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Abstract. Diagnosis and treatment of coronary artery disease requires a full un-
derstanding of the intrinsic contractile mechanics of the heart. MR myocardial 
velocity imaging is a promising technique for revealing intramural cardiac mo-
tion but its ability to depict 3D strain tensor distribution is constrained by ani-
sotropic voxel coverage of velocity imaging due to limited imaging slices and 
the achievable SNR in patient studies. This paper introduces a novel Kriging  
estimator for simultaneously improving the tracking and dense inter-slice esti-
mation of the myocardial velocity data. A harmonic embedding technique is 
employed to determine point correspondence between left ventricle models be-
tween subjects, allowing for a statistical shape model to be reconstructed. The 
use of different semivariograms is investigated for optimal deformation recon-
struction. Results from in vivo data demonstrate a marked  improvement in 
tracking myocardial deformation, thus enhancing the potential clinical value of 
MR myocardial velocity imaging.    

1   Introduction 

Coronary artery disease has been the focus of much research due to its considerable 
morbidity and poor prognosis. The interpretation and prediction of changes induced 
require a full understanding of the underlying mechanics of coronary flow and myo-
cardial contraction. While visualization of global changes in contractile patterns is 
possible, examination of local changes in the myocardium requires a more sensitive 
and quantitative technique. In recent years, Cardiovascular Magnetic Resonance 
(CMR) has emerged as a versatile technique for non-invasive assessment of intramu-
ral motion of the myocardium and has taken a key role in diagnosing myocardial 
contractile abnormalities.  

Historically, the most popular CMR technique for measuring myocardial deforma-
tion is MR tagging [1]. More recently, the use of motion tracking with Harmonic 
Phase (HARP), displacement encoding (DENSE), and myocardial velocity mapping 
has received increased attention.  For myocardial velocity mapping, recent work on 
pulse sequence design has significantly improved its sensitivity, SNR, and resilience 
to blood flow artifacts. Detailed, reliable myocardial contractility information is ob-
tained that can be directly used for myocardial modeling. One of the drawbacks of 
myocardial velocity mapping is that its direct visualization is less intuitive than 
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strain/strain rate information as revealed by myocardial tagging, due to the superim-
position of global, as well as local myocardial motion. Reliable integration of myo-
cardial velocity information requires physical based 3D modeling combined with 
correct noise estimation of the velocity data.  

Thus far, research into 3D modeling of intramural cardiac motion using velocity 
imaging has been limited. Current modeling techniques require extensive a priori 
data, many of which are difficult to obtain on a per subject basis - for example,  
material properties and fiber orientation. Bergvall et al. [2] used Fourier tracking to 
examine myocardial deformation. Motion was calculated using an iterative scheme 
involving regularization to remove the effects of noise. The method was extended by 
considering data certainty and regularity of the model to improve performance [3]. 
Masood et al. [4] introduced the virtual tagging framework to derive strain distribu-
tion from myocardial velocity data. In virtual tagging, an artificial tag pattern is super-
imposed onto the velocity data and the subsequent deformation is observed. If the 
deformation of the virtual tags is correct, the estimated velocity distribution should be 
identical to the directly measured CMR velocity data in a least-mean-squares sense. 
Under this framework, a priori information is not required and hence the technique is 
suitable for subject specific modeling. More recently, the method has been extended 
by introducing a prediction framework based on kernel-partial least squares regres-
sion to predict the distortion of a fine mesh from that of a coarse one [5]. Results from 
training sets based on a leave-one-out analysis were shown to be promising but the 
technique would be more effective with training sets from multiple subjects. For this 
reason, the left ventricles of the subjects must be aligned and mesh correspondence 
must be found. With correspondence achieved, a model can be built from the resulting 
training set; such a model could be used for segmentation or as input to the described 
prediction framework.   

Recent work on myocardial velocity data has revealed problems due to anisotropic 
voxel coverage caused by limited imaging slices and the achievable SNR in patient 
studies. The purpose of this paper is to introduce a novel Kriging estimator for simul-
taneously improving the tracking and dense inter-slice estimation of the myocardial 
velocity data. Kriging is a geostatistical technique to interpolate the value of a random 
field and it has been used in 3D medical imaging for isosurface generation and tensor 
estimation and registration [6, 7]. In this paper, we incorporate the Kriging estimator 
into the virtual tagging framework with surface harmonic embedding such that im-
proved tracking with material correspondence can be achieved. Detailed validation is 
performed on in vivo MR velocity data sets from five normal subjects.  

2   Methods 

2.1   Virtual Tagging and the Kriging Estimator 

The concept of virtual tagging was introduced for myocardial contractility analysis for 
improved strain visualization to avoid the explicit use of tissue properties that are not 
readily available in vivo. A 3D grid is overlaid onto the velocity image slices and is 
manipulated based on the surrounding velocity vectors. The cost function E  to be 
minimized is 
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vΔ  is the difference between the estimated and measured velocity vectors, tΔ  is the 
difference in time between two consecutive timeframes, α  is a weighting function, ξ  
is the change in volume of each element, and S  is the surface area of the element. In 
this paper, we incorporate the ordinary Kriging estimator into the framework to im-
prove the tracking of the myocardial velocity vectors across the cardiac cycle. Kriging 
is used to interpolate the estimated velocity value at each pixel based on the surround-
ing mesh nodal values. 

Kriging estimation is a modified linear regression technique and is based on the 
spatial distribution of the samples. The interpolated value is calculated using a 
neighborhood of the N  closest points surrounding the chosen location. The basic 
Kriging equation is 

( ) ( )
1

ˆ
N

i i i
i

Z p w Z p
=

= ∑ . (2) 

where ( )Ẑ p  is the estimated value at point p , ( )i iZ p  are the known regionalized 
variables at known points ip , and iw  are the weights. Kriging is considered the best 
linear unbiased estimator due to the following two conditions: 
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The system is solved for by using a Laplacian Multiplier λ  to obtain this system of 
equations: 

( ) ( ) ( )1, ,

1

i ij ip
j

j
j

w g h g h i N

w

λ+ = =

=

∑

∑

…
 (4) 

Weights w  for each point are calculated based on a variogram, half of the variance of 
the difference between two variables, describing the degree of spatial dependence of 
the spatial field. A variogram is the expected squared increment of the values between 
two locations, making it suitable for interpolation. In some applications, a 
semivariogram (half the variogram) is chosen by fitting a model to empirical data but 
many now utilize a model semivariogram ( )g h .  

To our knowledge, the choice of model semivariogram has not been studied in 
medical image applications. In this paper, we compare three model semivariograms to 
be used within the virtual tagging framework: the exponential semivariogram, 
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a
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the Gaussian semivariogram,  
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and the spherical semivariogram. 
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where h  is the distance between the samples of interest, c  is the sill, i.e., the limit of 
the variogram tending to infinity distances,  and a  is the range, a distance in which 
the difference of the variogram from the sill is negligible. While the sill requires an 
accurate value, the range value can be dispersed.  

2.2   Data Acquisition 

For in vivo validation of the proposed method, five normal subjects were scanned 
using a gradient-echo phase-contrast protocol (TR = 53ms, TE = 7.1ms, in-plane pixel 
resolution = 1.17×1.17mm, FOV = 30×30cm, VENC = -15 to +15 cm/s), obtaining a 
total of 12 to 14 short axis velocity mapping images of the heart with 10-18 time-
frames spanning the cardiac cycle on a 1.5T Siemens Sonata MR scanner. The images 
were restored using a rigid body motion correction and a Total Variational (TV) resto-
ration technique [8, 9]. In the sequence, a specially designed black-blood RF pulse is 
applied every other time frame followed by the imaging pulse and a k-space view-
sharing scheme is incorporated to reduce the total scan time needed, hence allowing 
for one reference image and three orthogonally encoded velocity images to be ac-
quired. Free-breathing data acquisition is possible through the use of diaphragmatic 
navigator echoes and this ensures geometrical and functional consistency of the 3D 
cine myocardial velocity data.  

2.3   Volumetric Left Ventricle Model 

The left ventricles are first semi-automatically segmented from the reference MR 
images. Epi- and endocardial surfaces are generated from the slice contours and a 
volumetric model is built by connecting these surfaces together. However, the points 
defining these volumes do not correspond across subjects.  

To establish correspondence between the two volume models, surface harmonic 
embedding was applied [10]. With this technique, the epi- and endocardial surfaces 
are first harmonically mapped to a hollow half sphere. A template of points is then 
overlaid on the normalised space, providing each surface, regardless of size or sub-
ject, with the same number of points defining it. Correspondence is established across 
two or more subjects through the use of the Minimum Description Length (MDL) 
criterion. The points are manipulated such that the MDL cost function is minimised, 
indicating that the model is compact and is unlikely to have spurious modes of varia-
tion when Principal Components Analysis (PCA) is applied. After optimisation  
is complete, the resultant surfaces are reconnected to reform the volumetric mesh. 
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Correspondence is only found between the left ventricles at the first timeframe of 
each subject. The application of virtual tagging ensures that these points are tracked 
across time and therefore, correspondence will remain.  

3   Results 

In Figure 1, the difference made by the incorporation of the Kriging estimator is visu-
ally presented. The use of the Kriging estimator gives a smoother output, especially 
with the strains, but still tracks the correct movement of the left ventricle. The differ-
ences in the virtual tagging due to the use of different semivariograms are shown in 
Table 1. While all the errors are at a sub-pixel level, use of the Gaussian and spherical 
semivariograms currently causes slower convergence of the virtual tagging program.  

In Figure 2, the strain results are shown from one subject across the cardiac cycle. 
The results are as expected with the strains following the expected movement in all 
components. The heart has complex motion that can be broken down into three com-
ponents – longitudinal, circumferential, and radial. Longitudinally, the heart shortens 
and lengthens; radially, the heart wall thickens and thins; and circumferentially, there 
is twisting, leading to contraction and expansion. Component strains are also exam-
ined in the left ventricle at each region of the standard AHA 17 segment model [11] in 
Figure 2. Longitudinal, radial, and circumferential strains are all displayed – in par-
ticular, the longitudinal strains are much improved over many existing techniques. 
 

(a) (b) (c) (d)(a) (b) (c) (d)

 

Fig. 1. An example of strain analysis results based on MR phase contrast velocity mapping with 
and without Kriging. (a) The input shape to the virtual tagging framework, (b) the sampled 
velocity field showing the noise that can affect the deformation, (c) the deformation found 
without Kriging, with radial strain overlaid, and (d) the deformation recovered with Kriging.  

Table 1. Mean position errors from one subject across three time frames comparing exponen-
tial, spherical, and Gaussian model semivariograms 

 Semivariogram 

TF Exponential Gaussian Spherical 
1 0.154 0.109 0.120 

2 0.292 0.228 0.202 

3 0.166 0.192 0.120 
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Fig. 2. Strain results from one of the subjects studied – (a) longitudinal, (b) radial, and (c) 
circumferential strain distribution after Kriging. The seventeen segment model of the left ven-
tricle and the component strains at each of the segment regions are shown to the right and  
below.  

While both the longitudinal strains and radial strains strongly correlate with previous 
investigations, with the left ventricle clearing showing longitudinal shortening and 
radial contraction, the circumferential strains are less strong. In Figure 3, the mean 
values of each strain components are shown for each of the left ventricle segments 
(except Segment 17 - the apical segment).  
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Fig. 3. Mean and standard deviations of the longitudinal (blue), radial (pink), and circumferen-
tial (green) strains for each of the segments (except Segment 17) of the standard AHA 17 seg-
ment model across all the subjects studied  

4   Conclusions 

In this paper, we have incorporated the Kriging estimator for myocardial strain analysis 
based on phase contrast velocity mapping. Kriging has the potential for projecting opti-
mal interpolation estimates and is only dependent on the distance to the neighborhood 
samples. We have shown that the final result is relatively immune to the choice of 
semivariogram, but the convergence of the algorithm can be affected by different 
semivariograms. The proposed technique has provided promising results in the tracking 
of the left ventricle throughout the cardiac cycle with MR velocity images. When com-
bined with the virtual tagging framework, the method allows accurate material corre-
spondence, and thus can serve as a valuable tool for detailed myocardial strain analysis.   
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