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Abstract

Purpose—To demonstrate the feasibility of Direct Virtual Coil (DVC) in the setting of 4D 

dynamic imaging used in multiple clinical applications.

Theory and Methods—Three dynamic imaging applications were chosen: pulmonary 

perfusion, liver perfusion and peripheral MRA, with 18, 11 and 10 subjects respectively. After 

view-sharing, the k-space data were reconstructed twice: once with channel-by-channel (CBC) 

followed by sum-of-squares coil combination and once with DVC. Images reconstructed using 

CBC and DVC were compared and scored based on overall image quality by two experienced 

radiologists using a 5-point scale.

Results—The CBC and DVC showed similar image quality in image domain. Time course 

measurements also showed good agreement in the temporal domain. CBC and DVC images were 

scored as equivalent for all pulmonary perfusion cases, all liver perfusion cases, and 4 out of the 

10 peripheral MRA cases. For the remaining 6 peripheral MRA cases, DVC were scored as 

slightly better (not clinically significant) than the CBC images by Radiologist A and as equivalent 

by Radiologist B.

Conclusion—For dynamic contrast-enhanced MR applications, it is clinically feasible to reduce 

image reconstruction time while maintaining image quality and time course measurement using 

the DVC technique.

Corresponding Address: Kang Wang, 1111 Highland Ave., Room 1113, Madison, WI 53705-2275, Phone (608) 263-0066, 
Kang.Wang@ge.com. 

HHS Public Access
Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2014 August 25.

Published in final edited form as:
Magn Reson Med. 2014 February ; 71(2): 783–789. doi:10.1002/mrm.24686.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

parallel imaging; magnetic resonance imaging; direct virtual coil; dynamic imaging; coil 
combination; channel compression

INTRODUCTION

Dynamic MR applications, such as time-resolved contrast-enhanced MR angiography 

(MRA) and dynamic contrast enhanced (DCE) MR perfusion imaging, have been used in a 

wide variety of clinical applications, including peripheral vascular disease (1) and detection 

and staging of hepatocellular carcinoma (2). Dynamic MRI techniques are frequently 

combined with high channel count coil arrays, high parallel imaging factors and other k-

space undersampling techniques to achieve the desired anatomical coverage and spatial-

temporal resolution (3–5). During image reconstruction, higher frame rates than would be 

possible using fully-sampled k-space are often generated through interpolation in the 

temporal direction (“view-sharing”) to fill in the missing measurements (referred to as 

“view-sharing undersampling” hereafter).

After view-sharing algorithms have been applied, images are then reconstructed using 

conventional parallel imaging (PI) techniques. “Physically-based” techniques (6–8) use 

explicit knowledge of the coil sensitivity to separate aliased signals and can suffer from 

artifacts caused by inaccuracies in coil sensitivity calibration (9,10). Alternatively, "data-

driven” methods (11–14) use a data-fitting approach to calculate linear combination weights 

that reconstruct “target” data from neighboring “source” data. Because data-driven methods 

do not require explicit coil sensitivity maps, they may be advantageous compared to 

physically-based methods for situations in which accurate coil sensitivity estimation is 

challenging. For example, the data used for calibration may have been acquired at a different 

position compared to the dynamic acquisition itself; a common occurrence in applications 

where multiple breath-holds are used, such as DCE liver perfusion imaging.

Unfortunately, the utility of channel-by-channel data-driven PI reconstruction for dynamic 

imaging can be limited by computation times and memory burdens that can be prohibitive in 

the clinical setting on standard reconstruction hardware. This is particularly problematic 

with high channel count coils, large PI factors and large matrix sizes. Even with multi-thread 

computation, the reconstruction time for the entire dynamic imaging exam including all the 

phases can be a significant obstacle. For example, if the entire exam consists of 20 phases 

and the reconstruction time for each phase is 1 minute longer than the acquisition time of 

that phase, the overall wait time after the end of acquisition would exceed 20 minutes, which 

may be clinically unacceptable. This problem rapidly worsens as the user increases the 

view-sharing undersampling factor for a higher temporal frame rate within the same total 

scan time, or uses a coil with higher channel count.

Different approaches have been reported to address this challenge. First, physically-based 

methods have been demonstrated to provide significant computation advantages (6–8), 

including methods that calculate the coil sensitivity from the accelerated acquisition data (8), 

and could be considered as alternatives to data-driven methods; however limitations in terms 
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of the need for accurate coil sensitivities persist (9,10). Second, the synthesis phase of data-

driven PI could be accelerated by using image-space point-by-point multiplication instead of 

k-space convolution, described in Ref. (11) as “Method 4”; however, the autocalibrating 

signals (ACS) lines need to be removed. Third, coil compression methods have been 

proposed to reduce the number of source channels before the calibration step of the data-

driven PI (15–18). Complimentary to reducing source channel count, another technique 

known as Direct Virtual Coil (DVC) has been proposed to accelerate the reconstruction time 

by performing coil-combination in k-space and merging it with PI synthesis (19), effectively 

reducing the number of target channels in the synthesis step. In this work, we demonstrate in 

vivo the utility of DVC in three different dynamic contrast-enhanced MR applications: 

pulmonary perfusion, liver perfusion and peripheral run-off MRA, including clinical 

evaluation of image quality by experienced radiologists.

THEORY

Brief Overview of DVC

Direct Virtual Coil (DVC) was first proposed by Beatty et al. (19), and has been shown for 

non-time resolved high resolution body imaging (20,21). The central concept of DVC is to 

perform coil combination earlier in the reconstruction pipeline (i.e. in k-space) by using k-

space coil combination coefficients. Hence, the FFT only needs to be performed once on the 

virtual coil data set rather than once for each channel, significantly reducing the computation 

time and memory needed to store images from each individual channel. In addition, the PI 

un-aliasing coefficients and the DVC coil combination coefficients can be merged, further 

reducing computational overhead. Thus, the data-driven PI synthesis operation also only 

needs to be performed once, as opposed to once for each channel in conventional channel-

by-channel data-driven PI techniques. These two benefits combine to allow significant 

acceleration of the computation process and significant reduction of the reconstruction 

memory needed to store all individual channel images.

DVC with View-Sharing

Figure 1 illustrates the conventional channel-by-channel (CBC) and the proposed DVC 

view-sharing reconstruction diagrams for 4D dynamic imaging. By reversing the order of 

FFT and coil combination as well as merging the un-aliasing and coil combination 

coefficients, the DVC diagram only includes one combined synthesis step and one FFT 

operation before generating the final image and is therefore significantly faster than the CBC 

approach.

MATERIALS AND METHODS

Three applications were chosen to demonstrate the feasibility and clinical performance of 

DVC for dynamic contrast enhanced MRI/MRA: pulmonary perfusion, liver perfusion and 

peripheral runoff MRA. All protocols were HIPAA-compliant and Institutional Review 

Board (IRB) approved, and informed consent was obtained from all subjects prior to 

scanning. All scans were conducted on clinical scanners (3.0T Discovery MR750 or 1.5T 
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Optima MR450w, GE Healthcare, Waukesha, WI, USA). Study details including subject 

demographic information and scan parameters for all protocols are listed in Table 1.

For all applications, each raw data set was reconstructed twice: once with CBC followed by 

sum-of-squares coil combination and once with DVC. Both reconstructions used view 

sharing. The data-driven PI was performed using ARC (GE Healthcare, Waukesha, WI, 

USA): proprietary software that employs an indirect calibration procedure (22) to generate 

unaliasing coefficients in k-space together with hybrid-space data synthesis, described by 

Brau et al. (11) as “Method 5”. For simplicity and faster reconstruction, both the PI 

unaliasing calibration and DVC calibration processes for all the reconstructions in this work 

were performed only once using the pre-contrast image data and used repeatedly thereafter. 

All reconstructions were performed offline on a Linux machine with 8GB of memory and 

Intel Core Duo 2.33GHz CPU without multi-threading computation.

Images reconstructed using CBC and DVC were compared in terms of overall image quality 

and scored using a 5-point Likert scale: image 1 much better (clinically significant); image 1 

slightly better (not clinically significant); equivalent; image 2 slightly better (not clinically 

significant); image 2 much better (clinically significant). For pulmonary perfusion, the peak 

parenchymal enhancement phase was selected for review by a cardiothoracic radiologist 

with 8 years of clinical MRI experience (referred to as “Radiologist A”). Images 

reconstructed using the two methods were evaluated in a randomized order in both coronal 

and axial orientations. Line profiles and the temporal enhancement waveform of the main 

pulmonary artery were also compared. For liver perfusion, CBC and DVC axial images at 

two different phases were selected, randomized and presented to another radiologist with 11 

years of clinical MRI experience (“Radiologist B”) for comparison. Line profiles and 

temporal enhancement waveforms were also compared. For peripheral runoff MRA, the best 

arterial phase was first identified and then a coronal maximum intensity projection (MIP) 

image and source images were reconstructed using the two methods. These were then 

randomized and compared by both radiologists.

RESULTS

Figure 2 shows typical results from one of the pulmonary perfusion exams. The CBC images 

and DVC images are shown in Figure 2(a) for the peak parenchymal enhancement phase in 

both coronal and axial views. Comparisons of the line profiles on the source images and 

temporal waveforms of the pulmonary artery are also shown in Figure 2(b) and (c) 

respectively. Excellent agreement was found in all comparisons, with DVC reconstruction 

being approximately 6.4× faster than CBC in the parallel imaging reconstruction module 

(1.5 sec vs. 9.7 sec). For all 18 subjects, images reconstructed by the CBC and DVC 

methods were scored as equivalent by Radiologist A. The CBC images demonstrated very 

slightly increased noise but only appreciable outside the body.

Figure 3 presents the results from a liver perfusion exam in a patient volunteer with 

hepatocellular carcinoma (HCC), as visualized by the enhancing lesion. CBC and DVC 

images were compared in the axial plane at two different temporal phases. Line profiles and 

temporal waveform measurements on an HCC tumor were also compared for CBC and 
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DVC. Good agreement in terms of image quality, line profiles, and temporal waveform 

measurements were found in all comparisons, with the DVC reconstruction being 

approximately 12× faster in the parallel imaging reconstruction module (6.9 sec vs. 83 sec). 

For all 6 subjects, images reconstructed by the CBC and DVC methods were scored as 

equivalent by Radiologist B.

Figure 4 shows typical results from one of the peripheral run-off MRA exams. Arterial-

phase coronal MIP images reconstructed using CBC and DVC are shown in the top row. 

Enlarged and cropped images of the popliteal trifurcation are also shown. Using DVC, 

images were reconstructed in much shorter reconstruction times than by using CBC images 

(35.8 sec vs. 538 sec, 15× faster). For all 6 subjects in this application, images reconstructed 

by DVC were scored as slightly better (not clinically significant) than the CBC images by 

Radiologist A because of a slightly lower noise level in DVC outside of the body. 

Radiologist B scored all cases as equivalent, but he observed the same effect and was able to 

differentiate the two reconstructions consistently.

DISCUSSION

In this work, we have demonstrated the clinical feasibility of the direct virtual coil technique 

for three different dynamic MR applications. Using the proposed DVC technique, image 

reconstruction times can be significantly reduced with no compromise in image quality or 

time course measurement. It can be expected that larger improvement in reconstruction 

times could be achieved by implementing the DVC algorithm on standard clinical scanner 

reconstruction engines using multiple processors with proper threading and optimization. 

Importantly, the improvement in reconstruction times for these studies may also enable the 

use of even higher spatial-temporal resolution dynamic MR protocols with higher parallel 

imaging factors.

The improved noise performance in the background with DVC when compared to the CBC 

sum-of-squares method in regions of low signal observed in this work is believed to be due 

to the difference in how noise from each channel is added together during coil combination. 

In regions of low signal, with the CBC sum-of-squares, noise from each channel becomes 

real-positive valued and hence is added coherently. In contrast, DVC is a complex coil 

combination algorithm in which the noise from each channel is summed incoherently in a 

complex-valued form.

The memory requirements of the two techniques differ significantly. The CBC approach 

typically stores images from each individual channel in memory, which can be very large for 

some protocols. For example, the peripheral MRA protocol used in this work would require 

approximately 7.5 GB just to store the 32-channel 512 × 512 × 120 complex floating point 

data before coil combination; the DVC approach requires only 1/32 of that (approximately 

240 MB). Although storing all channel images in memory using the CBC approach is not 

strictly necessary, this is a common implementation because some phase-sensitive 

applications, such as IDEAL (23) and 2-point Dixon (24,25), use all individual channel 

images to estimate a shared B0 field map.
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Another important feature of DVC is that the relative phase of the final coil-combined image 

across echoes can be preserved throughout the entire reconstruction pipeline, a feature that is 

essential for any phase-sensitive application such as fat-water separation. An example of a 

2-point Dixon fat-water separation technique (24,25) with both CBC and DVC is included in 

Figure 5, showing the phase difference between the two echoes, and the water and fat 

images after separation. Good agreement was found between CBC and DVC in terms of the 

capability of preserving the phase information for water-fat separation. It can be expected 

that DVC can be extended to other applications that require both dynamic imaging and 

phase-sensitive processing such as DCE breast MRI (26,27).

Another approach, called channel compression, has recently been proposed (15–18) to 

address the computation and memory cost for imaging with high channel count coil arrays. 

In that approach, principal component analysis is used to reduce the number of channels 

before any PI reconstruction. From this perspective, channel compression is complementary 

to DVC, in that channel compression can be used to reduce the number of source channels 

for data-driven PI, and DVC can reduce the number of target channels (17).

CONCLUSION

In this work, we have demonstrated the clinical feasibility of the direct virtual coil (DVC) 

technique for three dynamic contrast-enhanced MR applications. A significant reduction in 

image reconstruction time was observed for all three of the applications, and no significant 

differences in either image quality or temporal waveform measurements were found 

between the conventional channel-by-channel approach and the DVC approach. The DVC 

approach has the potential to enable more aggressive protocols for important time-resolved 

applications such as dynamic contrast enhance perfusion and angiography while maintaining 

clinically feasible reconstruction times and memory requirements.
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Figure 1. 
(a) Reconstruction diagram for view-sharing with the conventional channel-by-channel 

(CBC) approach. (b) View-sharing reconstruction with the proposed direct virtual coil 

(DVC) approach. Note that the ARC synthesis and Fast Fourier Transform (FFT) are only 

performed once in the DVC approach, as opposed to Nc (number of channels) times in the 

CBC approach, resulting in a significant reduction in reconstruction time and memory 

requirements.
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Figure 2. 
Pulmonary perfusion results in a normal volunteer, comparing the conventional channel-by-

channel (CBC) approach with the proposed direct virtual coil (DVC) approach. (a) Coronal 

(top row) and axial (bottom row) images at the peak parenchymal enhancement phase. (b) 

Line profile measurements (position indicated by the arrows in (a)) for both methods. (c) 

Temporal waveform comparison between the two methods with region of interest (ROI) 

placed on main pulmonary artery in the coronal plane (dashed arrows). Very good 

agreement was found between both methods in all comparisons for this application. DVC 

was about 6.4× faster than CBC for this data set (1.5 sec vs. 9.7 sec, 8-channel, R = 2 × 2).
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Figure 3. 
Liver perfusion results in a patient with metastatic hepatocellular carcinoma, comparing the 

conventional channel-by-channel (CBC) approach with the proposed direct virtual coil 

(DVC) approach. (a) Axial images at two phases using the two methods. (b) Line profile 

measurements (position indicated by the arrows in (a)) for both methods. (c) Temporal 

waveform comparison between the two methods with ROI placed on an HCC indicated by 

the dashed arrows in (a). Very good agreement was found between both methods in all 

measurements. DVC was about 12× faster than CBC for this data set (6.9 sec vs. 83 sec, 32-

channel, R = 2 × 2).
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Figure 4. 
Results from a peripheral MRA of the calves in a patient with known peripheral vascular 

disease, showing coronal MIP images (top row) and enlarged images of the peripheral 

trifurcation, reconstructed using both methods. Very good agreement was found in image 

quality and detailed vascular structures. If using CBC approach, the reconstruction time for 

this 24-phases data set would be more than 20 minutes. DVC was approximately 15× faster 

than CBC for this data set (35.8 sec vs. 538 sec, 32-channel, R = 3 × 2).
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Figure 5. 
CBC, DVC and their difference for a 2-point in-phase/out-of-phase Dixon liver imaging. 

The first row shows the phase difference between the in-phase and out-of-phase echo 

images. The second and third rows show the water and fat images after separation, for CBC, 

DVC and their difference multiplied by a factor of 5. 3T, 32-channel torso array with the 

superior 20 elements selected, FOV = 40 × 32 × 24 cm3, 2.0 mm isotropic resolution. R = 2 

× 2.
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Table 1

Imaging parameters for each application

Pulmonary Perfusion Liver Perfusion Peripheral MRA

# of volunteers 18 11 10

Field Strength 1.5 T 3.0 T 3.0 T

Receiver Array 8-channel cardiac 32-channel torso 32-channal torso

FOV 40 × 32 × 40 cm3 40 × 32 × 20 cm3 48 × 32 × 12 cm3

Acquired Matrix 100 × 78 × 100 200 × 162 × 100 480 × 320 × 120

Acquired Spatial Resolution 4.0 mm isotropic 2.0 mm isotropic 1.0 mm isotropic

TR/TE 1.7/0.6 ms 2.6/0.9 ms 5.2/1.9 ms

Parallel Imaging 2 × 2 2 × 2 3 × 2

View-sharing undersampling factor ~3 or ~6 ~2.5 ~6

Reconstructed Temporal Resolution 1.0 or 0.5 s/frame 4 s/frame 5.4 s/frame

# of phases 18 or 36 15 24
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