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Abstract

Purpose—Demonstrate feasibility of free-breathing radial acquisition with respiratory motion-

resolved compressed sensing (CS) reconstruction (XD-GRASP) for multiphase dynamic Gd-EOB-

DTPA enhanced liver imaging, and compare image quality to CS reconstruction with respiratory 

motion-averaging (GRASP) and prior conventional breath-held Cartesian-sampled datasets (BH-

VIBE) in same patients.

Subjects and Methods—In this HIPAA-compliant prospective study, 16 subjects underwent 

free-breathing continuous radial acquisition during Gd-EOB-DTPA injection, and had prior BH-

VIBE exam available. Acquired data were reconstructed using motion-averaging GRASP 

approach, in which consecutive 84-spokes were grouped in each contrast-enhanced phase for a 

temporal resolution of ~14 seconds. Additionally, respiratory motion-resolved reconstruction was 

performed from the same k-space data, by sorting each contrast-enhanced phase into multiple 

respiratory motion states using compressed sensing algorithm named XD-GRASP, which exploits 

sparsity along both the contrast-enhancement and respiratory-state dimensions.

Contrast-enhanced dynamic multi-phase XD-GRASP, GRASP, and BH-VIBE images were 

anonymized, pooled together in a random order and presented to two board-certified radiologists 

for independent evaluation of image quality, with higher score indicating more optimal exam.

Results—XD-GRASP reconstructions had significantly (all p<0.05) higher overall image quality 

scores compared to GRASP for early arterial (Reader 1: 4.3 ± 0.6 vs. 3.31 ± 0.6 ; Reader 2: 3.81 ± 

0.8 vs. 3.38 ± 0.9) and late arterial (Reader 1: 4.5 ± 0.6 vs. 3.63 ± 0.6; Reader 2: 3.56 ± 0.5 vs. 

2.88 ± 0.7) phases of enhancement for both readers. XD-GRASP also had higher overall image 

quality score in portal venous phase which was significant for Reader 1 (4.44 ± 0.5 vs. 3.75 ± 0.8; 

p=0.002). In addition, XD-GRASP had higher overall image quality score compared to BH-VIBE 
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for early (Reader 1: 4.3±0.6 vs. 3.88±0.6; Reader 2: 3.81±0.8 vs. 3.50±1.0) and late (Reader 1: 

4.5±0.6 vs. 3.44±0.6; Reader 2: 3.56±0.5 vs. 2.94±0.9) arterial phases.

Conclusion—Free-breathing motion-resolved XD-GRASP reconstructions provide diagnostic 

high-quality multiphase images in patients undergoing Gd-EOB-DTPA-enhanced liver exam.

Introduction

Hepatobiliary contrast agent Gd-EOB-DTPA enhanced liver imaging has been shown to 

improve detection of small metastasis, discriminate focal nodular hyperplasia (FNH) from 

adenoma [1–3], detect small hepatocellular carcinomas (HCC), discriminate regenerative/

dysplastic nodules and other pseudolesions from hepatocellular carcinomas (HCC), and 

potentially discriminate HCC of differing aggressiveness [4–11].

Assessment of arterial enhancement, irrespective of the contrast (extracellular or 

hepatobiliary) agent, is essential in detection and characterization of liver lesions. Optimal 

timing of the arterial phase, with highest contrast between the lesion and background liver 

parenchyma, is desired. This is more reliably achieved with timing run or fluoroscopic 

triggering compared to a fixed timing delay [12, 13]. Various studies have suggested that 

acquisition of multiple arterial phases can improve the detection of enhancement in liver 

lesions [14, 15]. Many groups perform dual arterial phase acquisition in one breath-hold to 

improve the conspicuity of arterial enhancement in small lesions [16]. However, the need to 

acquire data within a breath-hold requires a balance between temporal resolution, spatial 

resolution, and volumetric coverage. These concerns are accentuated with use of the 

hepatobiliary contrast agent Gd-EOB-DTPA due to lower contrast dose, injected volume, 

and rate compared to the extracellular contrast agents. Recently published reports of 

transient dyspnea associated with this contrast agent have amplified these concerns for 

detection of arterial enhancement in small hepatic lesions [17–19].

A recently introduced free-breathing imaging technique combining compressed sensing (CS) 

and parallel imaging with golden-angle radial sampling (GRASP- Golden-angle RAdial 

Sparse Parallel imaging) may help overcome many of the limitations listed above [20, 21]. 

Radial acquisition has lower sensitivity to respiratory motion when compared to 

conventional Cartesian sampling schemes due to the motion averaging effect from the 

repeated sampling of k-space center [22, 23]. Moreover, golden-angle radial sampling 

allows continuous data acquisition and retrospective reconstruction with a flexible temporal 

resolution by grouping a specific number of successive spokes together, so that appropriate 

phases of enhancement can be generated [24]. A preliminary study has shown that GRASP 

produces good image quality in the venous phase, and diagnostic but relatively lower image 

quality in the arterial phase as compared to the conventional breath-held Cartesian 

acquisition in healthy subjects undergoing imaging with an extracellular contrast agent [20]. 

Further improvement of image quality of the arterial phases in GRASP is desirable.

The oversampling of k-space center in radial imaging provides additional opportunity for 

self-navigation, which can be exploited to minimize the respiratory motion blurring effects. 

Instead of averaging motion, as performed in GRASP reconstruction, an extra respiratory 

motion dimension can be reconstructed from the continuously acquired k-space data, by 
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sorting each contrast-enhanced phase into multiple respiratory motion states, spanning from 

end-inspiration to end-expiration (Figure 1). A compressed sensing algorithm that exploits 

sparsity along both the contrast-enhancement dimension and the respiratory-state dimension 

[25] can be subsequently employed to reconstruct the motion-resolved undersampled 

dataset. This image reconstruction framework, called XD-GRASP (eXtra-Dimensional 

Golden-Angle RAdial Sparse Parallel), generates multi-dimensional dynamic image sets 

with resolved respiratory motion in each contrast-enhanced dynamic phase.

The aim of this study is to demonstrate feasibility of free-breathing radial acquisition with 

respiratory motion-resolved compressed sensing (CS) reconstruction (XD-GRASP) for 

multiphase dynamic Gd-EOB-DTPA enhanced liver imaging, and compare image quality to 

CS reconstruction with respiratory motion-averaging (GRASP) and also prior conventional 

breath-held Cartesian-sampled datasets (BH-VIBE) in same patients.

Subjects and Methods

In this HIPAA compliant IRB approved prospective study, patients scheduled for clinically 

indicated Gd-EOB-DTPA enhanced liver MRI from January 2014 to September 2014 were 

recruited to undergo free-breathing dynamic imaging of the liver with continuous golden-

angle radial acquisition instead of conventional breath-hold Cartesian acquisition. The 

inclusion criteria were as follows: (1) Patients scheduled on a scanner equipped to perform 

radial acquisition either for evaluation of liver cirrhosis or for evaluation of known or 

suspected focal liver lesions; and (2) Prior conventional Cartesian breath-hold MRI. 

Informed consent was obtained for all patients.

Patients

34 patients agreed to participate in the study. In 16 of these patients, prior conventional 

Cartesian breath-hold exam with Gd-EOB-DTPA performed at the same field strength was 

available, and these patients constituted our study cohort. 9 females (mean age 48.5 ± 12.5 

years, range 33.2–70.4 years) and 7 males (mean age 56.1 ± 6.1 years, range 47.9–64.6 

years) were included in our study. 10 patients had an established diagnosis of cirrhosis and 

were being scanned for routine surveillance. 6 non-cirrhotic patients were imaged; 5 patients 

were being scanned for follow-up of benign hepatic lesions; and 1 patient was scanned for 

surveillance status post orthotopic liver transplant.

MR Imaging

MR imaging was performed on a 1.5-T whole-body clinical scanner (Siemens 

MAGNETOM Avanto, Erlangen, Germany) equipped with body and spine phased-array 

coils. All subjects underwent axial breath-hold T1 gradient echo (GRE) in and out of phase, 

axial breath-hold fat suppressed T2 turbo spin echo (TSE), axial DWI in free-breathing, and 

coronal breath-hold T2 HASTE (Half Fourier Acquisition Single shot Turbo spin Echo) 

acquisitions prior to contrast administration. Subsequently, a stack-of-stars 3D Radial GRE 

sequence with golden-angle ordering scheme was employed during free-breathing while 

intravenous contrast was injected. A total of 1904 radial spokes were continuously acquired 

in 318–340 seconds with the following parameters: slice thickness = 3 mm, flip angle = 12°, 
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FOV = 385 × 385 mm2, matrix size= 256 × 256, spatial resolution = 1.5×1.5×3 mm3, TR/TE 

= 3.97–4.29 ms / 1.71 ms, and bandwidth = 450Hz/pixel. 72 partitions were acquired 

(interpolated) with 6/8 partial-Fourier performed along the slice-encoding dimension. 

Intravenous injection of 10 mL Gd-EOB-DTPA (Eovist, Bayer HealthCare) was initiated 20 

seconds after commencement of scanning via a power injector at a rate of 1 mL/s, followed 

by a 20 mL saline flush also at a rate of 1 mL/s. No timing run or bolus tracking was 

performed.

GRASP Reconstruction—Image reconstruction was performed off-line as previously 

described [21] using temporal finite differences (to minimize the temporal total variation) as 

a sparsifying transform. Compressed sensing and parallel imaging were combined to exploit 

joint multicoil sparsity. 84 spokes were grouped together in each dynamic frame for a 

temporal resolution of ~14 seconds. The reconstruction was implemented in MATLAB (The 

MathWorks, MA) using an iterative non-linear conjugate gradient algorithm.

XD-GRASP Reconstruction—In order to detect the respiratory motion signal, a one-

dimensional Fourier transform along the partition dimension was first performed on the 

central k-space points at each acquisition angle. This produced a projection profile of the 

entire volume along that dimension corresponding to acquisition of all partitions at a given 

spoke angle in the stack-of-stars trajectory. The respiratory motion signal was estimated by 

concatenating the projection profiles from all coils into a large two dimensional matrix, 

followed by principal component analysis (PCA) along the z+coil dimension, in order to 

determine the most common signal variation mode among all the coil elements. The 

principal component with the highest peak in the frequency range of 0.1–0.5Hz was 

automatically selected to represent respiratory motion. Contrast-enhancement was 

suppressed from the respiratory motion signal by subtracting the envelope, which was 

estimated using a spline data fitting procedure.

XD-GRASP reconstruction was framed as an extension of the GRASP reconstruction 

algorithm, with enforcement of an additional sparsity constraint along the respiratory-state 

dimension. The optimization problem is formulated as:

[1]

where F is the non-uniform fast Fourier transform (NUFFT) [26] operator defined in the 

radial sampling pattern, C = [C1,C2…Cn] are n-element coil sensitivity maps,×is the 

dynamic image to be reconstructed and y = [y1,y2…yn] are the multicoil radial k-space data 

sorted according to the new dimensions. S1 is the sparsifying transform applied in the newly 

isolated contrast-enhancement dimension and S2 is the sparsifying transform applied along 

the extra respiratory-phase dimension. In this work, temporal finite difference transforms 

were employed in both S1 and S2, but with different weights λ1 and λ2 tailored to the 

sparsity along each dynamic dimension.

For consistency, 84 consecutive spokes were used for each contrast-enhancement phase, 

both for GRASP – in which the single dynamic dimension represented contrast enhancement 

perturbed by motion – and for XD-GRASP, in which each isolated contrast-enhancement 
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phase was sorted into 4 respiratory motion states, spanning from end-inspiration to end-

expiration. For XD-GRASP, the reconstructed end-expiratory state (which matches the 

breath-hold acquisition) was utilized for qualitative image analysis.

Prior Cartesian Exam Details—All patients had a prior scan with standard breath-hold 

Cartesian pre-and post-contrast acquisition performed on the same 1.5-T clinical system 

(Siemens MAGNETOM Avanto, Erlangen, Germany). Average time interval between the 

current study and this prior conventional breath-hold examination was 406.9 +/− 265.3 days, 

with a range of 133–923 days. MELD scores for the 10 cirrhotic subjects prior to the 

conventional exam ranged from 6 to 14 with average of 9.2. There MELD scores prior to the 

current XD-GRASP exam were not significantly different (p=0.26) and ranged from 7 to 18 

with average of 9.8. Patients underwent 1 pre-contrast and 4 post-contrast axial T1-weighted 

3D GRE acquisitions, including two arterial phases in one breath-hold, followed by breath-

held portal venous and late dynamic phase acquisitions. Bolus tracking with fluoroscopic 

triggering was used to obtain optimal arterial phase timing delay. Imaging parameters were 

as follows: slice thickness = 2.0–3.4 mm, flip angle = 12°, FOV = 325–425 × 178–297 mm2, 

in plane spatial resolution (interpolated)= 1.3–1.7 × 1.3–1.7 mm2. 10 mL Gd-EOB-DTPA 

(Eovist, Bayer HealthCare) was injected intravenously via a power injector at a rate of 1 

mL/s, followed by a 20 mL saline flush also at a rate of 1 mL/s.

Image Analysis—For all patients, non-contrast, early arterial, late arterial and portal 

venous enhancement phase images were selected from both GRASP and XD-GRASP 

reconstructions by an experienced radiologist who did not perform image analysis. These 

reconstructions and the prior breath-hold multiphase acquisitions were stripped of patient 

and acquisition parameter details. Images were pooled together in a random order and 

presented to two board-certified radiologists (_,_) with 2 and 3 years of abdominal MRI 

experience, respectively, for independent evaluation of the image quality. Prior to formal 

image quality evaluation readers underwent a short training session.

Both readers first identified the enhancement pattern of the liver as non-contrast, early 

arterial, late arterial or portal venous for each dataset. Subsequently, the following metrics of 

image quality were scored using a 5 point scale (1–5), with the highest score indicating the 

most desirable exam (Table 1): overall image quality (IQ), liver edge sharpness, hepatic 

vessel clarity, and streak artifact.

In a separate sitting, 2 months after the initial image quality evaluation, both readers also 

independently assessed for presence of enhancing lesions greater than 0.5 cm in size. 

Multiphase (pre-contrast, early arterial, late arterial, and portal venous phase) GRASP and 

multiphase XD-GRASP reconstructions for each of the 16 subjects, for a total of 32 

multiphase datasets, were randomized and presented to the two readers. If a lesion was 

identified, the readers noted the location of the lesion and scored the lesion conspicuity as 

well as the lesion edge sharpness on the same 5-point scale on multi-phase contrast 

enhanced acquisitions (Table 1).
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Statistical Analysis

Image quality parameters for each subject were recorded by each reader for each acquisition. 

This was used to compute mean and standard deviation scores for each parameter of image 

quality for each phase of enhancement stratified by reader. A paired sample Wilcoxon 

signed rank test was performed to compare acquisitions in terms of the quality scores.

The mean and standard deviation (SD) of lesion conspicuity and lesion sharpness scores 

from each reader for GRASP and XD-GRASP data sets were noted. GRASP and XD-

GRASP were compared accounting for the natural pairing of the data (i.e. each lesion could 

be assessed with both reconstructions). Within-lesion differences in conspicuity and 

sharpness from each reader were computed as the score for XD-GRASP minus the score for 

GRASP. Wilcoxon signed rank and was used to compare the XD-GRASP and GRASP in 

terms of lesion conspicuity and sharpness. To account for within-subject correlations, scores 

from multiple lesions was averaged as a single score. All statistical tests were conducted at 

the two-sided 5% significance level using SAS 9.3 (SAS Institute, Cary, NC).

Results

Overall Image Quality

XD-GRASP had higher overall image quality scores compared to GRASP for all phases of 

enhancement (Table 2A) for both readers. This was significant (all p < 0.05) for all phases 

of enhancement except for non-contrast acquisition for reader 1 and for portal venous phase 

for reader 2 (Table 2B). In addition, XD-GRASP had higher overall image quality scores 

compared to breath-held early and later arterial phase VIBE acquisitions for both readers. 

There were no significant differences in overall image quality scores for non-contrast and 

portal venous phases between XD-GRASP and BH-VIBE (Figure 2 and Figure 3).

Hepatic Vessel Clarity

XD-GRASP had significantly higher scores for hepatic vessel clarity compared to GRASP 

for the early arterial, late arterial and portal venous phases of enhancement for reader 1. The 

scores of XD-GRASP were also higher than GRASP for reader 2 for the early and late 

arterial phases but this did not reach statistical significance (Table 3A & 3B).

Liver Edge Sharpness

Scores for liver edge sharpness were significantly higher with XD-GRASP compared to 

GRASP for reader 1 in the early arterial, late arterial and portal venous phases. For reader 2, 

XD-GRASP also received higher scores for all phases of enhancement except portal venous 

phase, but this did not reach statistical significance (Table 4A & 4B). The liver edge 

sharpness scores of XD-GRASP were higher than those of BH-VIBE for the early arterial 

and late arterial phases of enhancement for both the readers.

Streak artifact

XD-GRASP showed reduced streak artifact and higher scores as compared to GRASP for all 

phases of enhancement for both readers which was significant for reader 1 for all phases of 

enhancement (all p<0.05) but was not significant for reader 2 (Table 5).
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Lesion Evaluation

Reader 1 identified the same 12 enhancing lesions larger than 0.5 cm on XD-GRASP and 

GRASP. Reader 2 identified 11 enhancing lesions on XD-GRASP and 10 enhancing lesions 

on GRASP (Figure 4).

For both readers XD-GRASP had higher scores compared to GRASP for lesion conspicuity 

(Reader 1: 4.5 ± 0.67 versus 4.17 ± 1.03; Reader 2: 4.45 ± 0.52 versus 3.70 ± 1.16) and 

lesion edge sharpness (Reader 1: 3.92 ± 0.67 versus 2.92 ± 1.16; Reader 2: 4.27 ± 0.47 

versus 3.50 ± 1.08). However, these differences did not reach statistical significance (all p ≥ 

0.06).

Discussion

Gd-EOB-DTPA exhibits high T1 relaxivity in the liver, and shows peak enhancement in the 

normal liver approximately 20 minutes after injection on T1-weighted MR images [27–29]. 

This property of the Gd-EOB-DTPA can improve diagnosis of small hepatocellular 

carcinoma and metastases, and can also improve the characterization of liver lesions. 

However, some of the drawbacks associated with its routine use include a concern about 

reduced vessel and parenchymal enhancement due to lower contrast dose and volume [30], 

and also a concern with regards to image quality of the arterial phases due to respiratory 

motion [18].

Radial acquisition has improved motion robustness and hence it is a promising approach for 

free-breathing abdominal imaging [31]. A recent study in pediatric patients showed 

improved image quality and lesion conspicuity of the post-contrast radial acquisition 

compared to Cartesian acquisition [32]. However, in another study the inherent motion 

averaging effects in the arterial phase GRASP reconstruction resulted in relatively lower 

image quality with residual blurring when compared to conventional multiphase contrast 

enhanced examination in healthy subjects [20]. To solve the problem of respiratory motion, 

we exploited the self-navigation properties of radial sampling and utilized the fact that the 

respiratory motion is highly correlated and therefore compressible. XD-GRASP does not 

rely upon any particular motion model, and it resolves respiratory motion into distinct 

motion-states. Thus, it provides the ability to visualize images at different respiratory motion 

states from end-inspiration to end-expiration.

Our results are promising as they not only demonstrate improved image quality with XD-

GRASP reconstruction compared to GRASP, but also demonstrate that the end-expiratory 

phase in XD-GRASP reconstruction outperforms the conventional arterial breath-hold 

Cartesian acquisition also performed in end-expiration. These results have the potential to 

improve post-contrast imaging in patients undergoing MR imaging of the liver with Gd-

EOB-DTPA, and to overcome many of the limitations associated with Gd-EOB-DTPA 

enhanced liver MR examination. However, other approaches such as advance parallel 

imaging can also be used to shorten the breath-hold duration thus improving image quality 

in patients with limited breath-hold capacity [33, 34]. Larger studies with head-to-head 

comparison between different approaches will be required to identify subset of patients that 
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would benefit from free-breathing XD-GRASP acquisition over shortened breath-held 

techniques.

Following the introduction of XD-GRASP, similar approaches have been proposed using 

different k-space trajectories such as Cartesian trajectories with butterfly navigators [35]. 

The use of Cartesian trajectories may enable faster reconstruction of the high dimensional 

dataset, but at the expense of having different undersampling patterns for each respiratory 

motion state. By contrast, golden-angle radial sampling results in more uniform sampling 

patterns for each respiratory motion state. Moreover, Cartesian sampling also loses the 

motion robustness that is inherent to radial sampling.

There are several limitations of our study. Firstly, we used only reconstructions in end-

expiratory phase for image evaluation, and excluded data reconstructed in other respiratory 

phases. This is inefficient, as large quantities of potentially useful data are discarded in this 

approach. Elastic registration algorithms can hopefully overcome this loss of data by 

combining images acquired in multiple motion states. Secondly, only a small number of 

patients were included in our study. However, in this prospective study we included patients 

who had prior conventional breath-hold imaging with the same contrast agent (Gd-EOB-

DTPA) and on the same field strength (1.5 T) system. There was a relatively long delay 

between the conventional exam and the current radial GRASP/XD-GRASP exam. Although 

there were no significant changes in MELD scores obtained prior to the BH-VIBE and XD-

GRASP exams, it is possible that the patients’ health and breath-hold capacity could have 

changed during this time period. However, it was not practical logistically to image same 

patients twice with 2 full doses of contrast injections in rapid succession for research 

purposes. Subjective evaluation of image quality introduces inter-reader variability as 

evident by differences in absolute scores of image quality provided by the two readers. 

However, for both readers similar trends of higher image quality scores for XD-GRASP 

compared to GRASP were noted..

In conclusion, this study has shown that XD-GRASP is able to resolve respiratory motion in 

the radial acquisition, and thus guide compressed sensing reconstruction of multiphase 

dynamic data for liver imaging with image quality superior to that obtained with standard 

GRASP reconstructions. Furthermore, the arterial phases XD-GRASP reconstructions from 

free-breathing continuous radial acquisition achieved higher overall image quality compared 

to the conventional breath-hold arterial phase Cartesian acquisitions. The proposed XD-

GRASP approach has the potential to improve contrast-enhanced dynamic liver imaging 

with continuous data acquisition and retrospective motion-resolved reconstruction.
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Figure 1. 

Schematic of the sorting of the continuously acquired radial spokes in to different phases of 

contrast enhancement and in 4 respiratory motion states. The motion sorted undersampled 

data for each phase of enhancement was reconstructed with XD-GRASP technique. XD-

GRASP reconstructions in end-expiratory phase (motion state 1) of the respiratory cycle 

were used for image analysis and quality comparison.

Chandarana et al. Page 12

Invest Radiol. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 

Comparison of prior breath-hold Cartesian (A & B), free-breathing GRASP (C & D), and 

free-breathing XD-GRASP (E & F) studies in a 40 year old female patient undergoing post-

liver-transplant surveillance. The left column shows early-arterial-phase acquisitions, and 

the right column shows late-arterial-phase acquisitions. For the Cartesian study, both early 

(A) and late (B) arterial phase acquisitions were performed in a single breath-hold. A 

subsequent exam was performed in the same patient with free-breathing radial acquisition 

during contrast injection. Early and late phase arterial phases of enhancement were 

reconstructed from the same raw data using GRASP (C & D) and XD-GRASP (E & F). XD-

GRASP reconstructions received higher scores of image quality from both readers compared 

to GRASP and BH exam.
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Figure 3. 

Comparison of prior breath-hold Cartesian (A & B), free-breathing GRASP (C & D), and 

free-breathing XD-GRASP (E & F) arterial phases in a cirrhotic patient. XD-GRASP images 

received the highest score for overall image quality from both readers.
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Figure 4. 

Comparison of images obtained in a 56 year old female with known diagnosis of FNH 

(arrow) in early arterial, late arterial, and portal venous phases of contrast enhancement with 

a prior breath-held post-contrast acquisition (A, B, C), as well as with GRASP (D, E, F) and 

XD-GRASP (G, H, I) reconstruction of a subsequent free-breathing continuous radial 

acquisition.
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Table 1

Scoring for various parameters of image quality for each acquisition/reconstruction scheme and for each phase 

of enhancement

Image quality Parameter Score Scoring system

Overall Image Quality 1 – 5 1. Unacceptable; 2. Poor; 3. Acceptable; 4. Good; 5. Excellent

Liver Edge Sharpness & Hepatic Vessel 
Clarity

1 – 5 1. Unreadable; 2. Extreme blur; 3. Moderate blur; 4. Mild blur; 5. No blur

Streak Artifact 1 – 5 1. Unreadable; 2. Extreme artifact; 3. Moderate artifact; 4. Mild artifact; 5. No artifact

Lesion Conspicuity 1 – 5 1. Unreadable; 2. Poor; 3. Acceptable; 4. Good; 5. Excellent

Lesion Edge Sharpness 1 – 5 1. Unreadable; 2. Extreme blur; 3. Moderate blur; 4. Mild blur; 5. No blur
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Table 5

Scores for streak artifact as assessed by two readers for each phases of enhancement for GRASP and XD-

GRASP reconstructions. In all cases, XD-GRASP had lower radial spokes related artifacts and hence higher 

scores which was significant for reader 1 (all p <0.05) but not for reader 2.

Streak Artifact GRASP XD-GRASP

Phase of Enhancement Reader 1 Reader 2 Reader 1 Reader 2

Non-contrast 3.31 ± 0.6 3.81 ± 0.8 3.94 ± 0.6 4.00 ± 0.7

Early Arterial 3.25 ± 0.7 3.56 ± 0.8 4.06 ± 0.6 3.81 ± 0.8

Late Arterial 3.31 ± 0.6 3.38 ± 0.6 4.06 ± 0.6 3.54 ± 0.6

Portal Venous 3.44 ± 0.6 3.81 ± 0.7 3.94 ± 0.4 3.94 ± 0.6
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