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Abstract

Objectives—The goal of this study is to develop free-breathing high spatiotemporal resolution 

DCE liver MRI using non-Cartesian parallel imaging acceleration, and quantitative liver perfusion 

mapping.

Materials and Methods—This study is HIPAA-compliant, IRB approved, and written 

informed consent was obtained from all participants. Ten healthy subjects and five patients were 

scanned on a Siemens 3T Skyra scanner. A stack-of-spirals trajectory was undersampled in-plane 

with a reduction factor of 6, and reconstructed using 3D through-time non-Cartesian GRAPPA. 

High resolution 3D images were acquired with a true temporal resolution of 1.6~1.9 seconds, 

while the subjects were breathing freely. A dual-input single-compartment model was used to 

retrieve liver perfusion parameters from DCE-MRI data, which were co-registered using an 

algorithm designed to reduce the effects of dynamic contrast changes on registration. Image 

quality evaluation was performed on spiral images and conventional images from five healthy 

subjects.

Results—Images with a spatial resolution of 1.9×1.9×3 mm3 were obtained with whole liver 

coverage. With an imaging speed of better than 2 sec/volume, free-breathing scans were achieved, 

and dynamic changes in enhancement were captured. The overall image quality of free-breathing 

spiral images was slightly lower than conventional long breath-hold Cartesian images, but 

provided clinical acceptable or better image quality. The free-breathing 3D images were registered 

with almost no residual motion in liver tissue. Following the registration, quantitative whole liver 

3D perfusion maps were obtained and the perfusion parameters are all in good agreement with the 

literature.
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Conclusions—This high spatiotemporal resolution free-breathing 3D liver imaging technique 

allows voxel-wise quantification of liver perfusion.
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INTRODUCTION

The cornerstone of lesion characterization in liver MRI is a dynamic contrast enhanced 

(DCE) series, in which breath-hold images are obtained prior to, and at multiple time-points 

after contrast. However, even with the state-of-the-art parallel imaging techniques and fast 

pulse sequences, the breath-holds in current scanning protocols continue to be long and 

difficult for patients. A significant proportion of patients (especially sicker individuals) 

cannot provide the requisite breath-holds, which results in motion-corrupted examinations.1 

To address this problem, several techniques based on a parallel imaging technique called 

Controlled Aliasing in Parallel Imaging Results in Higher Acceleration (CAIPIRINHA) 

have been recently developed to further expedite the data acquisition.2–5 Another current 

limitation is that due to the need for long breath-holds, only a limited number of frames 

(typically four or five) are obtained to characterize the liver enhancement time course. These 

few time-points are insufficient for quantitative analysis of liver perfusion parameters and 

therefore image interpretation is entirely qualitative. An ideal solution to these limitations 

would be a free-breathing true DCE examination coupled with appropriate biophysical 

modeling that allows estimates of quantitative clinically relevant parameters such as arterial 

and portal fractions, and time to peak enhancement.6–8

However, quantitative DCE-MRI in the liver poses several challenges. First, it is necessary 

to have sufficient spatial resolution to identify small lesions (the goal here was less than 2 

mm in-plane spatial resolution, and less than 3 mm through plane), which is particularly 

challenging as large volume coverage is required for imaging the entire liver. Second, very 

high temporal resolution is required (less than 2 sec per frame) for accurate arterial input 

function (AIF) characterization and perfusion model fitting.9 For these reasons, thick slice 

imaging or partial organ coverage are often utilized.8 Finally, an imaging period of 3~5 

minutes is required to adequately cover the contrast dynamics for the application of 

quantitative liver perfusion modeling. While most standard MR liver exams involve breath-

holding to limit motion artifacts, this strategy is not feasible for such a long acquisition 

window in perfusion imaging. To resolve this problem, the typical imaging protocol consists 

of multiple acquisitions/breath-holds spanning the period of contrast enhancement.7,10 These 

breath-holding spells can be difficult to reproduce, exhaust the patient and result in motion 

degradation of images. Missing data between breath-holds, particularly in the early, fast 

evolving phase of arterial and liver enhancement, could potentially lead to inaccurate fitting 

of the perfusion model.

A solution to overcome all of these problems is to apply fast MR imaging techniques to 

perform scans during free-breathing and at a resolution comparable to a traditional study. 

Recently, a golden-angle radial acquisition combined with compressed sensing and parallel 
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imaging technique has been developed to provide high-quality liver DCE images during free 

breathing. However, this technique requires further improvement in the temporal resolution 

(currently 3~4 sec per frame) to accurately characterize the AIF.11,12 One way to achieve 

high spatial and temporal resolution is to use view-sharing techniques, but these methods 

lead to broad temporal footprints in the images, which in turn affect model fitting, 

particularly the accuracy of the AIF characterization. Recently, a non-Cartesian parallel 

imaging technique known as through-time non-Cartesian GRAPPA has been developed and 

has provided robust acceleration in real-time cardiac imaging.13 In this study, we examined 

the feasibility of adopting this approach in high spatiotemporal resolution hepatic DCE 

imaging without view sharing.

Another important obstacle for the application of free-breathing MR scans in quantitative 

liver perfusion studies is the need to accurately register acquired images to each other. The 

non-rigid motion due to respiration, bowel peristalsis and patient movement, could result in 

inaccuracies in free-breathing quantitative perfusion analysis.14,15 Thus reliable registration 

of 3D volumes acquired in different phases of the respiratory cycle is needed, if robust 

quantitative analysis is desired.

In this work, an undersampled spiral acquisition was coupled with the 3D through-time non-

Cartesian GRAPPA reconstruction to obtain whole liver free-breathing high spatiotemporal 

resolution 3D images. The reconstructed images were aligned using an automatic non-rigid 

body registration step to account for respiratory motion. Finally, a quantitative dual-input 

single-compartment model was applied to the data to obtain robust quantitative liver 

perfusion parameter mapping.

MATERIALS AND METHODS

The prospective study was HIPAA compliant and conducted with approval of the local 

institutional review board. From March 2013 till April 2014, ten asymptomatic subjects 

(M:F, 7:3; age, 20.9 ± 1.3 years) were recruited for this study. Five patients (M:F, 2:3; age 

68.0 ± 0.7 years) who underwent liver examination as part of clinical care at our institution 

were also included in this study. Of these patients, four had metastatic adenocarcinoma with 

7 total lesions and one had a solitary sclerosing hemangioma. The liver pathologies for all 

the patients were conclusively established with image-guided biopsies. Written consent was 

obtained from all volunteers before the MRI examination.

3D Dynamic MR Acquisition

All MRI studies with fast spiral acquisitions were performed on a Siemens 3T Skyra scanner 

using up to 30 coil elements. For each subject, coronal unenhanced T2-weighted images 

were first obtained to identify the location of liver and position the imaging volumes. 

Contrast-enhanced T1-weighted 3D volumes were then acquired using an interleaved 

variable-density stack-of-spirals spoiled gradient echo sequence with fat suppression.13 A 

total of 48 in-plane spiral interleaves were required to meet the Nyquist criterion. To 

accelerate the acquisition, data were undersampled in-plane such that 8 spiral interleaves 

were acquired for each slice (reduction factor 6). A total of 100 to 120 volumes were 

acquired with a temporal resolution of 1.6 to 1.9 seconds per 3D volume. The total imaging 
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time was approximately 3.5 min of free breathing acquisition. After the 5th volume was 

acquired, 0.1 mmol/kg Gadobenate (Multihance, Bracco Diagnostics, Princeton, NJ) was 

injected at 3 mL/s followed by 20 mL of saline flush. Other imaging parameters are listed in 

Table 1 (left column). In order to calculate the GRAPPA weights for image reconstruction, a 

separate calibration scan of 3 fully sampled 3D volumes (free breathing, ~40 s) was also 

acquired post-contrast at the end of the perfusion exam for better SNR.

For the purpose of image quality comparison, conventional Cartesian T1-weighted fat-

suppressed images were also acquired from five of the ten healthy volunteers immediately 

after the fast spiral acquisition (post-contrast). For each subject, two separate scans, one with 

breath-hold (BH-VIBE) and the other with free breathing (FB-VIBE), were acquired at the 

same spatial resolution as the spiral acquisitions. All the subjects were able to hold their 

breath during the breath-hold examinations and detailed imaging parameters are listed in 

Table 1 (middle column).

Four of the five patients (except one patient who had CT examinations) enrolled in this 

study also completed their standard clinical MRI examinations during a separate visit. The 

exams were performed on a Siemens 1.5T scanner or a Philips 3T scanner. Conventional 

multi-phase DCE imaging was performed using 3D breath-hold T1-weighted gradient-echo 

sequence and the imaging parameters are listed in Table 1 (right column).

Through-Time Spiral GRAPPA Reconstruction

All conventional Cartesian images were reconstructed online and saved as DICOM files for 

post-processing. The undersampled spiral images were reconstructed offline using the 

through-time spiral GRAPPA reconstruction algorithm in MATLAB (The Mathworks, 

Natick, MA). This algorithm for 2D spiral acquisitions has been described in detail 

previously.13 To summarize, spiral data is undersampled to accelerate data acquisition, and 

the missing spiral arms are reconstructed using GRAPPA weights estimated using a hybrid 

through-time/through-k-space scheme. To calculate the GRAPPA weights for any local 

geometry, the fully sampled k-space data from similar geometry in a dataset acquired 

through time can be combined to provide better image reconstruction. For the 3D 

acquisition, this similar geometry exists not only in different frames but also in different 

partitions within the same 3D frame, thereby making it possible to combine both to calculate 

the GRAPPA weights.16 In this study, a GRAPPA kernel of size 2 × 3 was used in the spiral 

arm × readout direction. A k-space data block including 8 kernels with similar geometry was 

used to provide enough information for calibration. Following the GRAPPA reconstruction, 

gridding and image reconstruction was performed using a non-uniform Fast Fourier 

Transform (NUFFT) toolbox.17 All the image reconstruction was performed on a desktop 

computer (Intel Xeon E3-1270 quad-core CPUs at 3.4 GHz and 16GB of RAM) and the 

total reconstruction time for one 3D volume of 60 slices was approximately 2.5 min.

Image Registration

The reconstructed images were registered to eliminate respiratory motion between different 

volumes. In addition to respiratory motion, the image intensity variation between frames due 

to contrast dynamics is an obstacle for the application of most image registration methods. 
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Typically, either a pre- or post-contrast volume is used as a reference for the registration of 

all the time series. In this study, multiple volumes from the same respiration level were 

selected and used as multiple references. Since the liver movement due to respiration is a 

quasiperiodic motion predominantly in the craniocaudal direction, an edge detection method 

was used to automatically measure the craniocaudal motion as shown in Figure 1a. All time 

frames measured where the liver is in the same position (approximately 20-25% of the total 

frames in each exam) formed a reference list (Figure 1b) and the remaining frames were 

registered to their nearest temporal neighbor within this list, minimizing the contrast change 

between the two volumes in each registration step. Non-rigid registration was then 

performed using FMRIB's Non-linear Image Registration Tool.18 The image registration 

was performed on the same computer as image reconstruction, and the average time to 

register one frame to its reference was approximately 20 min with a single thread.

Data Processing

After image registration, perfusion quantification over the whole liver was performed on a 

voxel-by-voxel basis for all subjects using in-house developed Matlab software. Regions of 

interest were drawn manually in the abdominal aorta and portal vein to measure the arterial 

and portal input functions (AIF and PIF). To minimize in-flow artifacts, slices near the end 

of the imaging slab were selected for the AIF characterization. Pixelwise perfusion mapping 

was then performed for liver parenchyma without any spatial filtering, so the true spatial 

resolution from the acquired images was preserved in the perfusion analysis.

Signal intensity was first converted to the tissue longitudinal relaxation time T1 using the 

signal equation for the spoiled gradient echo pulse sequence as following:

(1)

where M0 is equilibrium longitudinal magnetization and θ is the flip angle. To estimate M0, 

signal intensities from five pre-contrast volumes were averaged and applied to Eq. 1. 

Contrast concentration was further calculated from the longitudinal relaxation time using the 

following relationship

The following fixed parameters were obtained from the literature: T1,blood 1800 msec (3T); 

T1,liver 800 msec (3T); and r1 (relaxivity for Gadobenate at 3T), 6.3 s−1mM−1.19,20 For the 

arterial and portal input functions, a fractional hematocrit level of 0.4 was used to convert 

them from blood concentration to plasma concentration.

Liver perfusion parameters were subsequently retrieved from the DCE-MRI data using a 

dual-input single-compartment model21
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where CL(t), Ca(t) and Cp(t) represent the contrast concentration in liver tissue, aorta and 

portal vein, respectively; k1a represents the aortic inflow rate constant, k1p represents the 

portal venous inflow rate constant and k2 represents the outflow rate constant; τa and τb 

represent the transit time for aorta and portal vein, respectively. Liver perfusion parameters, 

such as arterial fraction (AF = k1a/(k1a + k1p)), distribution volume (DV = (k1a + k1p)/k2) and 

mean transit time (MTT = 1/k2) were further calculated, and the perfusion maps for the 

whole liver were generated on a voxel-byvoxel basis.

Image Quality Analysis

Image quality analysis was performed by two independent radiologists (14 and 4 years of 

experience in abdominal MRI) using the delayed enhanced images acquired from five 

healthy volunteers. For each volunteer, two conventional Cartesian T1-weighted 3D volumes 

(BH-VIBE and FB-VIBE) and the last volume in the free-breathing spiral acquisition (FB-

SPIRAL) were presented to the radiologists in a random order. The radiologists, who were 

blinded to the type of images, were asked to rate the images on a scale of 1-5 (5 = excellent 

image quality, 4 = good, 3 = acceptable, 2 = poor, and 1 = unacceptable) for motion artifact, 

image blurring, liver edge sharpness, clarity of vessels, and overall image quality.

Statistical Analysis

A two-tailed Student's t test was used for the comparison of liver perfusion parameters 

obtained from ten healthy subjects and four patients with metastatic adenocarcinoma. For 

image qualitative analysis, statistical analysis was performed using a randomized block 

ANOVA with Tukey adjustment for multiple pairwise comparisons. Adjusted P values less 

than 0.05 were considered statistically significant.

Results

Figure 2 shows representative zero-filled undersampled images and through-time GRAPPA 

reconstructed images acquired from a normal subject at the arterial phase (~20 sec after 

contrast injection), portal phase (~70 sec) and equilibrium phase (~180 sec). Movie E1 

(online) depicts the rapid contrast dynamics and periodic abdominal motion due to 

respiration over a 3.5 min scan.

The effect of using image registration to reduce respiratory motion in liver is demonstrated 

in Figure 3 and Movie E2 (online) in axial and reformatted coronal views. With the 

automatic edge detection method, about 20-25% of the volumes from each subject were 

automatically detected by the algorithm to originate from the same position in the 

respiratory cycle, and thus were effectively pre-registered. After registering the remaining 

frames to the nearest “pre-registered” neighbor, almost no residual motion in liver tissue was 

observed, as can be seen from subtracted images before and after the registration (right two 

columns in Figure 3).
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Figure 4 shows representative time courses of contrast concentration from the aorta, portal 

vein, and hepatic parenchyma (single voxel), and the model fit to the parenchymal time 

course from a healthy subject. The time course from the same liver voxel without 

registration is also plotted as a comparison. The model fit after registration yielded an 

arterial fraction (AF), distribution volume (DV) and mean transit time (MTT) of 18.8%, 

24.2%, and 4.6 s, respectively, while the same quantities prior to registration were 13.5%, 

35.2%, and 10.6 s, respectively. The perfusion parameters after registration are all in good 

agreement with published literature for CT and MRI of the liver.7,8,22

Five patients were scanned using the novel DCE technique as well as traditional MRI scans 

as representative clinical examples. Traditional and corresponding free-breathing DCE 

images for one patient with biopsy proven metastatic breast adenocarcinoma are shown in 

Figure 5. Perfusion modeling for the same patient is presented in Figure 6 and the lesion 

showed AF, DV, and MTT of 67.5%; 40.4%; and 99.8 s, respectively, all clearly different 

from surrounding parenchyma in the parametric maps. The mean AF, DV and MTT 

measured from all 7 lesions of the four patients with adenocarcinoma are presented in Table 

2, and the numbers are statistically different as compared to those from surrounding liver (P 

< 0.05) and also compared to the healthy subjects (P < 0.05).

The DCE images and perfusion maps from another patient who had a biopsy proven 

sclerosing hemangioma are shown in Figure 7. In the lesion of this patient, the AF, DV and 

MTT were 99.4%, 21.0%, and 27.6 s, respectively, again markedly different from 

surrounding tissue, and demonstrating nearly 100% arterial fraction as expected from 

hemangiomata.23,24

The summary of image quality analysis for the free-breathing spiral images and two types of 

conventional Cartesian images is presented in Table 3. An example of image evaluation 

from one of the subjects is shown in Figure 8. Both BH-VIBE and FB-SPIRAL had 

significantly higher scores as compared to FB-VIBE in all categories (adjusted P < 0.01). 

BH-VIBE had significantly less image blurring than FB-SPIRAL (adjusted P = 0.025), but 

no statistical difference was found in motion artifacts, liver edge sharpness, vessel clarity, or 

overall image quality (though the ratings were higher for the long breath-hold VIBEs) 

between these two. All FB-SPIRAL images were rated as having acceptable or better overall 

image quality by both readers.

Discussion

There has been significant recent interest in rapid 3D liver perfusion imaging.12,25–28 

Several acquisition and reconstruction techniques have been utilized, including parallel 

imaging, compressed sensing, and view sharing. In the present study, we demonstrate high 

spatiotemporal resolution 4D liver DCE imaging with quantitative dual-input single tissue 

compartment perfusion modeling, using a stack-of-spirals acquisition and through-time non-

Cartesian GRAPPA acceleration in combination with non-rigid body image registration. An 

important characteristic of the presented method is that since no data sharing across frames 

is needed, the acquisition time of the images represents the true temporal footprint, ensuring 

high data fidelity. High spatiotemporal resolution (1.9×1.9×3 mm3 × 1.6-1.9s) allows rapid 
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dynamic imaging of the whole liver during free breathing and voxel-wise quantification of 

multiple perfusion parameters in the liver.

As can be seen from Figures 5, 7, and 8 and Table 3, despite full liver coverage at high 

spatiotemporal resolution without view sharing, the image quality of free-breathing spiral 

images (FB-SPIRAL) is much better than free-breathing Cartesian acquisitions, and 

minimally compromised in comparison to the long breath-hold clinical standard (BH-VIBE) 

when there is a successful breath-hold for the latter. Mild differences in appearance between 

the pre-contrast images in Figure 5a and 5b could relate to differences in field strength, as 

the clinical exam for this patient was at 1.5T. Almost no residual aliasing artifacts are seen 

after the 3D through-time non-Cartesian GRAPPA reconstruction. All free-breathing spiral 

images were rated as acceptable or better image quality and are significantly superior to the 

free-breathing Cartesian images in all categories (Table 3). Slightly lower overall image 

quality as compared to standard BH-VIBE images was observed which is likely due to the 

mild image blurring artifacts originating from the spiral readout. It is well-known that spiral 

imaging with prolonged readout time is susceptible to blurring due to off-resonance effects. 

To minimize this artifact in this study, a spiral trajectory with 48 interleaves was designed to 

fully cover the k-space in one slice and the readout time of each spiral interleaf was only ~3 

msec. This short spiral readout combined with an effective fat suppression led to only mild 

image blurring without adversely influencing image sharpness or vessel clarity (Table 3).

The high imaging acquisition speed (~2 seconds per volume) achieved in this study results 

in minimal motion artifacts despite the free-breathing nature of the acquisition (Table 3). 

This creates the possibility of eliminating breath-holding in pre- and post-contrast imaging 

of the abdomen. This could be particularly important in populations in which breath-holding 

is difficult or impossible, such as sedated patients, children, and patients who are 

intrinsically short of breath. Through-time non-Cartesian GRAPPA acceleration has been 

used previously to accelerate renal images for perfusion modeling.29 However, the imaging 

volume to be encoded was significantly larger for the liver. Thus the imaging speed required 

for free-breathing liver coverage with good image quality was more challenging, and the 

spiral acquisition was adopted as it had been previously shown to provide greater scan 

efficiency.29

Image registration is critical for accurate quantitative analysis in abdominal DCE-MRI.14,15 

The complex contrast dynamics in the abdomen result in a rapidly changing appearance of 

the solid organs, particularly the kidneys, spleen, and liver. These contrast variations pose a 

challenge for image registration methods, as no single image/frame can serve as a reference 

for the entire data set. Many methods have been developed to address this issue. For 

example, Lausch et al. have proposed a floating reference image scheme in which each 

registered frame is used as a reference for the subsequent unregistered frame.15 While this 

strategy does allow registration of images despite the changing appearance of the organs, it 

is subject to error propagation, especially for long dynamic acquisitions. In the current 

study, the registration problem was solved by using multiple volumes that are automatically 

detected as stationary with respect to one another as references for the non-rigid registration 

of the remaining frames. This strategy is easy to implement and can easily be adapted to 

many other different image registration methods. The efficiency of image registration is also 
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improved because image registration is not performed on stationary volumes, and moreover 

these volumes are not deformed for registration. Image fidelity is completely retained in 

these frames, which are thus ideal for radiologist review.

As can be seen from Movie E1 (online), complex contrast dynamics in the abdominal solid 

organs can be captured with the free-breathing approach, with no data gaps due to resting 

periods between scans. Multi-parametric perfusion maps were obtained for normal liver 

parenchyma as well as for liver lesions, with normal values in good agreement with the 

literature.7,8,22 While the patient examples provided here illustrate the possibility of 

qualitative lesion characterization, this is a small feasibility study. More extensive 

evaluation in the setting of various liver lesions is needed and will be performed in the 

future to evaluate the ability of parametric mapping to differentiate various liver lesions 

from one another. Existing literature has already shown that quantitative perfusion analysis 

may be helpful in predicting therapeutic response in metastatic lesions such as 

neuroendocrine tumors.8,10,28,30 Furthermore, it has been suggested that quantitative 

perfusion imaging, if performed with high spatiotemporal resolution, may be useful in 

imaging follow-up of patients with cirrhosis and for early detection of hepatocellular 

carcinoma (HCC), both extremely common worldwide.25 While the model utilized here is 

that introduced by Materne et al.,21 any desired liver model can be theoretically applied to 

the high spatiotemporal resolution 3D data obtained for this study.

This method requires a free breathing calibration scan for the through-time spiral GRAPPA 

reconstruction to calculate GRAPPA weights and reconstruct the missing spiral interleaves 

in the undersampled data, in a manner very similar to the autocalibration scan in Cartesian 

GRAPPA.31 However, unlike Cartesian GRAPPA, this calibration is not incorporated into 

the undersampled scan. This calibration scan is also performed in a free-breathing manner 

and adds minimal time (approximately 1 minute) to the overall examination and thus is 

easily incorporated into the imaging routine. This additional acquisition does not affect the 

actual signal intensity or SNR of the reconstructed dynamic images.

A potential limitation of the proposed method is the long post-processing time for image 

reconstruction and registration. In this proof-of-concept study, all the image reconstruction 

work was performed off-line using MATLAB. However, non-Cartesian GRAPPA 

reconstruction using C++ and parallel computing have been recently implemented.32 Initial 

findings indicate that the reconstruction time is reduced to ~10 seconds per 3D volume using 

C++ and a single GPU card. The speed of image registration can also be improved 

significantly using parallel computing. Based on the proposed registration algorithm, the 

overall calculation time can be reduced by a factor equal to the number of threads or number 

of cores utilized in the computation.

It will be important to compare the perfusion results obtained from the proposed free 

breathing approach to other methods. Since there is no existing gold standard method for 

liver perfusion quantification using MRI, definitive validation is difficult to obtain. In this 

study, the perfusion results acquired from normal volunteers, including the arterial fraction, 

distribution volume and mean transit time, are similar to that reported previously.7,8,22 The 

increased arterial fraction in patients with hepatic metastases is also consistent with previous 

Chen et al. Page 9

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



findings.8 Future work will be undertaken to compare the quantitative perfusion parameters 

such as arterial fraction to the results obtained from other image modalities such as CT.

In conclusion, we demonstrate the feasibility of a high spatiotemporal resolution 3D liver 

imaging technique based on a stack-of-spirals acquisition, 3D through-time non-Cartesian 

GRAPPA acceleration and non-rigid image registration. This technique allows fast imaging 

of the whole liver during free breathing and voxel-wise quantification of liver perfusion 

parameters.
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Figure 1. 
Measurement of liver motion in craniocaudal direction. (a) A simple edge-detection method 

was used to automatically find the top of liver (white bar) at different contrast enhancement 

levels. (b) Motion waveform from the measurement. The solid diamonds represent the 

selected references/time frames from the same respiratory level.
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Figure 2. 
Representative undersampled (a-c) and through-time GRAPPA reconstructed (d-f) spiral 

images acquired at arterial phase (a&d), portal phase (b&e) and equilibrium phase (c&f) 

from a healthy volunteer after contrast injection.
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Figure 3. 
Representative reference, unregistered and registered images in both axial (a) and 

reformatted coronal (b) views from a healthy subject. The subtraction images before and 

after image registration are also shown in the last two columns. Robust image registration 

with different contrast enhancement is demonstrated with representative images at both 

arterial phase and portal phase.
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Figure 4. 
(a) T1-weighted image showing a liver pixel close to a small vessel. (b) Concentration-time 

curves in the aorta, portal vein and the selected single-voxel liver tissue shown in (a). (c) 

Measured and fitted data of liver tissue using a dual-input single-compartment model. After 

image registration, the concentration-time curve is much smoother and the residual error 

from the fitting is lower. Substantial changes in arterial fraction, distribution volume and 

mean transit time were also observed before and after registration.
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Figure 5. 
Representative pre-contrast and post-contrast images acquired at arterial phase, portal phase 

and equilibrium phase of a subject with metastatic breast cancer. (a) Clinical standard 

images acquired with long breath-hold of ~18 sec/volume. (b) Free-breathing images 

acquired with 1.9 sec/volume.

Chen et al. Page 16

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Liver perfusion maps for the subject with metastatic breast cancer. (a) Representative 

concentration-time curves of both lesion and normal surrounding tissue as shown in the T1-

weighted image (b). Corresponding liver perfusion maps of (c) arterial fraction, (d) 

distribution volume, and (e) mean transit time.

Chen et al. Page 17

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Liver perfusion images for the subject with sclerosing hemangioma. (a) Clinical standard 

images acquired with long breath-hold of ~18 sec/volume. (b) Free-breathing images 

acquired with 1.9 sec/volume. (c) Liver perfusion maps.
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Figure 8. 
Representative images from a healthy subject for image quality analysis: (a) 18-sec breath-

hold VIBE (BH-VIBE); (b) 18-sec free-breathing VIBE (FB-VIBE); (c) 1.9-sec free-

breathing spiral (FB-SPIRAL). The scores from both readers for motion artifact, image 

blurring, liver edge sharpness, clarity of vessels, and overall image quality are shown as 

inset.
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Table 1

Imaging parameters for both spiral and conventional Cartesian acquisitions.

DCE Spiral Cartesian Scan (normal subjects) Cartesian Scan (patients)

FOV (mm) 360 ~ 440 360 ~ 440 350 ~ 400

Matrix size 192 ~ 240 192 ~ 240 256 ~ 288

In-plane resolution (mm) 1.9 1.9 1.2 ~ 1.4

TR/TE (msec) 4.5-4.7/0.6 4.4/1.9 3.1-5.4/1.5-2.5

Flip angle (Degree) 15 9 10

Number of slices 60 60 48 ~ 75

Slice thickness (mm) 3 3 3~4

Parallel imaging 6 2 2

Acquisition time per volume (s) 1.6 ~ 1.9 14 ~ 18 17 ~ 19
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Table 2

Liver perfusion parameters for ten normal volunteers and four patients with metastatic adenocarcinoma (7 

total lesions).

Arterial fraction (%) Distribution volume (%) Mean transit time (sec)

Normal (n=10) 25.0 ± 4.3 29.4 ± 8.3 8.8 ± 6.1

Met AdenoCA (n = 7) Lesion
90.8 ± 10.8

*†
46.1 ± 12.1

*†
51.9 ± 23.4

*†

Surrounding tissue 38.1 ± 12.3 23.6 ± 10.4 8.0 ± 5.1

Note. --- Data are means ± standard deviations.

n: number of volunteers in the normal group and number of lesions in the patient group.

*
P<0.05 as compared with the normal group

†
P<0.05 as compared with surrounding tissue.
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Table 3

Mean image quality scores of the post-contrast spiral and Cartesian T1-weighted images from five normal 

subjects.

Motion artifacts Image blurring Liver edge sharpness Clarity of vessels Overall quality

BH-VIBE 4.8 ± 0.3 3.9 ± 0.2 4.1 ± 0.7 4.1 ± 1.0 4.2 ± 0.4

FB-SPIRAL 4.4 ± 0.4
3.0 ± 0.4

* 3.8 ± 0.6 3.9 ± 0.5 3.5 ± 0.5

FB-VIBE
1.4 ± 0.5

*†
1.4 ± 0.5

*†
1.4 ± 0.6

*†
1.5 ± 0.7

*†
1.4 ± 0.5

*†

Note. --- Data are means ± standard deviations.

*
Tukey-adjusted P < 0.05 as compared with BH-VIBE

†
Tukey-adjusted P < 0.05 as compared with FB-SPIRAL
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