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Introduction: MRI data acquisition can be accelerated by the use of non-Cartesian k-space sampling schemes, such as radial trajectories.  Gradient timing delays cause 
mismatches between the desired trajectory and the trajectory that is actually traversed by the system. In the case of radial scanning, individual spokes can be shifted 
along the direction of the spoke or can be translated in k-space such that they do not cross through the center of k-space [1]. These errors cause artifacts in the 
reconstructed images, which can be severe depending on the extent of the deviation from the ideal trajectory. These errors are commonly corrected by measuring the 
trajectory using a separate acquisition. However, this assumes that the errors are consistent between these two measurements (which may not be an accurate assumption 
due to phenomena such as gradient coupling or patient motion). In addition, this extra data acquisition is time consuming. Finally, these extra measurements cannot 
address the situation where the k-space signals are being used for other purposes, such as self-gating signals acquired from repeated sampling of the echo peak [2]. Here 
we propose a method to both to correct for trajectory errors as well as to determine the signal at the center of k-space for navigators. The method is based on the 
GRAPPA operator concept and is advantageous because it does not require any additional acquisitions. 
 In the commonly used radial trajectory, the angle and spacing of data points of each mis-
centered projection will be correct along the majority of the radial read-out even in the presence of 
gradient delays since the gradient amplitude is generally correct in the steady state; delays cause a shift 
either along the projection itself, or perpendicular to the projection. Because of the consistency in the 
angle of the projection, GRAPPA Operator (GROG) base weights can be determined from a segment of 
the radial projection which has the correct projection angle [3].  After these GROG weights are 
determined, the goal is then to find the center of k-space relative to the sampled k-space points.  To this 
end, GROG weights are iteratively applied in a constrained gradient ascent algorithm to shift the points 
acquired closest to the center of k-space, here defined as the point with the highest sum-of-squares (SOS) 
signal (though other definitions could also be used).  Once the k-space center is found, the trajectory can 
be corrected and the derived signal at the center of k-space from each projection can be used as part of a 
navigator signal for retrospective self-gated imaging methods [2].  The net distance in k-space traversed 
by these paths may be used to compute the timing delay in each gradient field [1]. 
Materials and Methods:  A breath-held 2D short-axis cardiac image was acquired on a 1.5T Espree 
system (Siemens Medical Solutions) using a 15-channel receive array with a TrueFISP sequence and 
golden-angle radial trajectory (144 projections, 128 readout points, 300 mm2 field-of-view).  Figure 1 
illustrates the algorithm utilizing GROG shifting to find the true center of k-space.  From the multi-
channel set of radial k-space data, a stable segment (e.g. the last 3/4 of each projection) was used to 
compute GROG base weights [3].  Starting from the measured echo-peak magnitude (EPM) from each 
projection (assumed to be the center of k-space unless determined otherwise), the GROG base weights 
were used to shift this source signal in 8 directions by 0.1∆k, 
yielding 8 new target points per coil.  The sum-of-squares at 
each target points is computed across all channels of data.  If 
the SOS of any of the newly generated target points is greater 
than the SOS of the source point for the current iteration, the 
shift leading to the target point with the highest SOS value is 
added to a shift path.  The new SOS value becomes the 
current estimate of the k-space center, and is used as the 
source point for the next iteration of the algorithm.  Any 
backtracking shift direction is removed from the possible 
shifts in the next iteration of the algorithm.  When no shift 
produces a higher SOS value, the path is deemed complete 
and the current SOS value is treated as the signal from the 
true center of k-space. 
Results: Figure 2 demonstrates how the algorithm illustrated in Figure 1 can lead from points along a projection to an estimate of the center of k-space, and thereby an 
estimate of the actual projection position.  In Figure 2(a), the solid lines show the assumed position of two projections in k-space and the dotted lines mark the paths 
traversed by applying the iterative GROG algorithm to each of the points closest to the acquired echo peak along each projection.  Each path terminates at the estimate 
of the k-space center, marked by a large dot.  The cluster of points indicates that the algorithm is able to find the approximate center of k-space when initiated from 
several different locations.  In Figure 2(b), the paths have been reversed, illustrating that if the paths are assumed to terminate at k=0 then the measured data points lie 
along mis-centered projections.  The large dots mark the estimate of the true location of each measured point in k-space.  Figure 2(c) shows the estimate of the true 
projection (thick lines) in comparison to the originally assumed trajectory (thin lines), based on the shift path leading to the largest EPM estimate. 
Discussion: We have presented a GRAPPA operator-based algorithm which estimates errors in non-Cartesian k-space trajectories and determines the true signal value at 
the center of k-space.   The implementation of the proposed method for a set of radial projections has been described, but the method could easily be extended to more 
complex trajectories if needed.  Combining the information from several projections should give us a reasonable estimate of the global gradient delays, while individual 
results should be useful in cases where gradient coupling and localized eddy-current errors dominate.  Knowledge of trajectory errors can be used to reduce artifacts in 
reconstructed images, and the estimate of the true k-space center can be used for self-gated imaging. 
References: [1] Peters et al. Magn Reson Med. 2003, 50: 1-6.  [2] Larson et al. Magn Reson Med. 2004, 51: 93-102.  [3] Seiberlich et al. Magn Reson Med. 2008, 
59: 930-935.  Acknowledgements:  The authors would like to acknowledge funding from Siemens Medical Solutions and NIH grants T32EB007509, 1RO1HL094557, 
and 5K99EB011527. 

Figure 2. Shift paths used to estimate the magnitude of the signal at the center of k-space and the offset 
between the measured mis-centered projection and the projection through the true center of k-space. 

Figure 1.  Iterative application of GRAPPA Operator 
weights to shift k-space measurements, yielding an 
estimate of the signal at the true k-space center and 
trajectory measurement. 
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