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Target Audience – Researchers interested in the correction of radial trajectory errors caused by axis dependent system delays. 
 

Purpose – With recent advances in computation and image processing capabilities non-Cartesian acquisition techniques using radial trajectories are increasingly used 
for a multitude of MR imaging applications. These techniques, however, are very sensitive against imperfections of the gradient and sampling hardware of the MR 
system that result in discrepancies between the expected and the actual k-space scanning trajectory1. For the majority of MR scanners, the system’s specific delays can 
be separated into an orientation dependent part, which varies with the actually active physical gradient axis, and a major contribution, which is constant on all gradient 
axes. We have recently presented an algorithm which is able to correct for the axis independent contributions by performing a computational low cost per-scan calibra-
tion without the need to acquire any additional calibration data2. In this work we extend the algorithm to also correct for the remaining axis dependent contributions by 
iteratively minimizing a calibration function. 
 

Methods – The new improved algorithm starts by first performing the initial correction 
of axis independent delays in radial direction as previously described2 (Fig. 1, Part I). 
Briefly, a modulation of the radial input data is performed by shifting all readouts equal-
ly along the readout direction in N discretized k-space steps Δkr. For each Δkr 2D grid-
ding3 is performed followed by an inverse 2D-FFT, resulting in N images ܫ୼௞ೝሺݔ,  ሻ. Byݕ
calculating the sum of the magnitude of all image voxels a calibration function is ob-
tained which is analyzed for the first maximum closest to Δkr=0 ݂ሺΔ݇௥ሻ ൌ෍|ܫ୼௞ೝሺݔ, ሻ|௫,௬ݕ  

to obtain Δkr-opt, which represents the best possible correction of axis independent delays. 
To correct for the remaining gradient axis dependent system delays a modulation of the 
radial data is necessary in the in-plane x and y directions by taking the radial rotation 
angle of each readout into account including the sinus and cosine projections of the 
delays Δkx and Δky acting in x- and y-direction1, respectively. Using the previous algo-
rithm for this purpose would, however, be computationally highly inefficient since a 2D 
modulation is required. The algorithm thus uses an iterative Nelder-Mead Simplex 
method (Fig. 1 Part II) as implemented by MATLAB4 to minimize  ݂൫Δ݇ݎെݐ݌݋൯ െ ௫݂௬൫Δ݇௫, Δ݇௬൯, 
with ௫݂௬൫Δ݇௫, Δ݇௬൯ being the two-dimensional calibration function of the image ܫ୼௞ೣ೤ሺݔ,  ሻ reconstructedݕ

by applying the axis dependent delays Δkx and Δky: ௫݂௬൫Δ݇௫, Δ݇௬൯ ൌ෍|ܫ୼௞ೣ೤ሺݔ, ሻݕ ⋅ ,ݔሺܯ ሻ|௫௬ݕ . 
To exclude noise contributions to the calibration function, e.g., caused by gridding side lobes and aliasing 
artifacts outside of the object, the reconstructed images are multiplied with a binary mask M(x,y) of the 
image ܫ୼௞ೝష೚೛೟ሺݔ,  ሻ obtained from the initial correction of the axis dependent delays. Start values for theݕ
iterative calculation of the axis dependent delays are also supplied by the result of the initial algorithm 
(Part I). To reduce computation time the complete analysis is only performed on a subset of the radial 
input data, e.g., central slice and first repetition if applicable. Application of axis dependent delays Δkx and 
Δky for reconstruction of ܫ୼௞ೣ೤ሺݔ, -ሻ is performed during 2D gridding by shifting the radial k-space coordiݕ
nates of all individual readouts correspondingly.  

To validate the algorithm phantom and in vivo experiments were performed on a clinical 3T system 
(Siemens Trio). A 360° radial sequence with parameters 240 x 240 acquisition matrix, 220 x 220 mm² field 
of view (FOV), 706 Hz/pixel acquisition bandwidth, 85 ms repetition time (TR) and 3.7 ms echo time (TE) 
was used for the phantom measurements, whereas the in vivo cardiac measurements were performed using 
a golden-angle5,6 radial sequence with parameters 144 x 144 acquisition matrix, 245 x 245 mm² FOV, 489 
Hz/pixel acquisition bandwidth, 2.7 ms TR and 1.5 ms TE. 

 

Results – Calculated discrete maps of ௫݂௬൫Δ݇௫, Δ݇௬൯ demonstrate 
that the iterative algorithm successfully estimates the minimum 
of the calibration function (for details see Fig. 2), yielding the 
axis delays Δ݇௫ and Δ݇௬. The estimated axis delay differences Δ݇௫ െ Δ݇௬ were in line with separate phantom calibration meas-
urements1. Reconstructed images, however, show only small, 
marginal improvements compared to correcting axis independent 
delays only (Fig. 3). Nevertheless, image quality is improved by 
the correction of axis dependent delays in areas towards the FOV 
edges. 
 
 

Discussion – For the used clinical MR system only small im-
provements in image quality were achieved by correcting axis 
dependent delays with radial imaging. The delays, however, were 
properly estimated by the proposed algorithm – enabling a per 
scan calibration based on raw measurement data which also 
works for in vivo data. Improvements in image quality are ex-
pected to be more pronounced on MR systems with larger axis 
delays (e.g. pre-clinical systems or clinical systems with insuffi-
cient delay pre-compensation). The results also suggest that with 
the used MR system a correction of axis delays appears not 
mandatory if axis independent delays are already corrected. 

Fig. 1: Scheme of the new delay estimation algorithm consisting of two parts. Values 
from the fast estimation of axis independent delays2 (Part I) are used as start values 
for the iterative estimation of axis dependent delays (Part II). The algorithm is de-
scribed in detail in the methods section. 

 

Fig. 2: Maps of ௫݂௬൫Δ݇௫, Δ݇௬൯ 
calculated for discrete points 
of Δ݇௫ and 	Δ݇௬ around Δ݇௥ି௢௣௧ = 6.2 μs for the phan-
tom (top) and 3.3 μs for the in 
vivo cardiac data (bottom). The 
k-space shifts 	Δ݇ are given 
here in μs, i.e. timing delays, 
by using the relationship: 	Δ݇ሾμݏሿ ൌ Δ݇ ቂ ଵ௠௠ቃ ⋅ ܸܱܨ ⋅ ݀௧ 
with	d୲ being the dwell time 
(in μs). The points marked by 
the white cross (×) are the 
result of the iterative estima-
tion of 	Δ݇௫ and 	Δ݇௬ with the 
proposed algorithm. The 
detected axis delays were 	Δ݇௫ ൌ 5.9	μݏ and 	Δ݇௬ ൌ6.3	μݏ for the phantom and 	Δ݇௫ ൌ 3.6	μݏ and 	Δ݇௬ ൌ3.2	μݏ for the cardiac meas-
urement. 

Fig. 3: Reconstructed images without delay correction, with previous correction of only constant, axis independent
delays and full correction of gradient delays. The absolute difference images show the difference between the
correction with axis independent delays only and the new improved algorithm that also corrects for axis dependent
delays. 
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