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Abstract

Purpose—To deploy clinically, a combined parallel imaging compressed sensing method with

coil compression that achieves a rapid image reconstruction, and assess its clinical performance in

contrast-enhanced abdominal pediatric MRI.

Materials and Methods—With IRB approval and informed patient consent/assent, 29

consecutive pediatric patients were recruited. Dynamic contrast-enhanced MRI was acquired on a

3T scanner using a dedicated 32-channel pediatric coil and a 3D SPGR sequence, with pseudo-

random undersampling at a high acceleration (R=7.2). Undersampled data were reconstructed with

three methods: a traditional parallel imaging method and a combined parallel imaging compressed

sensing method with and without coil compression. The three sets of images were evaluated

independently and blindly by two radiologists at one siting, for overall image quality and

delineation of anatomical structures. Wilcoxon tests were performed to test the hypothesis that

there was no significant difference in the evaluations, and inter-observer agreement was analyzed.

Results—Fast reconstruction with coil compression did not deteriorate image quality. The mean

score of structural delineation of the fast reconstruction was 4.1 on a 5-point scale, significantly

better (P<0.05) than traditional parallel imaging (mean score 3.1). Fair to substantial inter-

observer agreement was reached in structural delineation assessment.
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Conclusion—A fast combined parallel imaging compressed sensing method is feasible in a

pediatric clinical setting. Preliminary results suggest it may improve structural delineation over

parallel imaging.
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INTRODUCTION

There are several challenges in pediatric body MRI: the inherently small anatomy requires

an MR acquisition with a very high spatial resolution; the nature of rapid hemodynamics in

pediatric patients requires imaging quickly for contrast-enhanced MRI (1-3); and fast

breathing and voluntary motion cause several artifacts, so anesthesia is usually needed (4).

Thus, imaging speed is critical to more widespread use of pediatric abdominal MRI.

To significantly accelerate MR acquisition, two types of approaches are usually considered.

The first type is known as parallel imaging (PI) (5,6). PI uses a set of phased array coils (7)

with different coil sensitivities for collecting data. The coil sensitivities are used to

accelerate MR data acquisition by undersampling k-space and to reconstruct the missing

data. The second type is compressed sensing (CS), which has been developed more recently

(8). CS exploits the data redundancy (also known as sparsity) in MR images (9), which

essentially requires less data to be acquired. A nonlinear optimization method is often used

to reconstruct the undersampled data. Furthermore, the combination of PI and CS can

achieve even faster imaging (10-12). Compared to the traditional Fourier transform used for

Cartesian imaging at the Nyquist sampling rate, the complexity and computation time of a PI

and CS reconstruction is dramatically increased (13,14). Most PI and combined parallel

imaging compressed sensing methods have reconstruction time proportional to as much as

the third order of the number of coils. Dedicated high-density coils can push the limits of

acceleration factors (15-17). However, the challenge of the long image reconstruction time

is even more significant. The lengthy reconstruction (usually varying from several minutes

up to a few hours) is not practical in a clinical setting, where image quality must be

confirmed prior to either awakening a child from anesthesia or releasing a patient from the

imaging suite. This is particularly true for contrast-enhanced imaging.

Coil compression (CC) has been proposed to reduce the computation for large coil arrays

(18-20). The original data from many coils can be combined into few virtual coils, on which

the reconstruction is performed. As a result, the reconstruction time can be significantly

shortened because of the reduced number of virtual coils (20). While this may enable the

application of PI and CS with high acceleration in a clinical setting, it may also alter the

reconstructed images, effecting clinical performance.

In this work, we focus on the clinical deployment of a combined parallel imaging

compressed sensing technique with rapid image reconstruction and the assessment of the

resulting image quality. We implement a combined parallel imaging compressed sensing

method, namely L1-SPIRiT (21), with a CC (20) algorithm to enable fast image
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reconstruction. We investigate the clinical performance of the combined parallel imaging

compressed sensing technique with coil compression in contrast-enhanced abdominal

pediatric MRI.

MATERIALS AND METHODS

Patient Recruitment

With institutional review board approval and informed patient consent and/or assent, 29

consecutive patients (14 males and 15 females) referred for contrast-enhanced abdominal

MRI under anesthesia at our institution with concern of inflammation (3 cases) or for tumor

surveillance (26 cases) were recruited from September 2010 to May 2011. Patient

demographics are summarized in Table 1, with ages ranging from 3 months to 9 years

(mean, 3.79 years).

Image Acquisition

All imaging was performed on a 3T MR750 MRI scanner (GE Healthcare, Waukesha, WI,

USA) with a dedicated 32-channel pediatric custom phased array coil that consisted of a pair

of 4-by-4 array coils, one positioned posterior and the other anterior to the abdomen (15). A

3D spoiled gradient echo sequence with intermittent fat suppression was modified to

incorporate variable density Poisson-disc k-space sampling (22), which facilitates

compressed sensing by ensuring relatively incoherent aliasing artifacts from k-space

undersampling. Prescribed acquisition parameters were echo time (TE) 0.7-1.09 ms,

repetition time (TR) 3.6-4.4 ms, bandwidth (BW) 128 kHz, slice thickness 0.8-1mm, FOV

24-32 cm, in-plane matrix 288×288 or 320×320 (shown in Table 1), and a total acceleration

factor of 7.2. The average acquisition time for each temporal phase was 22.9 seconds (range,

19.5-27.6 seconds). One pre-contrast and up to four post-contrast acquisitions were

performed. Single dose gadobenate dimeglumine was diluted as necessary in saline to ensure

a volume of at least 10 mL and power injected intravenously at 1mL/sec rate for all but one

patient. The remaining one patient was injected with a single dose gadofosveset trisodium,

again diluted in saline to a volume of 10 mL and power injected at 1mL/sec rate.

Image Reconstruction

For each subject, three image reconstructions of the arterial phase data were performed. The

first reconstruction was a traditional parallel imaging reconstruction with the commercially

available Autocalibrating Reconstruction for Cartesian imaging (ARC) algorithm (23). The

second reconstruction was L1-SPIRiT reconstruction, which is a combination of

autocalibrating parallel imaging and compressed sensing. The third reconstruction was the

coil compressed L1-SPIRiT (CC-L1-SPIRiT), which is the combination of L1-SPIRiT with

coil compression (CC) (19).

For the third reconstruction, the original 32 coils were combined into 6 virtual coils before

L1-SPIRiT reconstruction was performed. In the second and third reconstructions, L1-

SPIRiT was performed using a projection onto convex set (POCS) algorithm (21) and a

fixed 50 iterations were set as the point of convergence. In this iterative reconstruction, a

soft-thresholding operation in the Wavelet domain was carried out. The Wavelet threshold
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was chosen empirically: for L1-SPIRiT, the threshold was initialized with 0.05 and gradually

decreased to 0.0002 as the number of iterations increased; for CC-L1-SPIRiT, the threshold

was fixed at 0.0025 for all iterations. Note that the image quality of L1-SPIRiT heavily

depends on the chosen Wavelet threshold (14). An inaccurate threshold would introduce

artifacts in the reconstructed images, such as image blurring or synthetic appearance. When

these image artifacts appeared in the reconstruction with the default parameter, a case-

specific parameter tuning was performed. Prior to the L1-SPIRiT reconstruction, the data

were normalized such that the maximum value in a zero-filled reconstruction was one in

order to guarantee that the wavelet thresholding parameter was independent of the scaling of

the data.

Image Evaluation

Two board-certified pediatric radiologists (reader 1 and 2 with 8 and 23 years of clinical

experience with pediatric MR imaging respectively) who were blinded to the types of

reconstructions and patient history/diagnoses independently assessed image qualitatively.

First, images were assessed for their overall image quality including qualitative signal-to-

noise ratio (SNR), image contrast, synthetic appearance, coherent structural artifacts and

image blurring. The scoring criteria are listed in Table 2. Here, synthetic appearance refers

to the subjective somewhat “cartoon-like” artificial appearance, sometimes seen in

compressed sensing reconstructions. Based on the overall image quality scores, the

reconstructed images were considered to be diagnostically acceptable or non-acceptable

(shown in Table 2). Then the quality of delineation of several anatomical structures (renal

arteries, liver, portal veins, hepatic veins, pancreas, adrenals and spine) that are routinely

assessed on these abdominal MRI exams was graded on the pre-defined criteria listed in

Table 3. The reconstructions were first presented to the radiologists individually in a blinded

fashion and randomized order, and then presented in pairs for direct side-by-side

comparison, again in blinded randomized order. For side-by-side paired comparison, the

radiologists were also asked for preference of the delineation of anatomical structures based

on the criteria shown in Table 4. When present, the quality of delineation of pathologic

lesions was also evaluated for paired comparison. The delay time between the reading

sessions was more than one month.

Statistical Analysis of Overall Image Quality—The assessed images were first

divided into two groups based on the scores: diagnostically acceptable and non-acceptable.

The percentage of the number of cases that were diagnostically acceptable was calculated

for each reconstruction. Then, a paired Wilcoxon test was performed to assess the null

hypothesis that there was no significant difference in image quality between ARC and L1-

SPIRiT, ARC and CC-L1-SPIRiT, and L1-SPIRiT and CC-L1-SPIRiT, when assessed

individually, for qualitative SNR, image contrast, synthetic appearance, coherent structural

artifacts and image blurring.

Statistical Analysis of Delineation of Specific Abdominal Anatomical
Structures

Individual assessments: A paired Wilcoxon test was performed to assess the null

hypothesis that there was no significant difference in image quality between ARC and L1-
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SPIRiT, ARC and CC-L1-SPIRiT, and L1-SPIRiT and CC-L1-SPIRiT, when images were

assessed individually for anatomical structures (renal arteries, liver, hepatic veins, portal

veins, pancreas, adrenals, and spine). For the seven tests of anatomical structural delineation,

a Benjamini-Hochberg multiple comparison correction was also applied to adjust to the

statistical significance level.

Paired comparisons: For evaluations with images shown side-by-side in pairs, a paired

Wilcoxon test was performed to assess the null hypothesis that there was no significant

preference in quality of structural delineation between ARC and L1-SPIRiT, ARC and CC-

L1-SPIRiT, and L1-SPIRiT and CC-L1-SPIRiT.

In all the aforementioned analysis, a P value of 0.05 was used as a criterion of statistical

significance. Inter-observer agreements between the two readers for all qualitative image

assessments and delineation of anatomical structures were analyzed using bi-rater weighted

kappa coefficients. The weighted kappa coefficients were interpreted as almost perfect

(0.8-1), substantial (0.6-0.8), moderate (0.4-0.6), fair (0.2-0.4), slight (0-0.2) and poor (<0).

RESULTS

Reconstruction time for each acquisition (each temporal phase) with CC-L1-SPIRiT ranged

from 28-48 seconds (mean, 36 seconds) compared to 202-364 seconds with L1-SPIRiT

(mean, 275 seconds), for nearly an eight-fold reduction in image reconstruction time. This

reconstruction time of less than one minute is acceptable for clinical use, even when

resulting images have to be inspected to confirm adequate image quality prior to releasing

the patient. The reconstruction time for each case is shown in Tab. 1. Figure 1 shows a

representative results in a 6-year-old female referred for abdominal pain and concern for

inflammatory bowel disease, and highlights the overall improvement in image quality with a

compressed sensing reconstruction.

Individual Assessment Of Overall Image Quality

SNR—Results for all qualitative image assessments are detailed in Table 5 and 6. For

reader 1, all cases had diagnostically acceptable qualitative SNR with L1-SPIRiT and CC-

L1-SPIRiT reconstructions. For reader 2, 27/29 and 28/29 cases had diagnostically

acceptable SNR for L1-SPIRiT and CC-L1-SPIRiT, respectively. With ARC reconstruction,

non-acceptable SNR was present in 13/29 cases for reader 1 and 11/29 cases for reader 2.

Image Contrast—All cases had diagnostically acceptable image contrast with ARC, L1-

SPIRiT and CC-L1-SPIRiT reconstructions for reader 1. For reader 2, the proportion of

cases with significant degradation of image contrast progressively decreased from ARC

reconstruction to L1-SPIRiT and finally CC-L1-SPIRiT, with at least 90% of cases having

acceptable image contrast for all CS reconstructions.

Synthetic Appearance—None of the cases with ARC had a significant synthetic

appearance for both reader 1 and reader 2. However, for reader 1, a significant synthetic

appearance was seen in three cases with L1-SPIRiT and five cases with CC-L1-SPIRiT.

Similarly for reader 2, synthetic appearance was present in one case with CC-L1-SPIRiT
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reconstruction. Figure 2(b) shows an example of synthetic appearance in L1-SPIRiT

reconstruction. However, the synthetic appearance in the reconstructed images depends

significantly on the reconstruction parameters (e.g., Wavelet threshold). By adjusting the

reconstruction parameters, synthetic appearance can be removed as shown in Figure 2(c).

Coherent Structural Artifacts—For reader 1, all 29/29 cases had either no or minimal

structural coherent artifacts with ARC, L1-SPIRiT and CC-L1-SPIRiT reconstructions. Since

all three reconstructions were acquired using Poisson disc pseudo-random k-space sampling,

coherent structural artifacts were neither present nor expected. Similarly, for reader 2, all

29/29 cases had no or minimal structural coherent artifacts with ARC and CC-L1-SPIRiT

reconstructions. However, structural artifacts were present in two cases with L1-SPIRiT.

Image Blurring—For reader 1, each of the three reconstructions had one case with a non-

diagnostic degree of blurring, which was influenced by motion. For reader 2, the proportion

of cases with a significant degree of blurring decreased progressively from ARC (41%) to

L1-SPIRiT (17%) and then CC-L1-SPIRiT (10%) reconstruction.

Aside from the analysis that was focused on the proportion of cases with a diagnostically

acceptable image quality, comparisons of qualitative image assessments between ARC and

L1-SPIRiT, ARC and CC-L1-SPIRiT, and L1-SPIRiT and CC-L1-SPIRiT, when assessed

individually are detailed in Table 6. Figures 3 shows representative results of blinded

randomized scoring of overall qualitative image assessments. From Table 6, we can see that

both L1-SPIRiT and CC-L1-SPIRiT have a statistically significant difference compared with

ARC when assessed individually (paired Wilcoxon rank sum test, P<0.05) in qualitative

SNR, coherent structural artifacts and synthetic appearance for both readers. Similar

statistically significant difference is also achieved in image contrast and image blurring for

reader 2, but not for reader 1. L1-SPIRiT and CC-L1-SPIRiT do not have a statistically

significant difference in overall image quality for both readers except in synthetic

appearance for reader 1.

Delineation Of Specific Abdominal Anatomical Structures

Individual Assessment—Delineation for all anatomical structures except the renal artery

was superior with both L1-SPIRiT and CC-L1-SPIRiT reconstructions compared with ARC

(paired Wilcoxon rank sum test, P<0.05) for both readers. However, no statistically

significant difference was found between L1-SPIRiT and CC-L1-SPIRiT reconstructions for

delineation of all anatomical structures for reader 1 or reader 2, as detailed in Table 6.

Figure 4 shows representative results of blinded randomized order scoring of delineation of

renal arteries, liver, portal veins, hepatic veins, pancreas, adrenals, and spine with ARC, L1-

SPIRiT, and CC-L1-SPIRiT reconstructions for both readers. After the Benjamini-Hochberg

multiple comparison correction, statistical significance was still achieved to reject the null

hypothesis that there was no significant difference in image quality between ARC and L1-

SPIRiT, and ARC and CC-L1-SPIRiT for all anatomical structures except the renal artery.

Paired Comparisons—Delineation of all anatomical structures was superior with L1-

SPIRiT and CC-L1-SPIRiT compared with ARC for each reader, as summarized in Table 7.
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Further, for reader 1, there was no clear preference for L1-SPIRiT or CC-L1-SPIRiT when

compared against each other for most structures. Reader 2 preferred CC-L1-SPIRiT for some

anatomical structures (renal artery, portal vein, pancreas, adrenals and spine) and had no

strong preference between L1-SPIRiT and CC-L1-SPIRiT in the other anatomical structures.

The Wilcoxon test results are also shown in Table 7. The comparisons of all seven structures

were combined and the results were illustrated using bar graphs in Fig. 5. Again, CC-L1-

SPIRiT had superior or equivalent structural delineation compared to ARC for all

comparisons and both readers (Fig. 5 (c, d)).

In our study cohort, 24 patients had pathological lesions. For reader 1, delineation of lesions

was superior with L1-SPIRiT reconstruction compared with ARC in all cases, and was

superior in 23/24 cases with CC-L1-SPIRiT compared with ARC. For reader 2, delineation

of lesions was superior in 14/24 cases with L1-SPIRiT compared with ARC and in 16/24

cases with CC-L1-SPIRiT compared with ARC. For reader 2, the difference between L1-

SPIRiT and ARC as well as between CC-L1-SPIRiT and ARC for delineation of lesions

again showed a significant improvement with compressed sensing, but not as strongly as

with reader 1.

Inter-observer Agreement—Overall inter-observer agreement for image qualitative

assessments and delineation of specific anatomical structures are shown in Table 8. Two

readers had fair to substantial agreement for most delineation of specific anatomical

structures with ARC, L1-SPIRiT and CC-L1-SPIRiT. However, the agreement on overall

image quality assessments was not as good as structural delineation because the scoring

criteria for overall image quality were more subjective.

DISCUSSION

This work addresses some of the challenges of pediatric MR imaging by leveraging a

compressed sensing approach to double the speed of contrast-enhanced abdominal MRI. The

study showed that compressed sensing, when combined with a fast image reconstruction

method, is feasible in a pediatric clinical setting. Delineation of anatomical structures that

are routinely evaluated in a clinical setting shows improved quality with a compressed

sensing reconstruction, and further, coil compression does not adversely affect image

quality. The results of individual overall image quality assessment suggest that a compressed

sensing reconstruction will yield diagnostically acceptable SNR that is unlikely to be

achieved by a parallel imaging alone. Image contrast degradation, image blurring and

coherent structural artifacts are unlikely to be seen in a compressed sensing reconstruction.

The results of side-by-side comparison show that compressed sensing reconstructions are

likely to provide superior structural delineation than traditional parallel imaging and that

accelerated image reconstruction via coil compression can be accomplished with no

significant image degradation.

In this study, the average reconstruction time for combined parallel imaging compressed

sensing method without coil compression is approximately 275 seconds. In a typical

contrast-enhanced abdominal imaging setting, one pre-contrast and up to four post-contrast

acquisitions are usually acquired. As a result, the whole image reconstruction takes up to
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approximately 23 minutes. This is not practical in a clinical setting where image quality

needs to be confirmed before patients are released. However, when coil compression is

applied, the entire reconstruction time is reduced to less than 3 minutes. If receiving coils

with higher channel counts (more than 32) are used, the reconstruction time will increase

even further. However, arguably for the same acquisition, the number of virtual coils needed

may not increase dramatically. Thus, a practical reconstruction time will be maintained.

The combined parallel imaging compressed sensing reconstructions (L1-SPIRiT and CC-L1-

SPIRiT) implemented in this work were parameter-dependent. The parameters used in the

study were chosen empirically and were fixed for all the cases. Synthetic appearance may

appear in the image due to the fixed non-optimal reconstruction parameters for specific

cases. However, it can be removed by properly adjusting the reconstruction parameters. In

general, the reconstruction parameters applied in this study provided at least 90% of

reconstructions without obvious synthetic appearance. Reconstructions with an automatic

parameter selection may completely remove the synthetic appearance in the reconstructed

images, but are beyond the scope of this manuscript.

Overall, we did not find much difference in image quality between L1-SPIRiT (compressed

sensing) and CC-L1-SPIRiT (compressed sensing and coil compression) reconstructions,

though images obtained with CC-L1-SPIRiT showed superior quality for some overall

image qualitative assessments and delineation of anatomical structures, compared with L1-

SPIRiT. However, CC-L1-SPIRiT increased the synthetic appearance of images while

decreasing image blurring. This image assessment is subjective, and the individual

radiologist preference for this synthetic appearance may vary, particularly with increasing

exposure to and clinical experience with these types of images.

In this study, quantitative assessment of image quality was not performed. Calculation of

parameters such as SNR in the context of parallel imaging is technically difficult and usually

not feasible clinically; further, these complexities are even more challenging when

compressed sensing is introduced. Thus, subjective image quality and delineation of

abdominal anatomical structures were thoroughly evaluated in a clinical setting. However,

arguably these subjective assessments, along with diagnostic accuracy, are ultimately more

relevant to clinical adoption of an imaging method.

The qualitative assessments in the study were subjective: different readers may have

different interpretation of the scoring criteria of the image assessment, especially for overall

image quality. For example, because a variable density sampling pattern was used, the

resulting image resolution of a parallel imaging reconstruction compared to compressed

sensing reconstruction was not clearly predictable, and radiologists’ perception of image

blurring and resolution is subjective. Unfortunately, to understand the impact of compressed

sensing reconstruction on image resolution, phantom studies may not be applicable because

the phantoms are usually much sparser than in vivo images. Fully sampled arterial phase in

vivo datasets could be more ideal, but are impossible to acquire for contrast-enhanced

abdominal MRI due to contrast passage during the long time (>2 minutes) to acquire a high

spatial resolution fully-sampled dataset. However, with clearly defined criteria, the

evaluation of delineation of specific anatomical structures is arguably more practical to
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assess these images. From Figure 3, Figure 4 and Table 8, we can see a much better inter-

observer agreement for the delineation of anatomical structures, where the scoring criteria is

defined less subjectively, than for overall image quality assessment.

The study cohort was a heterogeneous patient population, which included patients with

abdominal tumors (hepatocellular carcinoma, Wilms tumor, benign liver tumors), a

ventricular mass, and solid-organ transplants. The benefit of including patients with multiple

and diverse clinical conditions is the assessment of the feasibility of using CC-L1-SPIRiT in

various clinical circumstances. However, further validation should be directed towards

specific patient population with specific diseases.

One limitation of our study was that the acceleration factor was fixed in this study. At this

high acceleration of 7.2, compressed sensing reconstructions clearly improved image quality

and anatomical structures were better delineated. This lends evidence that this approach to

imaging may be acceptable for clinical examinations in a pediatric setting. However, we did

not perform the study at lower and higher accelerations. Therefore, further studies should be

performed using different acceleration factors, enabling determination of the factor at which

the reconstruction deteriorates to an unacceptable degree.

Anatomical structures routinely evaluated on abdominal MRI exams were clearly delineated

with compressed sensing reconstructions. In addition, pathological lesions, like bone lesions

and abdominal tumors were well delineated with CC-L1-SPIRiT compared with ARC.

However, given the small sample sizes of patients with any specific lesion, our study does

not address the diagnostic accuracy of using a compressed sensing and coil compression for

any particular imaging indication.
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Figure 1.
Example of ARC (a), L1-SPIRiT (b), and CC-L1-SPIRiT (c) reconstructions of a 6-year-old

female. Note delineation of hepatic vein branch (black arrow), portal vein (white arrow),

pancreatic duct (large dashed arrow), bile duct (small dashed arrow), and cortex of left iliac

bone (short white arrow).
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Figure 2.
Example of ARC reconstruction (a), L1-SPIRiT reconstruction with the default

reconstruction parameters (b), L1-SPIRiT reconstruction with adjusted reconstruction

parameters (c), and CC-L1-SPIRiT reconstruction with the default reconstruction parameters

(d) of a 6-year-old female. Note delineation of pancreatic duct (arrow). L1-SPIRiT

reconstruction with the default reconstruction parameters has a synthetic appearance, which

is reflected by the circled cartoon-like almost “noiseless” liver. The synthetic appearance

was removed with adjusted reconstruction parameters.
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Figure 3.
Representative results of overall image quality assessments for ARC, L1-SPIRiT and CC-

L1-SPIRiT reconstructions for Reader 1 and Reader 2: (a) Qualitative SNR; (b) Image

contrast; (c) Synthetic appearance; (d) Coherent structural artifacts; and (e) Image blurring.

Each color bar represents the percentage of number of the cases with the same score. The

mean score of each reconstruction is shown on top of the color bar.
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Figure 4.
Representative results of the delineation of anatomical structures for ARC, L1-SPIRiT and

CC-L1-SPIRiT reconstructions for Reader 1 and Reader 2: (a) Renal artery; (b) liver; (c)

Portal vein; (d) Hepatic vein; (e) pancreas; (f) adrenals and (g) spine. Each color bar

represents the percentage of number of the cases with the same score. The mean score of

each reconstruction is shown on top of the color bar.

Zhang et al. Page 14

J Magn Reson Imaging. Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Representative results of the paired assessment of structural delineation based on the scoring

criteria in Tab. 4. Bar graphs were generated based on the comparisons of all seven

anatomical structures. The scores of the comparisons (-3, -2, -1, 0, 1, 2, 3) were represented

by (⋙, ≫, >, =, <, ≪, ⋘) respectively in the bar graph. For example, “ARC > L1-

SPIRiT” means that there was aesthetic improvement in ARC than L1-SPIRiT. The

comparison results between ARC and L1-SPIRiT are shown in (a) and (b) for reader 1 and

reader 2 respectively. The comparison results between ARC and CC-L1-SPIRiT are shown

in (c) and (d). The comparison results between L1-SPIRiT and CC-L1-SPIRiT are shown in

(e) and (f).
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Table 4

Scoring Criteria for Paired Side-by-side Assessments of Quality of Structural Delineation*

Score Quality of Structural Delineation (Left vs. Right)

-3 Structures seen on the left but not on the right

-2 Better delineated on the left than on the right

-1 Aesthetic improvement on the left

0 Equivalent

1 Aesthetic improvement on the right

2 Better delineated on the right than on the left

3 Structures seen on the right but not no the left

*
One reconstruction was presented on the left side of the screen and the other on the right side in a randomized blinded fashion for comparisons.

For quality of structural delineation, structures evaluated were renal artery and branches, liver, portal vein and branches, hepatic vein and branches,
pancreatic duct, adrenal, spine, and lesion. Structures on both sides were evaluated unless absent.
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Table 8

Inter-observer agreement results using weighted kappa coefficients between Reader 1 and Reader 2 for overall

image quality assessments and delineation of anatomical structures for ARC, L1-SPIRiT and CC-L1-SPIRiT.*

ARC L1-SPIRiT CC-L1-SPIRiT

Overall Image Quality

Qualitative SNR Fair Slight Slight

Coherent Structural Artifacts Slight Poor Slight

Image Contrast Poor Poor Poor

Image Blurring Slight Fair Fair

Synthetic Appearance Slight Poor Slight

Delineation of Anatomical Structures

Renal Artery Fair Moderate Fair

Liver Moderate Fair Slight

Portal Vein Moderate Slight Poor

Hepatic Vein Fair Fair Moderate

Pancreas Fair Substantial Substantial

Adrenals Substantial Moderate Substantial

Spine Substantial Slight Slight

*
Interpretation of weighted kappa coefficient (kw) used: kw<0, poor; 0<=kw<0.2, slight; 0.2<=kw<0.4, fair; 0.4<=kw<0.6, moderate;

0.6<=kw<0.8, substantial; 0.8<=kw<1, almost perfect.
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