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Automated Quantification of Human Left Ventricular 
Deformation with Magnetic Resonance Cardiac Tagging 

FWL Aelen, T Arts, DGM Sanders, GRP Thelissen, AMM Muijtjens, FW Prinzen, RS Reneman 

Cardiovascular Research Institute Maastricht, Maastricht, The Netherlands 

Abstract 

A method was developed to quantifj, deformation of the 
human cardiac left ventricle (LV) non-invasively. Our 
primary interest was LV torsion and contraction during the 
ejection phase, as these may be of clinical importance. 

Magnetic Resonance cardiac tagging was used in 9 
healthy volunteers to determine displacement, rotation and 
contraction of two parallel short-axis cross-sections in the 
LV equatorial region. Rotation angles from these cross- 
sections were subtracted to quantify torsion. During 
ejection torsion increased by 5.3f1.2 degrees (meanfsd), 
and the inner and outer radii decreased from 24.5fl. 7 mm 
to 16.8fl.8 mm, and from 35.7f2.9 mm to 31.822.6 
mm, respectively. 

It can be concluded that the developed method provides 
a highly automated means for assessment of LV torsion 
and contraction in humans. 

1 .  Introduction 

The pattern of LV deformation is sensitive to various 
cardiac disorders, such as myocardial ischemia, cardiac 
infarction, and hypertrophic cardiomyopathy [ 1, 21. 
Quantitative assessment of this deformation pattern could 
therefore be a useful diagnostic tool. Two essential modes 
of LV deformation are torsion and contraction. Torsion is 
associated with rotation of the apex with respect to the 
base around the long axis of the LV. Global contraction 
can be described by time courses of the inner and outer 
radii of LV short-axis cross-sections. 

Magnetic Resonance (MR) cardiac tagging [3-51, based 
on Spatial Modulation of the Magnetization (SPAMM), 
is a non-invasive method to attach a grid of tags to the 
myocardium. By following the motion of the grid, 
deformation of the LV can be quantified during contraction 
(figure 1). Methods to quantify grid motion generally rely 
on a large amount of user-interaction [ l ,  5-81. For a 
useful clinical application it is desirable that tags can be 
followed in time without interference by an operator. 
Furthermore, the large amount of motion information 

should be reduced to a few interpretable quantities. 
Our goal was to develop a highly automated method to 

quantify torsion and contraction of the LV non-invasively 
with the use of MR cardiac tagging. Tag detectability was 
enhanced by spatial bandpass filtering. Subsequently the 
filtered images were thresholded, allowing individual tags 
to be followed in time. Tracks of the tags were fitted to a 
kinematic model discerning cross-sectional displacement, 
rotation and contraction. Rotation angles from two cross- 
sections were subtracted to quantify torsion. 

Figure 1. MR-tagged left ventricular short-axis images, 
20, 96, 172, and 248 ms after R-wave in ECG (left to 
right, top to bottom). The motion of tags corresponds to 
myocardial deformation. Gradually the tags fade away. 

2 .  Methods 

2.1 Image acquisition 

Magnetic Resonance Imaging of the LV was performed 
on 9 healthy volunteers using a 0.5 Tesla MR imaging 
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system (Philips Gyroscan T5-11, Philips Medical 
Systems, Best, The Netherlands). The electrocardiogram 
(ECG) was used for triggering of image acquisition. The 
location and orientation of the LV were determined by a 
compound angulation method. Two parallel short-axis 
cross-sections were imaged, located about 2 and 4 cm 
below the LV base. From both cross-sections two 
sequential imaging series, partially overlapping in time, 
were acquired in order to cover the entire ejection phase. 
Image acquisition of the first series started 20 ms after 
detection of the R-wave in the ECG. Acquisition of the 
second series started during mid-ejection, the precise 
moment depending on the visually assessed image quality 
during the first imaging series. The time interval between 
consecutive images was 20 ms. A field of view of 213 
mm was used at an image resolution of 256x256 pixels. 
Slice thickness was 8 mm. Images were obtained by 
averaging over 4 repeated cardiac cycles. The echo time 
was 10 ms and the radiofrequency pulse flip angle for 
tagging was 40". Tags were excited in a rectangular grid 
pattern with an intertag distance of 5 mm. To facilitate 
image analysis, a 128x128 pixel region of interest was 
magnified to 256x256 pixels by adding zeros to the spatial 
frequency spectrum. 

2.2  Quantification of LV deformation 

Tag visibility was enhanced by spatial bandpass 
filtering. The bandpass filter was tuned to specifically pass 
the grid of tags. Small deviations in the spatial frequency 
of the grid were also allowed to pass, thus guaranteeing 
conservation of cardiac deformation information. 
Subsequently, the images were thresholded. Examples of a 
filtered and a thresholded image are shown in figure 2. 

Figure 2. Filtered (left) and thresholded (right) images, 96 
ms after R-wave in ECG. Filtering enhanced the 
detectability of the tags, making thresholding feasible. 

The position of a tag was calculated as its center of 
gravity in the thresholded image. Corresponding tags in 
consecutive images were found using the Iterative Lower 

Rank Approximation procedure developed by Muijtjens 
et. al. [9]. This procedure also extrapolated coordinates of 
missing tags in the tag tracks by assuming that all tags 
follow tracks with a high mutual correlation. 

Tag tracks were fitted to a kinematic model of LV 
cross-sectional deformation. During contraction 
shortening of base to apex segment length was taken to 
be 65% of outer circumference shortening [lo]. Then, 
assuming constant LV wall volume, the radial motion of 
all points in a cross-section of the wall is determined by 
the outer radius. Using the measured tracks of all 
individual tags, changes in the outer radius were 
estimated. Besides the outer radius, displacement and 
rotation of the LV cross-section were included in the 
kinematic model. The motion parameters in the kinematic 
model were estimated with respect to a reference time that 
was quite arbitrarily chosen to be in mid-ejection. 
Starting from the tag positions at the reference time, 
initial estimates of the motion parameters were applied to 
calculate tag positions at time t. Differences between thus 
calculated tag positions and measured tag positions at 
time t were minimized by changing the parameter values 
following Powell's method [ 111. Note that both imaging 
series partially overlapping in time were processed 
independently, each with its own reference tag positions. 
The reference time, however, was the same for all 
imaging series. 

The LV inner and outer radii were estimated visually 
from the images at a reference time. Changes in the outer 
radius throughout the ejection phase were estimated in the 
kinematic model. Using the inner radius at the reference 
time and the outer radii at all times, the inner radii could 
also be calculated at all times, assuming constant LV 
wall volume. LV torsion was calculated as rotation of the 
lower cross-section with respect to the upper cross- 
section. 

3 .  Results 

Images were acquired from 9 healthy volunteers at two 
parallel short-axis cross-sections located in the LV 
equatorial region. 

Rotation from the beginning to the end of ejection was 
on average -3.2f2.8 degrees (meanksd) for the upper 
cross-section, and 2.0k3.1 degrees for the lower cross- 
section. Time courses of rotation angles are shown in 
figure 3. Rotation angles of the upper cross-section were 
subtracted from rotation angles of the lower cross-section 
to calculate torsion (figure 4). During ejection torsion 
increased by an amount of 5.3f1.2 degrees. 

The outer radius decreased from 36.0f2.7 mm to 
32.3f2.7 mm for the upper cross-section, and from 
35.4k3.0 mm to 31.4f2.5 mm for the lower cross- 
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section. The decreases in inner radii were relatively larger: 
from 25.2f1.5 mm to 18.1k2.2 mm, and from 23.9f2.1 
mm to 15.5f2.0 mm for the upper and the lower cross- 
section, respectively. Time courses of these radii are 
shown in figure 5. 
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Figure 3. Time courses of the rotation angles of the lower 
(solid line) and the upper (dashed line) LV cross-sections. 
Time zero refers to the R-wave in the ECG. 
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Figure 4. Torsion angle as a function of time. 

The time required for the entire analysis of the images 
was approximately 15 minutes on a SUN Sparc IPX, 
manual actions being limited to visual determination of 
the LV center and inner and outer radii at the reference 
time. 

4 .  Discussion 

A highly automated method was developed to quantify 
LV deformation with a few deformation parameters. Our 
primary interest was determination of torsion and 
contraction of the LV during the ejection phase. Torsion 
and contraction have been studied extensively [5,  12-14]. 
Cardiac disorders such as ischemia, infarction, and 
hypertrophic cardiomyopathy have been shown to alter the 
myocardial deformation pattern [ 1, 21. Therefore, torsion 
and contraction during the ejection phase may be of 
clinical importance. A clinical application of a method to 
determine LV deformation desires a high degree of 
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Figure 5. Time courses of the inner and outer radii of the 
lower (solid line) and the upper (dashed line) LV cross- 
sections. 

automation. Most of the existing methods based on MR 
cardiac tagging require a substantial amount of user- 
interaction. Our method, however, satisfies the demand 
for automation. The user is only required to give an 
estimate of the LV inner and outer radii at a reference 
time, and a rough estimate of the LV center at that time. 
Then, for both cross-sections, the inner and outer radii, 
the LV centers, and the rotation angles are estimated by 
the kinematic model for all times. 

Thresholding of the filtered images and the 
representation of the position of a tag by its center of 
gravity in the thresholded image enable the high degree of 
automation. Bandpass filtering of the images made 
thresholding feasible. The bandwidth of the spatial 
bandpass filter allowed passing of perturbations of the 
grid due to strains in a cross-section of the LV wall of 
maximally 30%, and rotations of less than 20 degrees. As 
a result high frequency noise and low frequencies, 
responsible for the relatively large bright areas in the LV 
cavity, were filtered out. 

Inner and outer radii of the LV could be determined 
visually from gradient-echo MR images with an accuracy 
of about f 1  mm. Changes in these radii are in the same 
order of magnitude and can therefore not be assessed 
visually with a high enough reliability. We estimated the 
inner and outer radii only at a reference time by visual 
assessment, changes in the radii were determined by the 
kinematic model. These calculated changes were based on 
the motion of all detected tags in a cross-section of the 
myocardial wall. Thus determined radii at all times were 
within the limits of accuracy with which the radii could 
be determined visually. The changes in radii, however, 
were determined with a much higher accuracy. 

Torsion angles vary with the distance between two 
cross-sections. The shear angle on the epicardium, 
calculated as the torsion angle multiplied by the outer 
radius and divided by the distance between the two cross- 
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sections, is more or less independent of this distance [ 5 ] .  
Buchalter et. al. [5] found an average epicardial shear angle 
from the beginning of ejection to end ejection of 5 . M . 6  
degrees for 8 normal volunteers, while Arts et. al. [14] 
found a shear angle of about 7 degrees in the dog. These 
values are compatible with the angle of 8.4k1.5 degrees 
found in the present study. 

Displacements of individual tags were quantified by our 
method. Although it was not of our primary interest here, 
residual errors from the globally calculated motion 
parameters could also be determined for each tag. 
Therefore, the method could also be used to investigate 
regional differences in torsion and contraction. The spatial 
resolution, however, is limited by the intertag distance of 
5 mm, i.e., there are only about 2 or 3 tags across the 
wall. 

To automatically follow tags during the whole ejection 
phase it was essential to have two sequential imaging 
series at each cross-section. If manual interventions were 
allowed one imaging series could suffice. An advantage of 
our method, however, is that it is capable of a faster and 
more objective means of assessment of tag positions than 
would be possible manually. 

We only considered displacement, contraction, and 
torsion of the LV. In the ejecting LV, however, the 
deformation pattern is more complex. Other deformation 
modes can be included in the kinematic model to describe 
the deformation pattern more accurately. 

It can be concluded that the developed method provides 
a highly automated means for assessment of LV torsion 
and contraction in humans. 
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