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MOWHARP: MULTI-ORIENTED WINDOWED HARP RECONSTRUCTION FOR ROBUST STRAIN IMAGING 
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Target audience. MR tagging enables to track material points through time. This is of special relevance, for instance, in the analysis of myocardial local motion, whose 
anomalies are directly related with impaired cardiac function. The HARP method for MR tagging makes possible a dense reconstruction of the deformation gradient 
tensor 1, from which measures of the myocardial strain can be computed. Nevertheless, without a proper reconstruction scheme, the strain estimation accomplished by 
HARP is prone to be corrupted by outliers caused by phase interferences and the application of a gradient operator. 
Purpose. The objective is to establish the first application on real data (to the best of our knowledge) of the method introduced in 2, Multi-oriented HARP (MOHARP), 
for reconstructing a robust measurement of the myocardial strain and its combination with the method proposed in 3, Windowed HARP (WHARP), for improving the 
precision of the strain estimation. 
Methods. The commonly used SPAMM technique for MR tagging is based on the application of a spatial modulation with wave vector ki = kiui, with ki its wave 
number and ui its orientation. For simplicity, we focus on the reconstruction of 2D HARP images, the 1-1 SPAMM and the stripe pattern case. Nevertheless, 
applications of the proposed methodology to other scenarios are straightforward. In 2 it was proposed an extension of the HARP formulation for reconstructing the 
deformation gradient tensor (in which 2 wave vectors are used) to those cases in which one acquires an overdetermined set of I > 2 wave vectors. This extension was 
validated on a synthetic model of motion where it proved to enhance the robustness of the results. On the other hand, in 3, the computation of the local phase involved in 
the HARP method was performed by using the Windowed Fourier Transform (WFT). For the validation of the combination of the proposed approaches on real data, we 
have acquired a medial slice of a MR SPAMM SENSE TFE sequence on a Philips Achieva 3T scanner. The image has a spatial resolution of 1.33×1.33 mm and a slice 
thickness of 8mm. The acquisition parameters are TE = 3.656 ms, TR = 6.027 ms and α = 10º. Regarding the tagging parameters, we fix a tag spacing of ki = k = 2π/λ, 
with λ = 7 mm and compare the results of acquiring different number of orientations ui = (cos(θi), sin(θi)) for the stripes. Namely, we consider four cases: (1) I = 2 with 
θ0 = 0º and θ1 = 90º (corresponding to the original HARP method); (2) I=3 with θ0 = -60º, θ1 = 0º and θ2 = 60º; (3) I=4 with θ0 = -45º, θ1 = 0º, θ2 = 45º and θ3 = 90º; and 
(4) I=6 with θ0 = -60º, θ1 = -30º, θ2 = 0º, θ3 =30º, θ4 = 60º and θ5 = 90º. Therefore the wave vectors span the plane uniformly. The target of the proposed procedure is to 
estimate the material deformation gradient tensor F at the end systolic 
phase. Once this tensor is estimated, we can compute the radial and 
circumferential components of the Green-Lagrange ejection strain 
tensor, E = 0.5(FTF-Id), with Id the identity matrix. As for the 
MOHARP method, we have used a least absolute deviation based 
reconstruction 2. Regarding the WHARP method we have resorted to 
an analysis Gaussian window of size 32×32 3. 
Results. Due to the lack of a ground truth of the myocardial 
deformation, we evaluate the stability of the estimation of F against 
different bandwidths of the HARP k-space filter. The normalized 
radius of the filter is defined as r = ρ/k , with ρ its radius. The results 
are included in Fig. 1, where we have computed the mean and median 
values (among all the pixels in the myocardium) of the Fröbenius norm 
of the difference between the two estimations of F obtained with radii 
r-d and r+d (the y axis is shown in a logarithmic scale for a better 
visualization). In addition, in Fig. 2 we include the results of the 
estimation of the radial (RR) and circumferential (CC) components of 
E for the HARP, WHARP, MOHARP and MOWHARP methods. The 
radius of the HARP filter has been selected by visual inspection and we 
have observed that it coincides with the optimal values obtained by 
simulation in [3], respectively r = 0.3 and r = 0.4 with and without windowing. The number of stripes in 
the multi-oriented case is I = 6. We also include in Fig. 2 the entropy (H) and excess kurtosis (eK) of the 
distribution of strain values for each case. 
Discussion. The major comments about the results in Fig. 1 are (1) the mean values decrease by 
increasing I, which reflects that the presence of outliers is accordingly reduced; (2) the median values 
generally decrease by increasing I except for the case of I=3 and I=4 orientations, which could be 
explained by the fact that the acquisitions with patterns oriented along the image information encoding 
directions (0º and 90º) are of less quality in order to estimate the deformation; and (3) the WHARP 
method tends to be more stable than the HARP method for small and medium bandwidths and the 
opposite occurs for large bandwidths. Regarding Fig. 2, the main conclusions are (1) the HARP and 
WHARP results present more outliers as given by the presence of values outside the realistic ranges, the 
large values of eK and the larger values of H with respect to their multi-oriented counterparts, which 
indicates a poorly concentrated distribution of strain; and (2) comparing the MOHARP and MOWHARP 
methods, the results of the radial component of the strain are better distributed through the realistic range 
of strain values in the MOWHARP case than in the MOHARP, which seems unable to recover those zones in which this parameter takes large values.   
Conclusion. We have reported the first results on real images of a new method for myocardial strain tensor reconstruction. We believe that the proposed methodology 
brings new opportunities in the design of SPAMM acquisition sequences for strain imaging, especially when combined with modern acquisition protocols 4. The 
overload introduced by gathering an overdetermined set of stripes can be compensated by the acquisition of a reduced subset of the k-space in order to reconstruct the 
local phase 5. Consequently, new families of acquisition protocols can potentially be designed for motion sensitive MR imaging, which could simultaneously improve 
the resolution, robustness and precision in the analysis of motion. 
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Fig. 1. Stability of the deformation gradient tensor against the radius of the HARP filter. 

Fig. 2. Estimation of the Green-Lagrange ejection 
strain by the proposed methodology. 
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