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Abstract
Purpose:  To develop an automated, observer independent acquisition planning method 
for short-axis, multi-slice multi-phase cardiac MR imaging studies.

Materials and methods: From twenty patients and two volunteers, multi-slice, multi-
phase short-axis MR images were acquired by manual scan planning on a series of local-
izers (or scout views) following a standard LV function protocol. In addition, the posi-
tion and spatial orientation of the short-axis image volume were fully automatically 
calculated by matching a deformable model of the thorax to three-plane localizers.

Results: To assess the accuracy and reproducibility of the automated method as com-
pared to manual scan planning, in each study the angle between the reference geometric 
LV long axis and the short-axis image normal vector was calculated for both the manual 
and the automated planning procedure. The error (mean ± s.d.) by the automated 
method (12.2 ± 6.8 degrees) was not statistically different from the one by the manual 
scan planning (9.7 ± 5.8 degrees). The quality and image content of the automatically 
scanned image volumes were comparable to those obtained by manually planned short-
axis volumes.

Conclusions: The automated planning method provides a uniform, objective method to 
fully automatically acquire a set of multi-slice, multi-phase short axis cardiac MR images, 
without requiring any user interaction or expert knowledge.

6.1 Introduction

Magnetic Resonance Imaging is an excellent tool to assess global and regional left ven-
tricular (LV) function, and is now considered to be the ‘gold standard’ for analysis of, for 
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example, ejection fraction and ventricular volumes [1]. In particular multi-slice, multi-
phase short-axis cardiac MR-images are most suitable to assess left ventricular function 
without any assumptions about LV geometry [2-11]. However, to plan these scans cur-
rently requires substantial insight in cardiac anatomy. Many operators have difficulties in 
learning to plan the short-axis views in a reproducible manner. 

Recently, image analysis tools were introduced towards the automated planning of the 
short-axis view, thereby potentially reducing operator interaction to a minimum [12-14]. 
The purpose of the present study therefore, was to investigate, following objective and 
reproducible criteria, if and by how much the operator interaction can be reduced using 
an automated technique for the definition of the scan volume for a short-axis cardiac 
MR set. The basic principle of this approach is based on matching a digital atlas model 
of the thorax to a set of scout views or localizers. The set of required geometric transfor-
mations can subsequently be applied to project the position and orientation of the LV 
long axis from the model subject on the scout views. Based on these parameters, we have 
investigated whether the automatic definition of the short-axis image volume can be real-
ized directly from the scout views, where the three-dimensional angle of the LV long axis 
defines the orientation of the image set. If this would be succesful, then it would provide 
an objective automatic tool to plan short-axis images, and it would eliminate the neces-
sity to acquire supporting long-axis views used in the current scan planning procedure.

6.2 Materials & methods

Manual short-axis scan planning

To compare the accuracy and reproducibility of the automated planning method with 
the accuracy as currently achieved on a standard MR system in routine clinical practice, 
20 patient examinations were collected retrospectively. No gender/age selection was per-
formed, and patients were selected suffering from various cardiac pathologies (myocar-
dial infarctions (n=14), cardiomyopathies (n=3), congenital anomalies (n=1), arrhythmia 
(n=1), LV aneurysms (n=1)). In addition, two healthy subjects were scanned according 
to the automatic procedure; subsequently the scan was repeated using the manual scan 
planning protocol by an independent expert. 

The MR studies were performed on a standard 1.5-T MR imaging system (Philips 
Gyroscan NT 1.5, Best, the Netherlands). The patient studies were planned by different 
scanner operators following a standardized cardiac function MR protocol, which is rou-
tinely applied in our center to plan short-axis examinations. For technical details see 
[11]. According to this protocol, patient studies minimally consist of four image sets per 
patient: 
1) a set of cardiac gated, non breathheld scout views acquired following a multistack 

protocol (9 coronal/9 sagittal/9 transversal images, slice thickness 10 mm, slice gap 1 
mm, FOV 450¥450 mm, Turbo Field Echo pulse sequence, flip angle 20 degrees, 
repetition time 8 ms, echo time 4 ms.)
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2) a cardiac gated vertical long axis view: planned manually on a transverse slice in the 
scout views, in a plane parallel to the Cranial-Caudal scanner axis and the LV long 
axis, and through the LV apex (FFE-EPI, repetition time equal to the RR interval, 
echo time 11 ms, prospective gating, breathheld in end-expiration, slice thickness 8 
mm, reduced FOV 400¥237)

3) a four chamber view: planned on the vertical long axis view, and acquired as a plane 
positioned through the apex, oriented perpendicular to the vertical long axis view and 
parallel to the LV long axis as seen in the vertical long axis view (FFE-EPI, repetition 
time equal to the RR-interval, echo time 11 ms, prospective gating, breathheld in 
end-expiration, slice thickness 8 mm, reduced FOV 400¥237 mm).

4) a multi-slice, multi-phase gated short-axis cardiac MR set, planned perpendicular to 
the 4 chamber view through the apex and perpendicular to the LV long axis. (FFE-
EPI, repetition time equal to the RR-interval, echo time 11 ms, prospective gating, 
breathheld in end-expiration, slice thickness 10 mm, slice gap 1 mm, reduced FOV 
400¥237 mm).

Automated scan planning

In previous work [12-14], we have described a three-dimensional deformable atlas 
matching method for the thorax, by which a thoracic MR-set can be fully automatically 
segmented into the lungs, heart and cardiac ventricles. The model matching procedure 
results in a set of geometric transformations, which define a one-to-one mapping 
between the model’s thoracic anatomy and that of a patient/volunteer. Anatomical and 
pathological variations in organ shapes and dimensions are described in variations in size, 
position and orientation of the different thoracic organs in the thorax with respect to 
each other. When the model has been fully aligned with the image set, the approximate 
locations of the boundaries of the heart, cardiac ventricles, right lung and left lung are 
known. The modeling and matching procedure has been validated in normal subjects 
[12,13] and in patients [14], and was shown to be robust with respect to noise and initial 
model position. In Figure 6.1 two examples of a matching result are given for a thoracic 
scout view and a short-axis cardiac MR-set. 

By matching the thorax model to a set of scout views, the same set of geometric trans-
formations required to map the model to the image set can be applied to estimate the 
position and orientation of the LV long axis. Based on these estimates, the short-axis 
image volume can be fully automatically defined directly from the scout views, where the 
three-dimensional angulation of the LV long axis defines the orientation of the image set. 

The automated model matching procedure was applied directly to the 20 patient 
scout views acquired for the manual scan volume definition. This yielded the two param-
eters required for the short-axis scan planning: an estimated position of the center of 
gravity of the image volume and the direction of the normal vector for the image planes. 
In this matching step, no subjective user interaction was required. The number of slices 
in the automatically defined scanning grid set was set to 13. Computations were per-
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formed on a standard Sun Ultrasparc 10 workstation (Sun Microsystems, Mountainview, 
CA).

In addition to these experiments, the method was applied in practice for two normal 
subjects by automatically planning the short-axis image planes in a set of the scout views, 
and acquiring the corresponding short-axis image volumes. 

Gold standard denition

The orientation of the geometric long axis at end-diastole was selected as the reference 
for the orientation of the LV long axis. To calculate this orientation for each image set, 
the contours of the endocardium were manually drawn in all short-axis cardiac MR-
scans at end-diastole. The orientation of the LV long axis in each image set was subse-
quently calculated by tting a straight line through the contour centroids of the end-
diastolic contours using a least squares distance criterion. In Figure 6.2, an example of a 
reference LV-long axis is given for one of the patient studies.

Denition of accuracy and reproducibility

To dene the best achievable accuracy and to calculate a realistic error margin for the ref-
erence long axis, the variation in the LV orientation over the cardiac cycle was calculated. 
This was estimated by assessing the angle j cycle between the end-diastolic (ED) and the 

Figure 6.1: Two application examples of a deformable thorax model after fully automatically matching 
it to two thoracic MR image sets. The dotted boundary strips represent the expected location of the 
boundaries of the left lung, right lung, diaphragm and epicardial surfaces. The top row shows the model 
displayed on three orthogonal slices from a thorax scout view consisting of 27 slices. The bottom row dis-
plays the result of the direct application of the model matching procedure to a set of short-axis cardiac 
MR images, displayed on three slice levels in the image set. Click on the images to activate the movies.

movie/matchwithfeaturepoints.avi
movie/cardmriexample.avi
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end-systolic (ES) geometric LV long axes as determined from the contours in the short-
axis images in ED and ES, respectively. 

The variabilities introduced in the manual scan planning process were assessed by cal-
culating the angle jmanual between the gold standard LV long axis and the orientation (nor-
mal vector) of the manually planned short-axis images (see Figure 6.3). This angle 
expresses the error introduced by the scanner operator accumulated over all the stages of 
the manual planning procedure, and provides an indicator for the accuracy by which the 
LV long axis is determined in routine clinical practice on a standard clinical MR system. 

To evaluate the automatically estimated LV orientation against the reference LV long 
axis orientation, the angle jautomatic was calculated between the gold standard LV long axis 

Figure 6.2: Example of a left ventricular long axis, calculated from the LV contours in a short-axis image 
set. (a) LV long axis projected on a vertical long axis view. (b) LV long axis projected on a 4 chamber 
view.

a b

Figure 6.3: To quantitate the errors in both the manual and automatic scan planning procedures, the 
angle j between the image normal vector n and the geometric LV long axis v was calculated.

�
n v
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and the automatically estimated LV long axis. This measure represents the deviations in 
orientation of the automatically defined scanning volumes as compared to the gold stan-
dard LV long axis. 

6.3 Results

For all twenty patient examinations, the results of the quantitative comparison between 
the automatically and the manually planned image sets are given in Table 6.1. 

Table 6.1 Offset angle jjjjautomatic for the automatic procedure, jjjjmanual for the manual 
procedure, and angle jjjjcycle between the end-diastolic and end-systolic LV long axes 
caused by the cardiac contraction

jautomatic jmanual jcycle

1 9.6 5.3 8.6

2 8.3 13.9 3.6

3 12.4 16.1 6.7

4 12.5 28.9 22.2

5 21.7 5.7 9.2

6 7.6 11.8 6.9

7 5.3 2.2 1.7

8 9.6 9.7 4.4

9 15.6 13.0 8.7

10 5.0 4.6 4.5

11 25.2 3.8 0.2

12 4.6 9.1 11.1

13 19.8 9.3 2.9

14 6.8 8.9 4.7

15 16.3 8.1 0.5

16 7.9 11.1 7.8

17 1.9 7.4 1.4

18 20.1 6.3 6.8

19 22.3 6.7 1.7

20 12.0 11.9 9.0

average 12.2 9.7 6.1

std. dev. 6.8 5.8 5.0
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Figure 6.4: Examples of fully automatically planned scanning grids for two patients, a and b. For each 
patient, the top row displays the scanning grid, projected on three orthogonal slices from the scout data. 
To visually verify the correctness of the planned image volumes, the grids were also projected on the four-
chamber view and the vertical long-axis view respectively (bottom row), which were acquired during the 
manual scan planning protocol. These images were not used in the model matching procedure.

a

a

b

b
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Figure 6.5: Comparison between manually planned short-axis images (top) and automatically planned 
short-axis images (bottom). Though the slice locations differ slightly, the appearances of the left and right 
ventricles are highly similar in both image sets. Click on the image to activate the animation.

movie/manversusautomovie.avi
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The angular variations in the orientation of the reference LV long axis over the cardiac 
cycle jcycle was on average 6.1 degrees (SD 5.0 degrees, range [0.2-22.2 degrees]). The 
measured j manual was on average 9.7 degrees (SD 5.8 degrees, range [2.2-28.9 degrees]), 
while the angular offset jautomatic amounted on average 12.2 degrees (SD 6.8 degrees, range 
[1.9-25.2] degrees).

In Figure 6.4, two representative examples of fully automatically defined scanning 
grids resulting from the automated planning procedure are displayed. In Figure 6.5, an 
example is given of the manually defined short-axis scans as compared to the automati-
cally acquired short-axis images. Computing times required to calculate the scanning 
parameters for the short-axis image volumes ranged between 3 and 5 minutes for a set of 
scout views consisting of 27 images.

6.4 Discussion

To accurately analyze left ventricular function from short-axis cardiac MR-images 
requires that these images are acquired perpendicular to the LV long axis. The purpose of 
this study was to investigate the feasibility of an automated scan planning method, 
which automatically provides correct scanning parameters for these short-axis volumes. 
This method potentially reduces user interaction to a minimum, reduces acquisition 
time and requires no specialized knowledge to correctly define a short-axis cardiac MR 
volume. The study quantitatively compares the automated scan planning method with a 
routinely applied manual scan planning protocol.

Accuracy of manual versus automated scan planning

The manually introduced angle between the short-axis image orientation and the refer-
ence LV long axis (jmanual) together with the change in direction of the LV long axis over 
the cardiac cycle jcycle) resulted in deviations from the gold standard orientation in an 
order of magnitude between 2 and 29 degrees. This illustrates that short axis views as 
planned manually in routine clinical practice may deviate significantly from the optimal 
view perpendicular to the geometrical LV long axis. 

The error in the automated planning method (jautomatic) varied in a slightly smaller 
range (between 2 and 25 degrees) as compared to the manual planning procedure. The 
average angular offset in the automatically planned short-axis volumes amounted to 12.2 
degrees, which is comparable to the inaccuracies in the manual scan planning procedure 
(average 9.7 degrees). In a two-tailed paired samples t-test, this difference was found to 
be not statistically significant (p=0.23). The automated method also demonstrated a 
comparable standard deviation as the manual scan planning procedure (6.8 degrees ver-
sus 5.8 degrees) in the angular offset from the gold standard LV long axis. This difference 
was statistically non-significant (one tailed F-test, p=0.49), and is in the same order of 
magnitude of the standard deviation in jcycle (5.0 degrees), which represents the variation 
in orientation of the LV long axis over the cardiac cycle. 
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Although the differences in the error distributions of the manual and the automated 
procedure were found to be statistically non significant, a possible reason for a systematic 
error in the automated procedure is the fact that the scout views used for the automated 
scan planning were non-breathheld, whereas the short axis images used to define the gold 
standard LV orientation were acquired in end-expiration. A change in respiratory status 
introduces a difference in orientation and position of the heart in the thorax, causing a 
slight difference between the LV long axis orientation in the scout views and the LV axis 
in the short-axis image volumes used to define the gold standard LV orientation. Such a 
systematic offset can possibly be corrected with a correction factor, which would account 
for the difference in orientation in the LV position over the respiratory cycle. On the 
other hand, recent advances in MR technology allow breath-held survey acquisitions, 
which would enable the acquisition of scout views in the same phase of the respiratory 
cycle as the short-axis MR-images.

Impact of image orientation errors on LV wall measurements

Although in the automatically and manually defined scan definitions the angular offsets 
range between 2-25 degrees and 2-29 degrees respectively, the impact of angular errors 
on actual LV wall thickness and thickening measurements is limited due to the fact that 
an angular offset causes only a slight overestimation of the wall thickness of (1 / cos(j)) 
¥ 100%. For angles smaller than 18 degrees the error is less than 5%. Using a 2D center-
line wall thickness measurement [15], this would lead for the manually planned short-
axis images (worst case offset 29 degrees) to a worst case local overestimation of the wall 
thickness by 14%. For the automated method this worst-case offset (25 degrees) would 
cause an overestimation of 10%. 

Practical considerations and limitations

The automated scan planning method presented here is intended for application in a 
supervised manner. In this study, we eliminated any user interaction to investigate the 
accuracy and reliability of the method. The results of this study indicate that without any 
user interaction, the worst case angular offset from the geometric LV long axis amounts 
to 25 degrees, with an average of 12 degrees. However, it is possible to enable user inter-
action by visualizing the calculated scan volume on the scout image sets and enabling the 
scanner operator to intervene. Based on the results from this study, it is expected that 
such user interaction is not required in 90% of the cases. 

In the present study the number of slices in the short axis image volume was fixed; as 
a result a few redundant slices, which did not contain any LV, were included in some 
cases. In practice, this parameter may be adjusted manually if required. In our current 
work, we are focusing on the automated assessment of this and a number of other scan-
ning parameters required for different cardiac function protocols, such as navigator posi-
tion for non-breathheld protocols, and location of the aortic arch for the acquisition of 
velocity encoded aortic flow images.
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The automated scan planning method has been developed to work on current stan-
dard MR hardware. A recent advance in MR acquisition technology is the development 
of real-time MR scanners, which allow an interactive scan planning of the short-axis 
image plane. This may significantly reduce the time required to plan the short-axis image 
planes. However, interactive scan planning, which is still in a developmental stage, 
remains subjective and does not provide a uniform means to determine the optimal 
short-axis view independent of observer experience and interpretation. 

The time required for the automated scan planning procedure currently amounts to 
5-7 minutes, including the acquisition of the scout views (2 minutes) and the calculation 
of the scan volume acquisition parameters (3-5 minutes). In general, this is only slightly 
faster than the time required for the manual scan planning procedure, particularly 
because the necessity to acquire supporting long axis views is eliminated. However, we 
foresee two possibilities to further speed up the automated process. Firstly, the rapid evo-
lution of computer hardware will enable us to further shorten the automated matching 
procedure. Secondly, initial experiments have been performed by applying the auto-
mated model matching procedure to only a subset of the scout image volume. By select-
ing a subset of the scout images, for instance every other image or every third image, the 
planning procedure can be shortened by a factor of 2-4 with comparable accuracy. These 
two factors may potentially reduce the time to automatically plan the short-axis image 
volume to 3 minutes including the scout scanning. 

6.5 Conclusions

This study investigated the feasibility of an observer independent scan planning method 
for short-axis cardiac MR-images. The automated planning procedure was found to per-
form with comparable accuracy as the manual scan planning in routine clinical practice. 
Currently, the time for the automated planning protocol is slightly shorter than for the 
manual scan planning, mainly because no additional long axis support scans were 
required. However, the main advantage of the automated method over the manual plan-
ning procedure, is the fact that it provides a uniform, observer independent planning 
approach requiring no expert knowledge, while yielding images of comparable quality as 
manually planned images. 
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