 17 s, tolerated well by
all subjects and allowing up to 30 phases per cardiac cycle
to be acquired.

Image and contour comparison

The acquired SA images had sufficient quality and high
contrast between the blood and myocardium to outline
the contours. The examples of manually planned and
automatically devised SA acquisitions at end-diastole are
shown in Fig. 4. The SA cross sections for both type of
planning procedures have similar appearance. Fig. 5 shows
the manually delineated contours for the same subject.

Ventricular volume, ejection fraction and mass
quantification

The results of the statistical analysis for end-diastolic vol-
ume (EDV), end-systolic volume (ESV), ejection fraction
(EF), and left ventricular mass (LVM) are summarized

Table 1 CMR measurements [mean ± SD for EDV – end-diastolic
volume, ESV – end-systolic volume, EF – ejection fraction, LVM –
LV mass]

EDV (ml) ESV (ml) EF (%) LVM (g)

Manual 185 ± 38 70 ± 16 62 ± 4 133 ± 31
Auto in 177 ± 38 68 ± 17 62 ± 4 129 ± 33

Free-breathing
Auto with 181 ± 36 69 ± 19 62 ± 5 134 ± 32

Breath-holding

Calculated from manually planned short-axis acquisitions and
from automatically planned short-axis acquisitions derived from
scouts in free-breathing mode and with breath-holding

in Table 1 and 2. The mean values of these parameters
were not significantly different for both automated plan-
ning methods, with the exception of the EDV and LVM
parameters for automated CMR planning derived from
gated scouts in free-breathing mode and the EDV param-
eter for automated CMR planning derived from gated
scouts in breath-holding mode. All parameters demon-
strated the consistently high degree (> 97%) of correlation
between manual planning and the automated planning
methods, but for EF that turned out to be 86% and 84%
for automated CMR planning derived from scouts in
free-breathing and breath-holding modes, respectively. In
general, the variability coefficients were low (<9◦), show-
ing a good agreement of CMR measurements between
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Table 2 Comparison of CMR measurements for the automatically planned short-axis acquisitions derived from gated scouts in free-breathing
and breath-holding modes with those from manual planning

EDV (ml) ESV (ml) EF (%) LVM (g)

Man. versus free-breathing auto
Mean diff. ± SD 8.05 ± 6.43 1.84 ± 3.6 0.69 ± 2.18 4.72 ± 6.3
Corr. coeff. 0.99 0.98 0.86 0.98
t-test (P -value) 0.02(S) 0.07(Ns) 0.17(Ns) 0.02(S)
Variability coefficients 3.72 5.6 3.46 6.49
BA limits −4.56:20.66 −5.23:8.9 −3.59:4.96 −7.44:16.87

Man. versus breath-holding auto
Mean diff. ± SD 4.22 ± 6.64 0.34 ± 5.02 0.3 ± 2.73 −0.72 ± 7.02
Corr. coeff. 0.98 0.97 0.84 0.98
t-test (P -value) 0.04(S) 0.42(Ns) 0.37(Ns) 0.38(Ns)
Variability coefficients 3.66 8.19 4.31 5.2
BA limits −8.8:17.23 −9.5:10.17 −5.05:5.64 −14.48:13.04

EDV – end-diastolic volume, ESV – end-systolic volume, EF – ejection fraction, LVM – left ventricular mass at end-diastole, Mean
diff. – mean difference (manual-auto), Corr. coeff. – correlation coefficient, BA limits – Bland–Altman limits of agreement, S –
significant difference, Ns – non-significant

Fig. 4 Short-axis cross sections
for manual (two top rows) and
automated (two bottom rows)
CMR planning methods.
Although the sections are
shifted with respect to each
other along the direction of the
LV axis, their appearance is
similar for both methods of
CMR planning

the manual and automated planning methods. The paired
t-test comparing two automated methods with each other
revealed no significant differences between the ESV and
EF variability coefficients. The EDV and LVM vari-
ability coefficients appeared to be statistically significant
(P -values 0.03 and 0.02 respectively) favoring the auto-
mated planning derived from the gated scouts in breath-
holding mode (Fig. 6). The calculated Bland–Altman
limits of agreements emphasize the strength of the rela-
tion between measurements and are given in Fig. 7. The
plots showed no systematic bias in differences between
measurements with respect to their means, and in general

the limits of agreement for measurements for both auto-
mated planning methods had comparable ranges.

Visual scores

For the automated planning derived from gated scouts
in free-breathing mode the excellent score was achieved
for four subjects, acceptable—for three subjects, and
unacceptable—for the remaining three subjects. For the
automated planning derived from gated scouts in breath-
holding mode the unacceptable scores dropped to two
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Fig. 5 Endocardial (black) and epicardial (white) contours manually
delineated for the same subject

Fig. 6 Bar chart for variability coefficients (expressed as a percent-
age and equal to the standard deviation of the differences between
two measurements divide by the their mean) of CMR measurements
derived from scouts in free-breathing and breath-holding modes ver-
sus ones derived from the manual planning. The * emphasizes the
statistically significant difference between the two methods of auto-
mated CMR planning

cases in favor of one extra acceptable score. The number
of excellent scores remained the same.

LV axis deviation

The mean and standard deviation of the LV axis were
7.77 ± 5.36 and 7.13 ± 3.64 for automated CMR plan-
ning methods derived from gated scouts in free-breathing
and breath-holding modes, respectively. According to this
criterion, automated CMR planning derived from scouts
in breath-holding mode has proven to be slightly more

accurate and to have less variation. However, the statis-
tically significant difference between the two automated
planning methods was not found in the paired t-test
(P -value 0.34).

Discussion

In this study a novel system for automated CMR plan-
ning was validated by assessing its capacity to produce
accurate measurements of LV volumes, mass and func-
tion computed from the short-axis acquisitions. A num-
ber of quantitative and qualitative criteria were devised to
investigate the automated CMR planning procedure and
to prove its applicability in a clinical environment.

This study demonstrated good agreement in normal
subjects between manual and automated CMR plan-
ning for ESV and EF for automated CMR planning
derived from gated scouts in free-breathing mode and
ESV, EF, and LVM for automated CMR planning de-
rived from gated scouts in breath-holding mode. EDV was
significantly different for both automated planning meth-
ods (8.05 ml mean difference for scouts in free-breath-
ing mode; 4.22 ml for scouts in breath-holding mode).
LVM measurements for automated CMR planning de-
rived from gated scouts in free-breathing mode amount
to a statistically significant mean difference of 4.72 g. The
percentage of variability was low for all measurements,
leading to great reliability of observed changes in parame-
ters under consideration for both automated CMR plan-
ning methods. Bland–Altman limits of agreements were
within the acceptable clinical range and corresponding
plots did not reveal any systematic dependencies between
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Fig. 7 Bland–Altman plots of LV volumes, mass and function for
automated CMR planning derived from gated scouts in free-breath-
ing (two top rows) and breath-holding (two bottom rows) modes com-
pared to manual planning. The mean value and the Bland–Altman
limits of agreements are shown with the dotted line

manual and automatic CMR planning methods. Thus, the
automated methods for CMR planning provide accurate
measurements of LV volumes, mass and function and can
be utilized for these purposes in clinical routine.

The accuracy of automated CMR planning was
expressed as the deviation of the imaging plane orienta-
tion. Our recent findings reported in [15] demonstrated
that the intra- and inter-operator variability induced dur-
ing manual CMR planning by the same operator twice and

by two different operators amounted to 2.670 and 4.99◦ of
angular LV axis deviation, respectively. The values for this
particular parameter were slightly higher for both auto-
mated CMR planning (7.77◦ for scouts in free-breathing
mode and 7.13◦ for scouts in breath-holding mode).
According to this criterion, the accuracy of the automated
CMR planning methods are closer to the inter-operator
variability, while the intra-operator planning has proven
to be the most consistent way of planning CMR acquisi-
tions in terms of accuracy.

In this study, two different techniques for auto-
mated CMR planning were also compared: one based
on gated scouts in free-breathing mode, the other based
on gated scouts acquired at end-expiration. The total
number of excellent and acceptable scores during the
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visual evaluation of the system’s performance amounted
to 80% for automated CMR planning derived from gated
scouts in breath-holding mode, while the percentage was
as high as 70% for the gated scouts in free-breathing mode.
Although the average LV axis deviation did not reveal
statistically significant differences between the two meth-
ods, the automated CMR planning derived from gated
scouts in breath-holding mode was slightly more accurate
and exhibited less variation. The analysis of variability
coefficients revealed that EDV and LVM showed statis-
tically significant difference favoring automated CMR
planning derived from gated scouts in breath-holding
mode, while ESV and EF revealed no statistically sig-
nificant difference between the automated CMR plan-
ning methods. Therefore, CMR measurements of the LV
dimensions and function for automatically planned short-
axis derived from gated scouts in breath-holding mode
show better agreement with those from the manual plan-
ning. Thus, use of the gated scout acquisitions in breath-
holding mode is a definite improvement in accuracy of
automated CMR planning.

The obtained results confirmed the initial hypothesis
that automated planning derived from scouts with breath-
hold performs better than that from scouts in the free-
breathing mode, although the disagreement between these
automated methods is not significant. The small difference
can be explained by the following factors. Noise intro-
duced in the feature points describing the air-tissue bound-
ary of the examined person due to the respiratory motion
of the lungs is partially compensated by the model. Assum-
ing that each scout image is acquired at a random phase
of expiration, the model likely finds an average position
between end-expiration and end-inspiration. Hence, the
system for automated CMR planning demonstrated its
robustness.

Automated CMR planning a is rather fast way of devis-
ing the spatial orientation of the short-axis imaging planes.
Average processing times required to analyze the scout
acquisition and automatically devise the orientation of
SA imaging planes did not exceed 30 s on a Pentium IV
2.0 GHz computer. Up to 30 s were needed to transport the
scouts via the network. The total processing time to com-
plete automated planning amounted to 1 min. The manual
planning including the time to plan 2chv and 4chv and to
acquire those images sums up to 5–10 min depending on
experience of the operator. Hence, the total examination
time can be reduced by few minutes.

The visual assessment of our system has shown a rel-
atively high (20–30%) failure rate. Such a high percentage
of failure can be explained by the strict evaluation metrics
that were utilized. Automated CMR planning was con-
sidered to be successful if the automatically planned SA
stack was orthogonal to the LV axis or deviated slightly
(not more than 7–8◦) in at most one projection. In other
words, we allowed a slight in-plane tilt of the planned SA

stack in one of the LA projections. If a slight tilting was
introduced in both LA projections, which still corresponds
to a slight spatial deviation of the planned LV axis with
respect to its true orientation, the automated planning was
regarded as a failure. Considering such cases as acceptable
CMR planning would decrease the overall failure rate and
the expected number of successful planning would reach
the 90% margin for both automated methods.

The accuracy of the LV dimension and function mea-
surements appeared to be comparable for the manual and
automated CMR planning procedures in spite of the fact
that an average deviation of 7–8◦ for the automatically
planned LV axis with respect to the true orientation was
observed. The summation of the slices (Simpson’s rule),
which is traditionally used to compute the LV volumes, is
fundamentally insensitive to the spatial orientation of the
imaging planes. In a hypothetical situation with an infi-
nite number of slices and zero slice thickness, the orienta-
tion of slices would be irrelevant. In practice, the errors in
calculating cardiac volumes are due to the discrete char-
acter of measurements and incorrect identification of the
endocardial and epicardial borders. Obviously, the larger
the number of and thinner the slices are, the more accu-
rate the measurements that can be obtained. However, the
slice thickness and gap were kept constant for both man-
ual and automated CMR planning procedures to reduce
the discrepancy between the measurements and to justify
validity of the comparison. The errors in determining the
edge location in short-axis cross sections of the heart could
be minimized by using the correct spatial orientation of
the imaging planes. The optimal spatial orientations have
been shown to be orthogonal to the intrinsic axes of the left
ventricle [23,24]. Misalignment of the imaging planes with
respect to the aforementioned axes may result in blurring
of the myocardial edges in the subepicardial and suben-
docardial areas. This phenomenon is essentially related to
the in-plane image resolution being 5–6 times less than the
slice thickness. Dinsmore and coauthors [23,24] observed
and reported blurring of the myocardial borders in short-
axis images acquired at the oblique angle of approximately
25◦ and more with respect to the optimal orientation.
However, the average deviation of the LV axis in this study
was much less and amounted to 7–8◦. Moreover, we did
not observe visual differences in quality and/or appear-
ance of short-axis images and, therefore, the impact of this
factor on accuracy of the cardiac volume measurements
are assumed to be negligible.

An alternative, pragmatic method to automatically
plan SA acquisitions was proposed by Jackson [10], based
upon the concept of the “SA scout” acquisition. The
average spatial orientation of the SA imaging planes was
computed from a group of adult patients and stored in
the database. Instead of the traditional scout acquisi-
tions in the transversal, coronal and sagittal directions the
“SA scout” acquisition is obtained with the approximate
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SA orientation. Consequently, the pseudo-SA images are
automatically segmented, the left ventricular blood pool
is identified, and the spatial orientation of the LV axis is
found. Although acquisitions of the images in long-axis
directions can be skipped and, therefore, the total exami-
nation time can be reduced, this approach suffers from one
important disadvantage. The exact location and orienta-
tion of the heart inside the thoracic cavity are not known a
priori and, therefore, “SA scout” acquisition is performed
in more cross sections than required. This guarantees that
the whole heart from the apex up to the atrioventricular
ring is covered within the scanned volume, thus increas-
ing the time to devise the location and orientation of SA
imaging planes.

The same quantitative criterion was employed in [10]
to assess the accuracy of the computer-aided system. The
published preliminary results indicate that the mean value
for the LV axis deviation amounts to 12.8◦. According to
this criterion, our system shows better performance and
the average LV axis deviation does exceed 8◦. However,
the authors in [10] did not assess the impact of such a rel-
atively large discrepancy between the manual and auto-
matic planning procedures on the results of quantitative
measurements of LV volumes, mass, and function.

Currently computer-aided systems for automated
planning and CMR planning in particular are rapidly
emerging on the radiological equipment market. For
example, real-time planning tools are available from the
manufacturers on almost all commercial MRI scanners.
These real-time planning systems allow the interactive
specification of the imaging planes and immediate acqui-
sition of the images with the given spatial location and ori-
entation. This can substantially reduce the time needed to
devise the spatial orientation of the SA imaging planes and
speed up the procedure of the cardiac MRI examination.
However, this approach still requires permanent attention
from the radiographer as well as a solid understanding of
the scanned anatomy. Therefore, the real-time planning
tools belong to the first generation of such systems. The
automated CMR planning evaluated in this study as well
as the system described in [10] may be considered sec-
ond-generation tools. It allows not only rapid devising of
SA cardiac acquisitions, but also hides the complexity of
the planning procedure from the end user and turns CMR
planning into an observer-independent routine procedure.

Limitations of the present study

Our present study was limited to normal subjects. Al-
though the assessment of accuracy of LV volumes, mass,
and function on a group of patients using automated
CMR planning is highly desirable, we did not include
abnormal cases. Grothues and coauthors [7] reported that
sinus node dysfunction or inability of patients to withhold
from breathing during the acquisition results in a lower

image quality and, as a consequence, in reduced intra-,
inter-observer and inter-study accuracy and reproducibil-
ity parameters in patients. These factors may negatively
affect the image quality, but, in our opinion, would hardly
have any effect on the accurate localization of the heart
within the human thoracic cavity. On the other hand, pul-
monary edema, the abnormal accumulation of extravas-
cular fluid inside the lung parenchyma resulting from a
complication of the myocardial infarction, cardiac dys-
function, and/or mitral or aortic valve diseases, changes
the lung morphology and might reduce the accuracy of
the automated CMR planning. The impact of this type of
pathology on the accuracy of automated CMR planning
deserves more attention and should be investigated in the
future.

For the automated CMR planning, we used the turbo
field-echo pulse scout protocol instead of the balanced
FFE. The latter protocol is acquired with the dedicated
cardiac coil and delivers the optimal image quality in the
vicinity of the heart. Due to inhomogeneity artifacts, the
tissue in the vicinity of upper lobes as well the posterior
part of the lungs appear darker on the scout images and
the boundary between the lungs and surrounding tissue is
practically inconspicuous. Hence, the balanced FFE scout
acquisition is less suitable for the automatic segmentation
of the thoracic cavity, whereas the turbo field-echo pulse
scout protocol is free from the aforementioned artifacts
and can be easily segmented in an automatic fashion.

The system of automated CMR planning is intended
to function in autonomous mode. During the prospec-
tive validation we intentionally avoided interaction with
the system in order to provide comprehensive and objec-
tive analysis of its performance. Although in 80% of the
cases the automated CMR planning may be performed
without any interaction, the other 20% of the cases still
require human supervision and manual amendment of
the automatically planned short-axis imaging planes is
highly desirable. However, use of our system in semi-
automated mode, when the user is allowed to perform
minor alterations in the orientation of the automatically
planned short-axis stack, will still be beneficial and faster
in comparison with the manual procedure.

Conclusions

The computer-aided system for automated planning of
SA acquisition was demonstrated to be an attractive alter-
native to the manual procedure. This system hides the
intrinsic complexity of the human heart geometry, reduces
human interaction to minimum, and speeds up the process
of devising the optimal location and orientation for the
SA imaging planes. Combined with the predefined acqui-
sition parameters from the scanner database, the whole
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procedure of SA cardiac acquisitions can be automatically
carried out. This would allow not only to provide a cost-
effective solution for the assessment of the condition of
the human cardiovascular system, but also to broaden the
use of MRI as the imaging modality for quantification of
LV volumes, ejection fraction and function.
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