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Abstract

This work aimed to develop a modified stack-of-stars golden-angle radial sampling scheme with 

variable-density acceleration along the slice (kz) dimension (referred to as VD-stack-of-stars) 

and to test this new sampling trajectory with multi-coil compressed sensing reconstruction for 

rapid motion-robust 3D liver MRI. VD-stack-of-stars sampling implements additional variable-

density undersampling along the kz dimension, so that slice resolution (or volumetric coverage) 

can be increased without prolonging scan time. The new sampling trajectory (with increased 

slice resolution) was compared with standard stack-of-stars sampling with fully sampled kz 
(with standard slice resolution) in both non-contrast-enhanced free-breathing liver MRI and 

dynamic contrast-enhanced MRI (DCE-MRI) of the liver in volunteers. For both sampling 

trajectories, respiratory motion was extracted from the acquired radial data, and images were 

reconstructed using motion-compensated (respiratory-resolved or respiratory-weighted) dynamic 

radial compressed sensing reconstruction techniques. Qualitative image quality assessment (visual 

assessment by experienced radiologists) and quantitative analysis (as a metric of image sharpness) 

were performed to compare images acquired using the new and standard stack-of-stars sampling 

trajectories. Compared to standard stack-of-stars sampling, both non-contrast-enhanced and DCE 

liver MR images acquired with VD-stack-of-stars sampling presented improved overall image 
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quality, sharper liver edges and increased hepatic vessel clarity in all image planes. The results 

have suggested that the proposed VD-stack-of-stars sampling scheme can achieve improved 

performance (increased slice resolution or volumetric coverage with better image quality) over 

standard stack-of-stars sampling in free-breathing DCE-MRI without increasing scan time. The 

reformatted coronal and sagittal images with better slice resolution may provide added clinical 

value.
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1. Introduction

Stack-of-stars sampling has become an attractive hybrid 3D MRI acquisition scheme 

combining advantages of radial and Cartesian trajectories [1–3]. For stack-of-stars 

acquisition, radial sampling is employed in the kx-ky plane, which enables reduced 

sensitivity to motion [4–9] and allows for acceleration of k-space acquisitions along both 

the kx and ky dimensions with incoherence [9–11]. The Cartesian encoding is employed 

along the slice dimension (kz), which allows for flexible selection of volumetric coverage/

slice resolution and also ensures effective fat suppression [1,2]. As a result, this acquisition 

scheme is well-suited for rapid motion-robust MRI in combination with sparsity-based 

image reconstruction methods, and it has been demonstrated and evaluated in different 

clinical applications [3,5,9,12–20].

A typical sampling scheme illustrating how conventional stack-of-stars trajectory is 

implemented is shown in Figure 1a. In this example, the rotation angle of the trajectory 

follows a golden angle defined as 180°/1.618=111.25° [21]. Specifically, for each rotation 

angle, imaging normally starts with a fat saturation module (not always required, but 

essential for avoiding fat-water blurring in radial sampling due to off-resonance) and is 

followed by acquisition of spokes at different kz positions (referred to as a stack hereafter) 

without changing the rotation angle. Depending on the fat saturation scheme and other 

associated parameters in the protocol, the acquisition of each stack can be performed with 

a linear ordering scheme (sampling from −kzmax to +kzmax as the case in Figure 1a) or 

with a center-out ordering scheme (sampling from kz=0 to ±kzmax, not shown in the figure). 

Meanwhile, the kz dimension is typically fully sampled to meet the Nyquist requirement. 

Such a simple sampling strategy gives a few advantages, including i) parallel reconstruction 

of different slices after disentangling the Fourier-encoding along kz with a fast Fourier 

transform (FFT) and ii) smooth change of gradient from partition to partition within each 

stack to avoid artifacts (e.g., eddy current effects) caused by large gradient jumps. It should 

be noted that when a golden-angle rotation is employed for stack-of-stars sampling, gradient 

still changes dramatically when moving from the last spoke of one stack to the first spoke 

of the next stack. However, this is generally not a problem for two reasons. First, the 

acquisition of each stack is typically preceded by a fat-saturation module, which causes 

a delay/gap between two stacks and thus greatly minimize the effects of gradient jumps. 

Second, in case of linear kz sampling ordering, the gradient jump occurs in the outer 
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k-space region, which has reduced influence to the reconstructed image. When center-out kz 
sampling order is used, additional dummy spokes can be inserted before the start of the first 

acquisition of each radial stack.

Although fully-sampling the slice dimension facilitates both acquisition and reconstruction 

in conventional stack-of-stars sampling, it suffers from a few limitations. First, slice 

resolution is often sacrificed in order to maintain sufficient volumetric coverage and in-plane 

resolution in dynamic MRI applications. As a consequence, the imaging performance of 

stack-of-stars sampling is reduced for clinical applications that require high slice resolution 

(for delineation of small lesions) or large volumetric coverage. Second, sparsity and 

coil sensitivity encoding along the slice dimension are not exploited, limiting achievable 

acceleration rates. A few variants of the stack-of-stars trajectory have been previously 

proposed in several prior works. For example, Peters et al described a radial sampling 

pattern in which the density of distributing radial lines along the kz dimension is varied (i.e., 

the sampling density is higher in the center than the periphery). This leads to a reduced 

level of streaking artifacts without affecting scan time compared to conventional stack-of-

stars sampling with uniform kz sampling [22]. Berman and Li et al later demonstrated 

the performance of combining a similar sampling pattern with compressed sensing 

reconstruction for improved imaging performance [23,24]. Later, Zhou et al also proposed 

to use a stack-of-stars trajectory with varying rotation angle along the kz dimension 

for brain imaging [25]. Despite potential increase of incoherence by reordering all the 

measurements and jittering all the acquired spokes within a radial stack, these proposed 

stack-of-stars sampling schemes could be more sensitive to eddy current effects. Meanwhile, 

implementation of fat saturation pulses in these trajectories was not discussed but is 

important for radial imaging. Thus, the overall imaging performance of their trajectories, 

particularly in free-breathing abdominal imaging with self-motion navigation where the 

stack-of-stars sampling is used a lot, remains to be further explored. Furthermore, these 

variants all maintain the same spatial resolution and volumetric coverage compared to the 

standard stack-of-stars trajectory.

In this work, a golden-angle stack-of-stars sampling scheme with variable-density (VD) 

random undersampling of the kz dimension was designed. This new trajectory does not 

perform spoke jittering within a stack, maintains the same scheme for fat saturation as 

employed in conventional stack-of-stars trajectory, enables respiratory motion detection for 

self-navigation, and is suitable for multicoil sparse reconstruction that exploits additional 

sparsity and coil sensitivity encoding along the slice dimension. More importantly, this 

new trajectory enables additional acceleration along kz that can be leveraged to increase 

slice resolution or volumetric coverage without affecting scan time. The new sampling 

scheme was first tested for motion-resolved free-breathing non-contrast-enhanced liver MRI 

using XD-GRASP (Golden-angle RAdial Sparse Parallel MRI with eXtra Dimensions) 

reconstruction [26]. It was then further evaluated in free-breathing dynamic contrast-

enhanced MRI (DCE-MRI) of the liver in combination with respiratory-weighted GRASP 

reconstruction [27]. With these experiments, we aimed to show that this new sampling 

scheme enables increased slice resolution and better overall image quality compared to 

standard stack-of-stars sampling without increasing scan time in freebreathing liver MRI, 

an application that can benefit from the use of this sampling trajectory. For simplicity, the 
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new sampling scheme is referred to as VD-stack-of-stars and conventional stack-of-stars is 

referred to as stack-of-stars in the following sections.

2. Methods

2.1 Extension of Stack-of-Stars Sampling to VD-Stack-of-Stars Sampling

Figure 1 shows the extension of stack-of-stars trajectory with fully sampled kz (a) to 

the VD-stack-of-stars trajectory (b) with the same number of radial spokes and thus 

the same scan time. The kz-t random undersampling in the VD-stack-of-stars trajectory 

enables i) larger kz coverage (thus higher slice resolution) without increasing scan time, 

and ii) incoherent undersampling along both kz and time dimension, which is suitable 

for compressed sensing reconstruction. Corresponding kz-t sampling masks are shown in 

Figure 1c-d. For VD-stack-of-stars sampling, a central k-space region is fully sampled in 

each stack in order to extract respiratory motion from the corresponding low-resolution 

z-direction projection profiles. As in the case of stack-of-stars trajectory, respiratory motion 

signal can be obtained by performing a FFT along the fully sampled kz points (red straight 

lines in Figure 1a-b) followed by the procedures described previously using principal 

component analysis (PCA) [26,27]. Figure 1e-f shows the extracted respiration motion 

signals superimposed in underlying z projection profiles from stack-of-stars sampling (e) 

and VD-stack-of-stars sampling (f) in the same subject. As an important feature of this new 

trajectory, the number of spokes acquired for each radial stack in Figure 1b is the same as 

in Figure 1a, and the acquisition is performed without jittering the spokes. This maintains 

the performance of fat saturation as in conventional stack-of-stars sampling, avoids the risk 

of introducing artifacts due to large gradient jumps, while the acquisition can reach a higher 

slice resolution.

2.2 Imaging Experiments

This Health Insurance Portability and Accountability Act (HIPAA) compliant study was 

approved by Institutional Review Board (IRB) and written informed consent was obtained 

from all subjects before MR scans. All the imaging studies were performed on a 3.0T MR 

scanner (MAGNETOM Prisma, Siemens Healthineers, Erlangen, Germany). Two types of 

MRI experiments were performed, including non-contrast-enhanced free-breathing 3D liver 

MRI and free-breathing DCE-MRI of the liver.

2.2.1 Non-Contrast-Enhanced Free-Breathing Liver MRI—Four healthy 

volunteers (females, age=32.8±13.6 years) were first recruited for free-breathing 3D liver 

MRI without contrast injection to demonstrate the performance of VD-stack-of-stars 

sampling compared to stack-of-stars sampling. Imaging was performed in transverse 

orientation using a prototype golden-angle radial gradient-echo sequence. In the first three 

volunteers, non-contrast-enhanced free-breathing 3D liver MRI using both stack-of-stars and 

VD-stack-of-stars sampling was compared to demonstrate the increase of slice resolution 

with the same scan time. Relevant imaging parameters for stack-of-stars sampling included: 

FOV = 350×350×240 mm3, matrix size = 256×256×48, voxel size = 1.37×1.37×5 mm3, 

TR/TE=3.6/1.6 ms, flip angle = 12°. Data were continuously acquired for 102 seconds 

with a total of 650 golden-angle rotations. With 80% partial Fourier sampling applied 
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along the slice dimension, 38 fully-sampled partition lines (out of the total 48 slice 

locations) were acquired at each rotation angle and were preceded by spectral fat saturation. 

Imaging parameters for VD-stack-of-stars sampling were the same except for a larger 

matrix size (256×256×80) resulting in higher slice resolution (1.37×1.37×3 mm3). With 80% 

partial Fourier sampling and additional incoherent undersampling applied along the slice 

dimension, 38 undersampled partition lines were acquired at each rotation angle preceded 

by spectral fat saturation, leading to the same scan time as the stack-of-stars sampling 

(the same number of spokes for each rotation angle but with larger kzmax as shown in 

Figure 1b). For VD-stack-of-stars imaging, the central 12 kz partitions (out of the total 38 

acquired partitions, see the implementation details below) were fully sampled for respiratory 

motion signal extraction. In the third volunteer, an additional MRI scan was performed using 

VD-stack-of-stars sampling with further push of slice resolution. In this scan, the matrix size 

was increased to 256×256×120 to reach a voxel size of 1.37×1.37×2 mm3 with the same 

scan time by acquiring 38 undersampled partition lines at each rotation angle.

In the fourth volunteer, non-contrast-enhanced free-breathing 3D abdominal MRI using 

stack-of-stars and VD-stack-of-stars sampling was compared to demonstrate the increase 

of volumetric coverage with the same scan time. The imaging protocol for stack-of-stars 

was the same as above. Relevant imaging parameters for VD-stack-of-stars sampling were 

the same as the stack-of-stars acquisition except for a larger volumetric coverage (FOV 

= 350×350×400 mm3) with a matrix size of 256×256×80. For this comparison, both 

acquisitions had the same voxel size of 1.37×1.37×5 mm3. With 80% partial Fourier 

sampling and additional incoherent undersampling applied along the slice dimension, 38 

undersampled partition lines were acquired at each rotation angle preceded by spectral 

fat saturation, with 12 of them fully sampled in the center for respiratory motion signal 

extraction.

2.2.2 Free-Breathing DCE-MRI of the Liver—Five healthy volunteers 

(age=34.8±12.9 years, 4 females, 1 male) were recruited for free-breathing DCE-MRI of the 

liver. Due to the need to perform two contrast injections in the same subject, two separate 

DCE-MR scans were performed in each subject in two separate visits with an average 

of 15.8±5.0 days between the visits. One visit was for DCE-MR scan with stack-of-stars 

sampling and the other visit was for DCE-MR scan with VD-stack-of-stars sampling. Free-

breathing imaging was performed in transverse orientation using the same imaging sequence 

as in the non-contrast-enhanced imaging. Relevant imaging parameters for stack-of-stars 

sampling included: FOV = 350×350×240 mm3, matrix size = 256×256×48, voxel size = 

1.37×1.37×5 mm3, TR/TE=3.6/1.6 ms, flip angle = 12°. Data were continuously acquired 

for 190 seconds with a total of 1222 spokes acquired in each partition. With 80% partial 

Fourier applied along the slice dimension, 38 fully-sampled partition lines were acquired 

at each rotation angle and were preceded by spectral fat saturation. Imaging parameters for 

VD-stack-of-stars sampling was the same except for a larger matrix size of 256×256×80 

and a smaller voxel size of 1.37×1.37×3 mm3. With 80% partial Fourier and additional 

incoherent undersampling applied along the slice dimension, 38 undersampled partition lines 

were acquired at each rotation angle preceded by spectral fat saturation. The central 12 

spokes (out of the total 38 acquired partitions) were fully sampled for respiration motion 
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signal extraction. For each MR scan, half dose injection of weight-based (0.1 mmol per kg 

of body weight) gadopentetate dimeglumine (Magnevist; Bayer Healthcare) was performed 

20 seconds after the start of data acquisition, at a rate of 2 mL/sec.

2.2.3 Implementation of Sampling Patterns—This section provides more details 

about our implementation of both stack-of-stars and VD-stack-of-stars sampling. For stack-

of-stars sampling, 80% slice partial Fourier was implemented in our sequence, which is 

commonly used in body MRI acquisitions. Specifically, the reconstructed images for stack-

of-stars sampling have a total of 48 slices and a slice FOV of 240 mm (slice thickness = 5 

mm). With 80% slice partial Fourier, the first 10 slices were not acquired and only slice 11 

to slice 48 were acquired without undersampling.

For VD-stack-of-stars sampling, the total number of image slices was increased to 80 with 

a slice thickness of 3 mm (same FOV = 240 mm). To maintain the same scan time as in 

stack-of-stars sampling, 38 slices were acquired from all the 80 slice locations. To ensure 

reliable respiratory motion detection, a small region of central k-space lines along kz were 

fully sampled. This number of fully sampled central k-space lines was empirically selected 

by comparing different values as shown in Figure 2a. It can be seen that 12 central k-space 

lines are sufficient to delineate respiratory motion pattern in the resulting z projection 

profiles with no visible difference compared to 20 lines or 30 lines. On the other side, while 

less k-space lines provide less information as indicated by the z projection profiles. As such, 

12 central k-space lines were fully sampled in our experiments. Figure 2b shows how the 

variable-density kz-t undersampling mask was generated for VD-stack-of-stars sampling. 

The first 16 lines (denoted as region 1 or R1) were not sampled with 80% slice partial 

Fourier; the 8 k-space lines were randomly sampled above the central region (denoted as 

region 2 or R2); and 18 k-space lines were randomly sampled below the central region 

(denoted as region 4 or R4). The fully sampled central k-space region is then denoted as 

region 3 or R3. This leads to a total of 38 sampled k-space lines from all the 80 slice 

locations. The sampling pattern was varied along the time dimension, so that compressed 

sensing can be applied to exploit the temporal correlations. Figure 2b also shows the 

corresponding point spread function (PSF) for the kz-t variable-density undersampling 

pattern.

2.3 Image Reconstruction

2.3.1 Reconstruction of Free-Breathing Non-Contras-Enhanced MRI Data—
All the non-contrast-enhanced MRI datasets, including both stack-of-stars and VD-stack-

of-stars acquisitions, were reconstructed using XD-GRASP [26]. Specifically, given the 

respiratory motion signal obtained from the z projection profiles as shown in Figure 1 

and Figure 2, XD-GRASP reconstruction was performed after sorting the acquired data 

into four respiratory phases spanning from end-expiration to end-inspiration, resulting in a 

four-dimensional image-set (x-y-z-respiration). In addition, the coil-unstreaking technique, 

as described in [28], was incorporated to suppress residual streaking artifacts to improve 

image quality. XD-GRASP reconstruction was performed by solving the following cost 

function:
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x = argmin
x

1
2

1
R DFCx − Dy

2

2

+ λ Sx 1 [1]

Here, y is sorted dynamic radial k-space data, D is a density compensation function for 

radial sampling, F is the non-uniform FFT (NUFFT) operator mapping between radial k-

space domain and image domain, C represents coil sensitivities, and x is the corresponding 

motion-resolved dynamic image-series to be reconstructed. S is a temporal finite differences 

operator applied along the new respiratory dimension to minimize temporal total variation 

and λ is corresponding regularization parameter. The density compensation was separated 

into two square root parts as shown in the cost function [29]. R is a coil weighting matrix 

controlling the contribution of each coil element, in a way that coil elements containing a 

high level of streaking artifacts (thus with a high artifact weight) contribute less to the final 

reconstruction, as previously described in [28].

2.3.2 Reconstruction of Free-Breathing DCE-MRI Data—All the DCE-MRI 

datasets, including both stack-of-stars and VD-stack-of-stars acquisitions, were 

reconstructed using the RACER-GRASP approach [27]. Specifically, k-space data are 

automatically sorted at temporal positions of [−30, −15, 0, +5, +10, +15, +22, +30, +45, 

+60, +90, +120, +150] seconds with a temporal footprint of ~15 seconds, and the data 

sorting was guided by a contrast enhancement curve extracted from the acquired data. The 

temporal resolution of 15 seconds was selected for multiphasic assessment reflecting our 

clinical practice. A total of 13 contrast phases were reconstructed for each dataset. Here, 

0s indicates the peak aortic enhancement position and −/+ indicates whether the current 

phase is before or after the peak aortic enhancement. The phases at −30s and −15s are both 

pre-contrast phases, the phases at +5s, +10s and +15s are early to late arterial phases, the 

phase at +60s is the portal venous phase, and the phase at +150s is the delayed phase.

After k-space sorting and motion detection, respiratory-weighted GRASP reconstruction 

was performed by solving the following cost function:

x = argmin
x

1
2

W
R DFCx − Dy

2

2

+ λ Sx ∥1 [2]

The variables in Equation 2 are similar as that in Equation 1 above. In addition, W is 

a motion weighting matrix controlling the contribution of each motion state to the final 

reconstructed images (i.e., expiratory phases have higher weights and inspiratory phases 

have lower weights) [27]. In our current implementation, k-space data from each contrast 

phase were separated into four motion phases based on the detected respiratory motion 

signa, representing end-expiration to the end-inspiration. The motion weight for the four 

motion phases was assigned as [1, 0.25, 0.252, 0.253], respectively. This effectively led to 

less contribution from the inspiratory phases to the final reconstructed images. As in the 

XD-GRASP reconstruction in Equation 1, R is also a coil weighting matrix controlling the 

contribution of each coil element based on the associated streaking artifact.
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All the non-contrast-enhanced MRI and DCE-MRI reconstruction tasks were performed 

using a non-linear conjugate gradient algorithm. Coil sensitivity maps were estimated from a 

static 3D image volume reconstructed using all the acquired radial spokes using the adaptive 

combination approach [30]. Regularization parameters were empirically selected separately 

for stack-of-stars and VD-stack-of-stars acquisitions. All the reconstructions were performed 

using a server equipped with two 16-core CPUs, 256 GB RAM, and two 6-Gb NVIDIA 

GPU cards.

2.4 Image Quality Assessment and Statistical Analysis

Visual image quality assessment was performed to compare the reconstructed liver MR 

images acquired using stack-of-stars and VD-stack-of-stars sampling. Before the visual 

assessment, stack-of-stars images are interpolated to have the same number of slices with 

the VD-stack-of-stars. The assessment was performed by two abdominal radiologists with 3-

year and 1-year of post-fellowship experience who were blinded to the acquisition schemes. 

For DCE-MRI, scoring was performed for a total of 6 contrast phases from each dataset, 

including the phases at +5 and +15 seconds (arterial phases), the phase at +45 seconds, 

the phase at +60 seconds (venous phase), and the phases at +120 and +150 seconds 

(delayed phases). Image quality assessment was also performed in coronal and sagittal 

planes, which were reformatted from the axial images from the same dataset. The two 

radiologists independently scored the overall image quality (including consideration of the 

residual artifact/noise level), liver edge sharpness and hepatic vessel conspicuity of each 

image volume based on a 5-point Likert-type scale (5: excellent; 4: good; 3: adequate; 2: 

borderline; 1: non-diagnostic).

For each assessment category (e.g., overall image quality, liver edge sharpness and hepatic 

vessel conspicuity), the reported scores were averaged over the two readers and all the 

evaluated contrast phases to represent mean ± standard deviation for axial, coronal and 

sagittal image planes, separately. A nonparametric paired two-tailed Wilcoxon signed-rank 

test was used to compare the image quality scores, and a P value less than 0.05 indicates 

statistical significance. In addition, weighted kappa coefficients were calculated to assess the 

inter-observer variability in image quality assessment, where a higher coefficient indicates 

better inter-observer agreement.

To validate the improved image sharpness from the higher slice resolution, a previously 

described image blurring metric [31] was used to quantitatively assess the image sharpness 

of the reconstructed DCE-MRI images. This metric has a range of 0 to 1. The higher the 

score, the more blurring an image has, and the lower the score, the higher sharpness an 

image has. In the analysis, a score reflecting the sharpness is assigned for each of the 

reconstructed slices. Scores were also quantified for the reformatted coronal and sagittal 

images. The same analysis was repeated for all the reconstructed phases, and they were 

averaged to represent mean ± standard deviation.

3. Results

All the reconstruction tasks were performed successfully. Images were reconstructed 

in axial plane and were reformatted to generate coronal and sagittal images. The left 
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and middle columns of Figure 3 first present non-contrast-enhanced liver images from 

stack-of-stars sampling in one volunteer reconstructed with standard non-iterative NUFFT 

reconstruction using all the acquired spokes without motion compensation and with 

XD-GRASP reconstruction (end-expiratory phase displayed). The right column shows 

matching liver images from VD-stack-of-stars sampling reconstructed with XD-GRASP 

(end-expiratory phase). Overall, XD-GRASP reconstruction was able resolve respiratory 

motion and achieve higher sharpness in liver edge and hepatic vessel (yellow and white 

arrows), particularly in coronal and sagittal image planes. Further improved sharpness and 

clarity can be appreciated in XD-GRASP results with VD-stack-of-stars sampling, which 

present better delineation of both liver edge and hepatic vessels (yellow and white arrows) 

for the same scan time.

Figure 4 shows non-contrast-enhanced XD-GRASP results with VD-stack-of-stars sampling 

at different respiratory states (note the changing positions of the diaphragm with respect to 

the white dashed line) in the second volunteer. When compared to omtion-averaged NUFFT 

reconstruction, XD-GRASP achieved clearly improved image quality, image sharpness and 

vessel clarity in all image planes. Figure 5 compares non-contrast-enhanced XD-GRASP 

results from stack-of-stars sampling with non-contrast-enhanced XD-GRASP results from 

VD-stack-of-stars sampling with different slice resolutions in the third volunteer. Better 

delineation of hepatic vessels can be achieved with higher slice resolution, but this also 

results in increased residual noise in the images with 2-mm slice resolution. Figure 6 

shows non-contrast-enhanced XD-GRASP results from stack-of-stars and VD-stack-of-stars 

sampling with the same voxel size but with different slice coverage in the fourth volunteer, 

in which VD-stack-of-stars sampling enabled larger coverage along the slice dimension with 

the same scan time.

Figure 7 compares DCE-MR images acquired using both stack-of-stars and VD-stack-of-

stars sampling in one volunteer. VD-stack-of-stars sampling enabled improved delineation of 

hepatic vessels and sharper liver edges in both arterial and venous phases. The improvement 

of slice resolution using VD-stack-of-stars can be better appreciated in the coronal images, 

in which a smaller voxel size allows for better delineation of small vessels and more detailed 

structure about the liver.

Figure 8 shows the same comparison in the second DCE-MRI volunteer in axial and sagittal 

planes. Similar to that in Figure 7, the results with VD-stack-of-stars sampling demonstrated 

increased image sharpness and vessel clarity in both arterial phase and venous phase, 

particularly in the reformatted sagittal plane. A similar comparison in the third DCE-MRI 

volunteer is shown in Figure 9 for different image planes in the venous phase, where the 

same improvement of image quality, sharpness and conspicuity can be observed in the 

VD-stack-of-stars results.

Figure 10 shows results from the fourth DCE-MRI volunteer comparing contrast-enhanced 

liver images with both sampling trajectories at different contrast phases in coronal image 

plane. VD-stack-of-stars sampling enabled better delineation of contrast enhancement, 

increased image sharpness and vessel conspicuity in both the liver and the kidney. Lastly, 

Figure 11 compares the same DCE-MR data acquired with VD-stack-of-stars sampling but 
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different reconstruction schemes. Specifically, images in the top row of Figure 11 were 

reconstructed using standard GRASP reconstruction without respiratory motion weighting, 

while images in the bottom row was reconstructed with respiratory-weighted GRASP 

reconstruction. With respiratory-weighted sparse reconstruction, improved overall image 

quality, increased liver edge sharpness and hepatic vessel conspicuity can be achieved.

Figure 12 shows the results of the quantitative sharpness analysis from one subject for all the 

reconstructed DCE-MRI contrast phases. The proposed VD-stack-of-stars sampling enabled 

higher image sharpness (low quantitative scores) than standard stack-of-stars sampling. The 

differences are more obvious in the reformatted coronal and sagittal comparison, as the 

increased resolution is along the slice (kz) dimension. The averaged blurring metrics from 

all the subjects are summarized in Table 1.

Table 2 summarizes the reader’s scores for different assessment categories comparing 

liver MR images acquired with stack-of-stars and VD-stack-of-stars sampling. Although 

the scores of stack-of-stars were around or above 3 (adequate) in axial orientation, its 

scores were only around 2.5 (between borderline and adequate) in both coronal and sagittal 

orientations mostly due to poor slice resolution. On the other hand, the scores of VD-stack-

of-stars were above 4 (good) in axial orientation and were around 3.5 (between adequate and 

good) in both coronal and sagittal orientations. For all the imaging planes, VD-stack-of-stars 

sampling achieved superior image quality and statistical significance was reached in all 

assessment categories (P<0.05). The kappa coefficients were 0.93, 0.91 and 0.88 for the 

scores from the two readers to assess overall image quality, liver edge sharpness and hepatic 

vessel conspicuity, respectively, indicating excellent inter-observer agreement.

4. Discussion

This study proposes a VD-stack-of-stars sampling scheme that incorporates additional 

variable-density undersampling along slice dimension for hybrid radial-Cartesian 

acquisition, so that increased slice resolution (or volumetric coverage) can be achieved 

without prolonging scan time and additional sparsity and coil sensitivity encoding can 

be exploited along the slice dimension in multicoil compressed sensing reconstruction. 

This new imaging trajectory maintains the advantages of standard stack-of-stars sampling, 

including the performance of fat saturation, low sensitivity to effects associated with large 

gradient jumps, flexible selection of slice resolution, and self-navigation. The VD-stack-

of-stars sampling trajectory was combined with the XD-GRASP and RACER-GRASP 

reconstruction methods for free-breathing liver MRI to demonstrate better image quality, 

increased liver edge sharpness and higher hepatic vessel clarity over standard stack-of-stars 

sampling, particularly in the reformatted coronal and sagittal image planes. This can 

provide additional information for improved clinical use in liver MRI where detection and 

characterization of small lesions are important.

In the VD-stack-of-stars trajectory, 12 central k-space partitions are fully sampled in 

our current implementation, so that a respiratory motion signal can be extracted from 

the corresponding projections for motion-weighted or motion-resolved reconstruction. The 

acquisition of 12 fully sampled center spokes was empirically determined to achieve a 
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good balance between the performance of motion detection and incoherence along kz as 

shown in Figure 2. Despite reduced resolution in the self-navigation projections compared 

to stack-of-stars sampling, as can be seen in Figure 1a-d, these projections are only used for 

extracting motion signals, and the performance was found to be comparable with standard 

stack-of-stars as shown in Figure 1e-f. Meanwhile, the fully sampled central k-space region 

naturally results in a variable density sampling pattern, which is favorable in compressed 

sensing reconstruction.

In routine clinical practice, slice partial Fourier is commonly employed for body MRI. 

This is known as VIBE imaging (Volumetric Interpolated Breath-hold Examination) on 

the Siemens platform. As such, 80% slice partial Fourier was also implemented in all the 

experiments in our study. The effect of the slice partial Fourier is expected to be similar for 

both standard stack-of-stars sampling and VD-stack-of-stars sampling, which which could 

result in certain blurring along the slice dimension.

In addition to increasing slice resolution, the VD-stack-of-stars sampling can also be used 

to increase volumetric coverage for the same scan times. This can be achieved by sampling 

more densely (in an undersampling scheme) along the slice dimension while keeping the 

same kzmax as in standard stack-of-stars sampling, which may be particularly useful for 

clinical applications requiring a large volumetric coverage, such as MR Enterography [32], 

which typically covers both the upper and lower abdomen.

The VD-stack-of-stars sampling shares similarity with kooshball-type 3D radial sampling, 

which is often applied for cardiovascular MR applications [33–36]. They both allow for 

acceleration along all spatial dimensions (kx-ky-kz), thus enabling exploitation of sparsity 

and incoherence along all dimensions. However, challenges associated with kooshball-like 

3D radial sampling include reduced performance in fat saturation and increased sensitivity 

to eddy currents due to the fact that each spoke passes through the center of k-space and 

carries equal amount of information. Besides, 3D radial sampling can result in a lower 

signal to noise ratio (SNR) because of the intrinsically acquired isotropic spatial resolution, 

which is not required in many applications. In contrast, the proposed VD-stack-of-stars 

sampling allows for selection of flexible spatial resolution along kz. For example, the spatial 

resolution of VD-stack-of-stars sampling was empirically set as 1.4×1.4×3mm3 in this study 

by an experienced radiologist to maintain a good balance between image sharpness and SNR 

in DCE-MR scans.

A major limitation of this study is the small number of subject (n=5) in our experiments. 

This was because of the need to perform two separate contrast-enhanced DCE-MR 

exams for each subject, which substantially increase the difficulty in recruiting subjects. 

Meanwhile, only half dose of contrast agent was given in each MR scan, which limited 

achievable performance and SNR. Further studies in a larger number of subjects with 

clinical standard contrast dose will be necessary to fully assess the clinical utility of the 

proposed VD-stack-of-stars trajectory in different applications.
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5. Conclusion

This study has demonstrated the initial performance of VD-stack-of-stars sampling that 

can be used to improve slice resolution and image quality in rapid and motion-robust 

non-contrast-enhanced liver MRI and DCE-MRI MRI without increasing scan times. The 

combination of VD-stack-of-stars with the GRASP MRI (and its variants) is a promising 

method for free-breathing body MRI.
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Figure 1. 
(a-b) Comparison of conventional stack-of-stars sampling with fully sampled kz (a) with 

VD-stack-of-stars sampling with varying kz-t random undersampling (b) for the same 

number of k-space measurements. (c-d) Corresponding kz-t sampling masks. A VD-stack-

of-stars pattern enables larger kz coverage without increasing scan time, which results in 

increased slice resolution. For stack-of-stars, respiratory motion can be extracted from the 

fully sampled k-space centers (red straight lines in a) along kz (e). For VD-stack-of-stars 

sampling, a central k-space region is fully sampled, and the fully sampled central-k-space 

points (red straight lines in b) can be used for motion detection from corresponding z-

direction projection profiles, as shown in (f).
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Figure 2. 
(a) Influence of fully sampled region with different number of k-space lines on motion 

detection. 12 central k-space lines are sufficient to delineate respiratory motion pattern in the 

resulting z projection profiles with no visible difference compared to 20 lines or 30 lines, 

while less k-space lines provide less information as indicated by the z projection profiles. 

(b) Design of variable-density kz-t undersampling mask for VD-stack-of-stars sampling in 

our current implementation. Data acquisition has a total of 80 slices. The first 16 lines 

(denoted as region 1 or R1) were not sampled with 80% slice partial Fourier; the 8 k-space 

lines were randomly sampled above the central region (denoted as region 2 or R2); and 

18 k-space lines were randomly sampled below the central region (denoted as region 4 

or R4). The fully sampled central k-space region is then denoted as region 3 or R3. This 

leads to a total of 38 sampled k-space lines from all the 80 slice locations. The sampling 

pattern was varied along the time dimension, so that compressed sensing can be applied to 

exploit the temporal correlations. Corresponding point spread function (PSF) for the kz-t 
variable-density undersampling pattern is also shown.
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Figure 3. 
Left: Non-contrast 3D liver images acquired with stack-of-stars sampling and reconstructed 

with NUFFT using all spokes without motion sorting. Middle: Corresponding XD-GRASP 

images resolved respiratory motion and achieved notable increase in image sharpness and 

vessel clarity (yellow and white arrows). (c) Non-contrast 3D liver images acquired with 

VD-stack-of-stars sampling and reconstructed with XD-GRASP present further improved 

delineation of liver edge and hepatic vessel (yellow and white arrows) with the same scan 

time.
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Figure 4. 
Comparison of NUFFT images acquired with VD-stack-of-stars sampling and reconstructed 

without motion sorting using all spokes with images reconstructed using XD-GRASP 

reconstruction at different respiratory motion states. White dashed lines indicate resolved 

respiratory motion phases in XD-GRASP.
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Figure 5. 
Comparison of XD-GRASP images with stack-of-stars sampling with XD-GRASP images 

with VD-Stack-of-Stars sampling at different slice resolutions. Better delineation of hepatic 

vessels can be achieved with higher slice resolution, but this also results in increased 

residual noise level particularly in the images with 2mm slice resolution.
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Figure 6. 
XD-GRASP results (end-expiratory phase) using stack-of-stars sampling (left) and VD-

stack-of-stars sampling (right) with the same scan time and same voxel size, but with 

different slice coverage. VD-stack-of-stars sampling enabled increased volumetric coverage 

without increasing scan time.
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Figure 7. 
Comparison of liver DCE-MR images acquired with both stack-of-stars and VD-stack-of-

stars sampling and reconstructed with respiratory-weighted GRASP in one subject. VD-

stack-of-stars enabled improved delineation of hepatic vessels and sharper liver edges in 

both arterial and venous phases. The improvement of slice resolution using VD-stack-of-

stars sampling can be better appreciated in the coronal images, in which a smaller voxel size 

allows for better delineation of small vessels and more detailed structures about the liver.
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Figure 8. 
Comparison of liver DCE-MR images acquired using both stack-of-stars and VD-stack-of-

stars sampling and reconstructed with respiratory-weighted GRASP in another subject for 

both axial and sagittal planes. Same as in Figure 6, VD-stack-of-stars sampling achieved 

increased image sharpness and vessel clarity in both arterial and venous phases, particularly 

in the reformatted sagittal plane.
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Figure 9. 
Comparison of liver DCE-MR images with stack-of-stars sampling and VD-stack-of-stars 

sampling in a venous phase in the third subject. Similar improvement of image quality, 

sharpness and conspicuity can be observed in the VD-stack-of-stars results.
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Figure 10. 
Comparison of liver DCE-MR images with stack-of-stars sampling and VD-stack-of-stars 

sampling at different contrast phases. VD-stack-of-stars enabled better delineation of 

contrast enhancement, increased image sharpness and vessel conspicuity in both the liver 

and kidney.
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Figure 11. 
Comparison of the same DCE-MR data acquired with VD-stack-of-stars sampling but 

reconstructed with and without respiratory motion compensation/weighting. Without 

respiratory motion compensation (top row), images suffer from residual blurring, 

particularly in the reformatted coronal and sagittal image planes. With respiratory-weighted 

sparse reconstruction (bottom row), improved overall image quality, increased liver edge 

sharpness and hepatic vessel conspicuity can be achieved.
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Figure 12. 
Scores of the quantitative sharpness analysis in a representative DCE-MR dataset. The 

sharper the image, the lower the resulting score. Results from the proposed VD-stack-of-

stars are consistently sharper than the standard stack-of-stars for all three image planes. The 

stack-of-stars results were interpolated to have the same number of slices as the VD-stack-

of-stars results.
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Table 1

Axial Plane Sagittal Plane Coronal Plane

Dataset 1
Stack-of-Stars 0.2631±0.0089 0.3122±0.0096 0.3260±0.0110

VD-Stack-of-Stars 0.2296±0.0093 0.2420±0.0089 0.2637±0.0130

Dataset 2
Stack-of-Stars 0.2574±0.0099 0.3260±0.0122 0.3262±0.0145

VD-Stack-of-Stars 0.2310±0.0115 0.2425±0.0129 0.2576±0.0154

Dataset 3
Stack-of-Stars 0.2654±0.0092 0.3293±0.0123 0.3213±0.0088

VD-Stack-of-Stars 0.2318±0.0086 0.2563±0.0137 0.2779±0.0130

Dataset 4
Stack-of-Stars 0.2330±0.0101 0.3287±0.0130 0.3481±0.0123

VD-Stack-of-Stars 0.2161±0.0110 0.2418±0.0097 0.2779±0.0154

Dataset 5
Stack-of-Stars 0.2641±0.0106 0.3157±0.0114 0.3532±0.0154

VD-Stack-of-Stars 0.2304±0.0104 0.2397±0.0098 0.2888±0.0154

Quantitative scores for assessing image sharpness and blurring averaged over different contrast phases. The score has a range between 0–1. The 
sharper the image, the lower the resulting score (e.g., 1 indicates the most image blurring and 0 indicates the highest image sharpness). Results 
from VD-stack-of-stars sampling are consistently sharper than the standard stack-of-stars sampling for all the image planes.
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Table 2

Overall Image Quality Liver Edge Sharpness Hepatic Vessel Conspicuity

Axial Plane
Stack-of-Stars 2.95±0.20 3.02±0.28 3.10±0.33

VD-Stack-of-Stars 4.03±0.18 
a

4.03±0.18 
a

4.05±0.15 
a

Coronal Plane
Stack-of-Stars 2.00±0.13 2.00±0.13 2.02±0.09

VD-Stack-of-Stars 2.98±0.09 
a

3.00±0.01 
a

3.02±0.09 
a

Sagittal Plane
Stack-of-Stars 2.00±0.01 2.00±0.01 2.00±0.01

VD-Stack-of-Stars 2.98±0.09 
a

2.98±0.09 
a

3.00±0.01 
a

Visual image quality comparison between free-breathing liver DCE-MRI with stack-of-stars sampling and VD-stack-of-stars sampling in different 
image planes. VD-stack-of-stars sampling achieved improvement, and statistical significance was reached in all the assessment categories.

The scoring criteria for all the assessment categories were as follows: 5=excellent; 4=good; 3=adequate; 2=borderline; 1=non-diagnostic.

a:
The difference between stack-of-stars and VD-stack-of-stars was statistically significant, P<0.001.
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