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K-t GRAPPA-accelerated 4D flow MRI of liver hemodynamics:
influence of different acceleration factors on qualitative
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Abstract

Objective We sought to evaluate the feasibility of k-t

parallel imaging for accelerated 4D flow MRI in the

hepatic vascular system by investigating the impact of

different acceleration factors.

Materials and methods k-t GRAPPA accelerated 4D flow

MRI of the liver vasculature was evaluated in 16 healthy

volunteers at 3T with acceleration factors R = 3, R = 5,

and R = 8 (2.0 9 2.5 9 2.4 mm3, TR = 82 ms), and

R = 5 (TR = 41 ms); GRAPPA R = 2 was used as the

reference standard. Qualitative flow analysis included

grading of 3D streamlines and time-resolved particle tra-

ces. Quantitative evaluation assessed velocities, net flow,

and wall shear stress (WSS).

Results Significant scan time savings were realized for all

acceleration factors compared to standard GRAPPA R = 2

(21–71 %) (p \ 0.001). Quantification of velocities and net

flow offered similar results between k-t GRAPPA R = 3

and R = 5 compared to standard GRAPPA R = 2.

Significantly increased leakage artifacts and noise were

seen between standard GRAPPA R = 2 and k-t GRAPPA

R = 8 (p \ 0.001) with significant underestimation of peak

velocities and WSS of up to 31 % in the hepatic arterial

system (p \0.05). WSS was significantly underestimated

up to 13 % in all vessels of the portal venous system for k-t

GRAPPA R = 5, while significantly higher values were

observed for the same acceleration with higher temporal

resolution in two veins (p \ 0.05).

Conclusion k-t acceleration of 4D flow MRI is feasible

for liver hemodynamic assessment with acceleration fac-

tors R = 3 and R = 5 resulting in a scan time reduction of

at least 40 % with similar quantitation of liver hemody-

namics compared with GRAPPA R = 2.

Keywords 4D flow MRI � Liver hemodynamics �
k-t GRAPPA � Quantification � Wall shear stress

Introduction

Liver cirrhosis represents an important cause of morbidity

and mortality in the United States [1]. Associated changes

in the hepatic sinusoidal vascular resistance can result in

portal hypertension. Portosystemic shunts spontaneously

develop between the portal and systemic venous systems

providing alternative drainage pathways. In addition to the

elevated hepatic vascular resistance, patients develop a

hyperdynamic syndrome with elevated portal blood flow,

exacerbating the portosystemic pressure gradient increasing

the cardiac output due to arteriovenous shunting [2]. Thus,

it may be clinically relevant to measure hepatic blood flow

parameters including peak velocity and net flow rate to

evaluate changes in flow patterns in response to medical

therapy [3, 4]. An additional parameter gaining interest in
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cardiovascular diseases and preclinical studies is wall shear

stress (WSS), which enables a better understanding of the

influence of blood flow on the endothelium and risk for

vascular remodeling (e.g. arteriosclerosis) [5–7].

Time-resolved (cine) phase contrast (PC) MRI (4D flow

MRI) has been applied for the assessment of flow patterns

in the heart [8], thoracic [9, 10] and abdominal aorta [11],

and liver vasculature [12–16]. This technique enables a

comprehensive evaluation of 3D flow patterns with full

anatomic coverage and the ability for retrospective regional

flow quantification [8–16]. One of the main limitations of

4D flow MRI is a lengthy total scan time of approximately

15–23 min [12, 14], limiting routine clinical use.

MRI is a standard clinical imaging technique for patients

with advanced liver disease enabling morphologic and

functional assessment of the liver with diffusion [17],

perfusion [18], and elastography [19]. k-t GRAPPA

accelerated 4D flow MRI is a non-contrast and reproduc-

ible technique which has the potential to impact clinical

care meaningfully by acquiring metrics of peak velocities,

net flow, and WSS in the hepatic system. Peak velocities

and net flow represent established clinical metrics for

portal hypertension while WSS represents an emerging

parameter in preclinical studies [3–5, 7]. These changes

may enable new therapeutic endpoints of medical therapy,

assist in the evaluation of suspected vascular complications

in liver transplantation, and quantify transjugular intrahe-

patic portosystemic shunt function [20]. However, the

principle factor limiting broad clinical application of 4D

flow MRI is the lengthy total scan time. In order to inte-

grate this technique into the clinical workflow it is crucial

to reduce the scan time. MR imaging for the broadly

accepted clinical MRA of the heart reports single scan

times between 7 and 10 min [21, 22]. k-t GRAPPA-

accelerated 4D flow MRI can achieve similar scan times

for liver flow analysis, opening a new window for a more

thorough understanding of the complex changes in blood

flow in the liver and portal venous system.

Fast sampling techniques like radial imaging with 3D

PC VIPR (phase-contrast vastly under-sampled isotropic

projection reconstruction) and improved respiratory gating

or parallel imaging enables 4D flow scans in 8–20 min [23,

24]. Conventional acceleration techniques such as

GRAPPA (Generalized Autocalibrating Partially Parallel

Acquisitions) [25] or SENSE (sensitivity encoding) [26]

typically enable scan time reduction by a factor of

R = 2–3; higher values for R may adversely impact the

quantification of velocities due to a lower signal to noise

ratio [27]. Further developments of spatio-temporal parallel

imaging techniques such as k-t principal component ana-

lysis (k-t PCA) [28], k-t GRAPPA [29], and k-t SENSE

[30] allow higher acceleration factors and are promising

techniques to reduce scan time for 4D flow MR imaging.

However, temporal filtering may occur for higher accel-

eration factors thereby affecting the precision of the 4D

flow data acquisition, flow visualization, and quantification

[31]. A detailed assessment of different acceleration factors

in k–t-based parallel imaging in the arterial and portal

venous liver hemodynamics is lacking and necessary

before clinical application of this acceleration technique to

evaluate the hepatic vasculature.

The purpose of this study was, therefore, to evaluate

systematically the impact of different acceleration factors

in k-t GRAPPA-accelerated 4D flow MRI on scan times,

image quality, and quantifiable hemodynamic biometric

parameters.

Materials and methods

Study population

The study population consisted of 16 healthy volunteers

without a history of clinical liver disease (10 women and 6

men, mean age = 24.5 ± 2.1 years). Written informed

consent was received from all volunteers before MRI

investigation. Study approval was obtained from our local

institutional review board.

MR imaging

All measurements were performed at 3T (Magnetom Trio,

Siemens Medical Systems, Erlangen, Germany). Data were

acquired by a non-contrast enhanced 3D time-resolved rf-

spoiled phase contrast gradient echo sequence, with three-

directional velocity encoding (4D flow MRI) and a velocity

encoding gradient (venc) of 100 cm/s [24]. This venc was

chosen in order to evaluate the high flow within the arteries

of the splanchnic system, while maintaining the ability to

assess flow within the portal venous system. Respiratory

gating at the lung–spleen interface was used to reduce

image blurring and to minimize ghosting artifacts as

described previously [24]. 4D flow MRI acquisition

included prospective ECG-gating combining k-space seg-

mented data acquisition with Nk = 4 phase encoding lines

for each cardiac time frame. A six-element spine coil and a

flexible six-element chest coil represented the receiver

system. 4D flow data acquisition was performed in an axial

oblique 3D volume oriented to the main portal vein with

complete volumetric coverage of the hepatic arterial and

portal venous vasculature.

Five 4D flow MRI datasets were acquired for each of the

16 volunteers during the same MRI examination. Partici-

pants were instructed to fast for 6 h prior to each scan to

match liver physiology at the time of scanning. In the first

step, a standard GRAPPA sequence was performed with
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undersampling along the phase encoding (ky) direction

with a reduction factor of R = 2. Afterwards, k–t-accel-

erated 4D flow MRI scans (i.e. undersampling along ky, kz,

and t dimensions) were acquired with acceleration factors

R = 3, R = 5, and R = 8 as described previously [32]. All

of these scans were performed with a temporal resolution

of about 82 ms. Additionally, one k-t GRAPPA scan with

R = 5 was acquired with a temporal resolution of 41 ms

(HR k-t GRAPPA 5 Tres41). The number of autocalibra-

tion (ACS) lines, resulting in a nominal acceleration Rnet

for the different acceleration factors R, as well as further

pulse sequence parameters are provided in Table 1. The k-t

algorithm was integrated into the scanner’s data recon-

struction workflow and all undersampled data were

acquired and reconstructed directly on the MR system. For

each acquisition, the total scan time was recorded. The

following scan parameters were held constant across all 4D

flow acquisitions: imaging matrix 160 9 100, FOV

200 9 320 mm2, bandwidth 450 Hz/Pixel, venc 100 cm/s,

and flip angle 7�.

Spatiotemporal data acquisition

Spatiotemporal (k-t) undersampling and reconstruction was

applied using PEAK GRAPPA [32]. This technique rep-

resents an extension of k-t GRAPPA as described by Hu-

ang et al. [29]. PEAK GRAPPA is represented by a

consistent reconstruction kernel geometry combining the

smallest cell within a ky–kz–t data undersampling pattern.

Data acquisition and reconstruction with different reduc-

tion factors (R = 3, R = 5, and R = 8) were applied using

different sampling patterns and reconstruction kernels. A

more detailed description of the sampling patterns and

reconstruction kernels is provided in the work of Jung et al.

[31].

Data analysis

Maxwell corrections to reduce phase offset errors were

applied as described by Bernstein et al. [33] during the image

reconstruction on the MR system. 4D flow MRI data were

pre-processed using a home built analysis tool (programmed

in Matlab, MathWorks, USA) that included noise filtering,

velocity anti-aliasing [34], and correction for eddy currents,

as previously described by Walker et al. [35]. Afterwards, a

3D PC MR angiogram (MRA) of the hepatic vascular system

was calculated to create an iso-surface rendering of the

vascular system (EnSight, CEI, Apex, USA) [36]. Based on

the 3D PC MRA, ten analysis planes were manually placed in

the measured 3D volume at the splenic and superior mes-

enteric veins, the splenic–mesenteric confluence, the intra-

hepatic main portal vein, the right and left intrahepatic portal

vein branches, the celiac trunk, and the hepatic, splenic, and

superior mesenteric arteries (Fig. 1).

3D blood flow visualization

The ten analysis planes represented emitter planes for

the calculation of 3D streamlines (representing tri-

directional blood flow velocities for individual cardiac

time-frames) and time-resolved 3D particle traces

(showing the temporal evolution of blood flow over the

cardiac cycle) [37]. 3D display software was used to

enable visual grading of the streamlines and particle

traces from any view angle (EnLiten, CEI, Apex, USA).

For each of the ten vessels, two independent, experi-

enced readers blinded to acquisition type and subject

identity quantitatively assessed image quality. Visibility

of the above-described vessels based on the iso-surface

rendering of the liver arterial and portal venous systems

Table 1 Summary of sequence parameters for standard GRAPPA R = 2 and four k-t GRAPPA-accelerated 4D flow MRI acquisitions with

different acceleration factors applied in 16 healthy volunteers

GRAPPA 2 k-t GRAPPA 3 k-t GRAPPA 5 k-t GRAPPA 5

Tres41

k-t GRAPPA 8

Reduction factor R 2 3 5 5 8

Spat. resolution (mm3) 2.0 9 2.5 9 2.4 2.0 9 2.6 9 2.4 2.0 9 2.6 9 2.4 2.0 9 2.5 9 2.4 2.0 9 2.5 9 2.4

Temp. resolution (ms) 82 83 82 41 82

TE (ms) 2.6 2.8 2.6 2.6 2.6

ACS lines (ky 9 kz) 24 9 Nz 18 9 6 20 9 7 20 9 7 16 9 7

Rnet 1.6 2.8 4.2 4.2 6.3

Total scan time (min) 13.9 ± 3.6 8.2 ± 2.4* 8.1 ± 2.6* 11.0 ± 3.5* 4.0 ± 1.7*

Spat. spatial, Temp. temporal, FOV field of view, venc velocity encoding, ACS number of auto calibration lines, Rnet resulting nominal

acceleration

* Significant differences were present in scan times between standard GRAPPA R = 2 compared to k-t GRAPPA R = 3, R = 5 (temporal

resolution 82 ms), R = 5 (temporal resolution 41 ms), and R = 8 (p \ 0.001)
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was graded on a three-point Likert scale (0 = not visi-

ble, 1 = partially visible, 2 = completely visible) [38].

Particle trace leakage artifacts, defined as 3D traces

leaving the vessel lumen into adjacent vessels due to

partial volume effects, were reported as present or not

present (Fig. 1; Table 2).

Pathline visualization was independently evaluated by

the same two observers blinded to scan type on a three-

point Likert scale based on particle traces emitted from the

splenic–mesenteric confluence (0 = particle traces reach

only the intrahepatic portal vein, 1 = particle traces reach

proximal part of the intrahepatic portal vein branches,

2 = particle traces reach the distal part of the intrahepatic

portal vein branches). Furthermore, a quality grading of the

3D visualization by examining the temporal evolution of

particle traces over the cardiac cycle was performed.

For each of the different k-t GRAPPA acquisitions,

noise within the 3D volume was quantitatively evaluated

by the same two independent, experienced readers blinded

to acquisition type and subject identity based on a three-

point scale (0 = no noise visible, 1 = occasional noise

visible, 2 = distinct noise visible).

3D blood flow quantification

Blood flow quantification for all ten analysis planes within

the arterial (four vessels) and portal venous (six vessels)

Fig. 1 3D particle traces visualization of the hepatic arterial and

portal venous system with ten analysis planes for standard GRAPPA

R = 2 (a) and acceleration factors k-t GRAPPA R = 3 (b), R = 5 (c),

and R = 8 (d). The blue 2D analysis planes were manually positioned

in the splenic vein, superior mesenteric vein (smv), splenic–mesen-

teric confluence (spl.-mes. confluence), intrahepatic portal vein

(intrahep. PV), right (right PV) and left (left PV) intrahepatic portal

vein branches, celiac trunk, splenic artery, hepatic artery (hep. artery),

and superior mesenteric artery (sma). Increased leakage artifacts into

neighboring vessels can be appreciated with higher acceleration

factor, especially for k-t GRAPPA R = 8 compared to the standard

GRAPPA R = 2 (white arrowhead). Color coding = local blood flow

velocity

Table 2 Summary of 3D flow visualization (grade 2 for complete

visibility) in 16 volunteers for n = 80 4D flow data sets by readers A

and B

Visibility

Reader A Reader B

Superior mesenteric vein 100 % 100 %

Splenic vein 100 % 100 %

Splenic–mesenteric confl. 100 % 100 %

Portal vein right branch 94 % 94 %

Portal vein left branch 53 % 51 %

Celiac trunk 100 % 100 %

Hepatic artery 100 % 100 %

Splenic artery 100 % 100 %

Superior mesenteric artery 100 % 100 %

Particle traces leakage Present in 63 % Present in 59 %
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system was based on a home-built tool (programmed in

Matlab, Mathworks, USA). Vessel lumen contours were

manually delineated for each of the above mentioned

vessel segments at each cardiac time frame. The segmen-

tation was performed on standard GRAPPA 2 datasets and

applied to the other four 4D flow MRI scans with k-t

GRAPPA R = 3, R = 5, R = 8 and k-t GRAPPA 5

Tres41. When necessary the segmentation masks were

adapted to the vessel lumen contour. Maximum and mean

volumetric systolic velocities, net flow volume over the

cardiac cycle and average wall shear stress (WSS) mag-

nitude were calculated for each vessel segment [39].

Statistical analysis

Statistical analysis was performed using commercially

available software (SPSS 19.0; SPSS, Chicago, IL, USA).

Continuous variables were presented as mean ± standard

deviation. Inter-observer agreement was evaluated using

Cohen’s kappa statistics. Kappa values were interpreted as

follows: 0.21–0.40 fair agreement, 0.41–0.60 moderate

agreement, 0.61–0.80 substantial agreement, and

0.81–1.00 excellent agreement, as described previously

[40].

k-t-accelerated scans were compared to standard

GRAPPA R = 2 by evaluating continuous variables using

paired, two tailed t tests. A p value \0.05 was considered

statistically significant. Different k-t GRAPPA acquisi-

tions for all volunteers and analysis planes were compared

to the standard GRAPPA R = 2 acquisition by the Bland–

Altman approach using the mean difference (d) and

standard deviation of the difference (s), calculating the

limits of agreement (±2 SD) using 95 % confidence

intervals [41].

Results

4D flow MRI scans using standard GRAPPA R = 2 and all

four different acceleration factors were acquired and

reconstructed in all subjects. A total of n = 80 hepatic 4D

flow MRI data sets were analysed. Across the study cohort

the average heart rate was 60.6 ± 9.2 bpm without sig-

nificant variability between the different 4D flow MRI

scans.

k-t GRAPPA acceleration factors of R = 3 and higher

resulted in a significantly shorter average total acquisition

time compared to standard GRAPPA R = 2 (p \ 0.001)

(Table 1). k-t GRAPPA R = 3 and R = 5 resulted in an

average scan time reduction of 41 and 42 %, respectively.

k-t GRAPPA R = 5 with a temporal resolution of 41 ms

resulted in a reduction of 21 % and k-t GRAPPA R = 8 in

a reduction of 71 % (p \ 0.001).

3D visualization of arterial and portal venous

hemodynamics

Both readers described complete visibility (= grade 2) for

the majority of vascular segments in the hepatic arterial

and portal venous systems with limitations for the small

intrahepatic branches (Table 2). Flow visualization was

limited for the right intrahepatic branch (in five of 80 scans

for both readers A and B) and for the left intrahepatic

branch (in 38 of 80 scans for reader A and in 39 of 80 scans

for reader B) (Table 2). A significant difference was only

seen between standard GRAPPA 2 and acceleration factor

k-t GRAPPA 8 (p = 0.028) (Fig. 1).

3D flow visualization artifacts with leakage into adja-

cent vessels were observed for particle traces in 63 %

Fig. 2 3D particle traces

visualization of the hepatic

blood flow in a 30-year-old

patient with advanced liver

cirrhosis Child-Pugh class C for

acceleration factor k-t GRAPPA

R = 5. The liver hemodynamics

of the patient present a large

porto-caval shunt in the front

and additional multiple spleno-

costal shunts in the back
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(reader A) and 59 % (reader B) of hepatic vessels (Table 2;

Fig. 1). When comparing different acceleration factors,

significant improvement was seen for visualization artifacts

and noise between standard GRAPPA R = 2 and acceler-

ation factor k-t GRAPPA R = 3 (p \ 0.001). On the other

hand, significantly more visualization artifacts and noise

were observed between standard GRAPPA R = 2 and k-t

GRAPPA R = 8 (p \ 0.001) (Figs. 1, 2).

A Cohen’s kappa of 0.92 represented excellent agree-

ment between both readers for all visual assessment

ratings.

Quantification of arterial and portal venous

hemodynamics

Results for maximum and mean systolic velocities, net

flow volume, and WSS are summarized in Table 3 and

Fig. 3. Significantly lower values were observed for the

maximum velocities between standard GRAPPA R = 2

and k-t GRAPPA R = 3 in the small intrahepatic bran-

ches (10 and 15 %) and hepatic and superior mesenteric

arteries (13 and 14 %) (p \ 0.05). k-t GRAPPA with

R = 8 showed significantly reduced maximum velocity

values compared to standard GRAPPA R = 2 for all

arteries between 12 and 30 % (p \ 0.05); Bland–Altman

analysis demonstrated bias with a mean difference of

24 % (Fig. 3; Table 3).

There was less of an influence of k-t GRAPPA accel-

eration on net flow rate values with significant differences

only occurring in the superior mesenteric vein for k-t

GRAPPA R = 3 and in the portal vein for k-t GRAPPA

R = 5 (temporal resolution 82 ms) revealing 22 and 14 %

different flow rates, respectively, compared to standard

GRAPPA R = 2 (p \ 0.05).

WSS was significantly underestimated by 9–13 % for all

vessels in the portal venous system for k-t GRAPPA R = 5

(temporal resolution 82 ms) compared to standard

GRAPPA R = 2. In contrast, significantly higher values

were observed for k-t GRAPPA R = 5 with higher tem-

poral resolution (k-t GRAPPA 5 Tres41) in two veins

(intrahepatic part of the main portal vein (8 %) and right

intrahepatic portal vein branch (16 %) compared to stan-

dard GRAPPA R = 2 (p \ 0.05). WSS was underesti-

mated within the hepatic arterial system for k-t GRAPPA

R = 8 compared to standard GRAPPA R = 2 (18–31 %,

p \ 0.05) with mean differences of 19 % in the Bland–

Altman analysis (Fig. 3; Table 3).

Discussion

k-t-accelerated 4D flow MRI of the liver offered good

image quality and low inter-observer variability. All k-t

GRAPPA-accelerated 4D flow MRI acquisitions resulted in

significant reductions in scan time. Although k-t GRAPPA

R = 8 achieved the greatest acquisition time savings

(71 %), noise and particle tracing artefacts, along with

significantly lower values for peak velocities and WSS in

the arterial system of the liver limit utility. 4D flow MRI

using k-t acceleration factors R = 3 and R = 5 demon-

strate good agreement with standard GRAPPA R = 2 for

peak velocities and net flow rate quantification while

realizing scan time savings of approximately 40 %. An

improved temporal resolution for k-t GRAPPA R = 5

demonstrated good agreement at quantitative analysis with

standard GRAPPA R = 2 with the exception of overesti-

mating WSS in two vessel segments.

Acceleration with k-t GRAPPA was thoroughly inves-

tigated with respect to the reproducibility of flow and wall

shear stress in a previously published study of the aorta

[42]. Recent studies revealed good scan-rescan reproduc-

ibility and low inter- and intra-observer variability of flow

quantification based on 4D flow MRI [15, 43]. Further

studies investigating the use of PC MRI with parallel

imaging techniques concluded that standard parallel

imaging using GRAPPA with a reduction factor of R = 2

can be used as a reference standard as no significant

underestimation of peak velocities was observed [27, 44].

Qualitative analyses with 3D streamlines and time-

resolved 3D particle traces visualized all arterial and portal

venous vessels of the liver except the small intrahepatic

branches of the portal vein, most likely due to limitations

of spatial resolution and the vessel size (1–2 mm of the

intrahepatic branches vs. 10 mm in the main portal vein).

For all acceleration factors, visualization artifacts with

leakage of traces into adjacent vessels were identified in

63 % of acquisitions, which could be attributed to spatial

blurring based on respiratory gating during the data

acquisition with free breathing, and thus reduced effective

spatial resolution in the z direction. Comparing different k-t

GRAPPA acceleration factors, a significant improvement

was seen for visualization artifacts and noise between

standard acceleration factor GRAPPA 2 and k-t GRAPPA

3. This might be explained by better SNR performance of

k-t GRAPPA reconstruction compared to standard

GRAPPA for similar reduction factors due to the properties

of uncorrelated noise of different time frames [31]. How-

ever, an undersampling of the 4D flow MRI data with

acceleration factor of R = 8 resulted in significantly more

visualization artifacts and noise. The scans in our study

were obtained using a 12-element coil. Using coils with an

increased number of receiver channels may improve the

quality of 4D flow data with higher reduction factors.

Quantitative analysis demonstrated similar peak and

mean velocity values for k-t GRAPPA acceleration factors

R = 3 and R = 5 compared to the standard acceleration
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Table 3 Bland–Altman

analyses (mean bias ± 2SD) for

arterial and portal venous flow

parameters in the hepatic system

illustrating the agreement

between k-t GRAPPA 4D flow

MRI acquisitions with

acceleration factor of R = 2

versus R = 3, R = 2 versus

R = 5, R = 2 versus R = 5

with temporal resolution 41 ms,

and R = 2 versus R = 8

* Significant difference to

standard acceleration factor

GRAPPA R = 2 (p \ 0.05)

Bland–Altman analyses (difference in percentage normalized by the mean of the two compared)

GRAPPA

2 versus 3

GRAPPA

2 versus 5

GRAPPA

2 versus 5/41

GRAPPA

2 versus 8

Peak velocity (%)

Superior mesenteric vein 1.1 ± 20.5 -6.6 ± 20.7 -8.0 ± 26.3 4.5 ± 22.5

Splenic vein 8.2 ± 23.0 8.2 ± 15.6 -1.6 ± 15.2 1.4 ± 21.1

Splenic–mesenteric confluence 3.8 ± 14.6 4.4 ± 11.3 -3.6 ± 14.9 4.9 ± 18.0

Intrahepatic portal vein 8.6 ± 19.6 -1.5 ± 14.9 -3.7 ± 10.9 5.4 ± 21.4

Right portal vein branch 14.4 ± 24.7* 6.8 ± 17.3 -6.9 ± 19.0 4.9 ± 27.9

Left portal vein branch 8.6 ± 11.8* 2.4 ± 13.9 -8.4 ± 10.4* 1.3 ± 25.2

Celiac trunk 2.4 ± 14.8 1.3 ± 17.1 0.8 ± 17.4 11.5 ± 18.4*

Splenic artery -5.3 ± 16.4 -2.8 ± 13.8 -4.9 ± 13.4 20.9 ± 27.5*

Hepatic artery 12.8 ± 22.0* 7.4 ± 24.4 3.4 ± 19.3 22.7 ± 29.8*

Superior mesenteric artery 15.2 ± 19.5* 9.4 ± 21.0 4.0 ± 18.6 36.6 ± 22.8*

Mean velocity (%)

Superior mesenteric vein 0.2 ± 14.7 -5.4 ± 18.2 -0.8 ± 18.6 -2.7 ± 16.4

Splenic vein 1.7 ± 14.9 0.6 ± 13.3 -0.9 ± 15.0 -4.2 ± 19.4

Splenic–mesenteric confluence 1.9 ± 13.2 0.5 ± 12.4 -2.6 ± 14.2 0.9 ± 16.8

Intrahepatic portal vein 5.0 ± 12.6 -2.1 ± 10.8 -2.9 ± 8.5 -0.3 ± 16.6

Right portal vein branch 5.0 ± 15.1 1.0 ± 15.5 -4.8 ± 12.9 -2.6 ± 22.4

Left portal vein branch 5.6 ± 12.0* -0.8 ± 9.3 -4.6 ± 12.4 -2.7 ± 17.0

Celiac trunk -1.6 ± 13.0 -4.3 ± 13.6 0.6 ± 14.0 -1.5 ± 15.7

Splenic artery -4.8 ± 12.9 -6.1 ± 11.0* -0.6 ± 11.1 2.4 ± 19.9

Hepatic artery 1.6 ± 20.7 -6.2 ± 19.2 0.7 ± 14.1 -3.8 ± 18.7

Superior mesenteric artery -3.3 ± 15.6 -4.8 ± 15.3 2.4 ± 16.1 -0.6 ± 17.4

Flow volume (%)

Superior mesenteric vein -20.7 ± 25.1* -12.8 ± 42.2 0.7 ± 31.0 -10.6 ± 33.6

Splenic vein 4.0 ± 19.8 5.5 ± 27.3 5.4 ± 30.5 0.1 ± 29.3

Splenic–mesenteric confluence -7.9 ± 19.0 -15.4 ± 19.2* -0.7 ± 21.5 -12.5 ± 27.5

Intrahepatic portal vein -4.9 ± 20.2 -15.0 ± 24.5* -1.3 ± 21.7 -4.9 ± 24.8

Right portal vein branch -11.5 ± 46.1 -14.1 ± 35.7 3.0 ± 30.6 -6.9 ± 48.9

Left portal vein branch 4.1 ± 35.7 -9.7 ± 21.7 2.2 ± 28.7 -5.4 ± 31.5

Celiac trunk -13.1 ± 23.3 -8.9 ± 25.3 1.7 ± 20.1 -12.3 ± 32.2

Splenic artery -5.1 ± 13.2 -3.5 ± 13.7 9.7 ± 16.2* 9.2 ± 22.3

Hepatic artery -2.0 ± 37.2 -11.1 ± 36.5 3.0 ± 24.5 -7.6 ± 44.4

Superior mesenteric artery 2.2 ± 21.4 -5.5 ± 25.9 -0.2 ± 16.9 -2.2 ± 25.9

WSS (%)

Superior mesenteric vein 17.3 ± 18.0* 13.3 ± 22.9* 6.2 ± 27.8 10.4 ± 31.1

Splenic vein 8.9 ± 23.0 11.4 ± 16.0* -5.1 ± 18.7 -1.9 ± 18.5

Splenic-mesenteric confluence 9.5 ± 14.7* 16.1 ± 13.3* 0.3 ± 19.4 10.8 ± 27.3

Intrahepatic portal vein 10.6 ± 16.3* 9.4 ± 16.4* -7.6 ± 13.3* 4.8 ± 24.4

Right portal vein branch 14.4 ± 26.0 12.1 ± 14.2* -15.5 ± 13.0* -3.4 ± 28.4

Left portal vein branch 11.0 ± 14.7* 15.9 ± 19.1* 0.0 ± 20.8 5.4 ± 26.9

Celiac trunk 3.8 ± 19.6 3.7 ± 18.5 -7.0 ± 26.6 17.5 ± 25.1*

Splenic artery -4.2 ± 20.4 -2.9 ± 15.0 -8.4 ± 14.3* 18.3 ± 25.2*

Hepatic artery 8.3 ± 21.3 15.0 ± 18.9* 6.6 ± 18.7 24.2 ± 25.0*

Superior mesenteric artery 9.2 ± 27.2 5.5 ± 15.1 1.5 ± 22.5 26.7 ± 28.2*
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R = 2. However, quantitation was limited for the small

intrahepatic branches and the hepatic and superior mesen-

teric arteries due to the small vessel size. Flow volume

values were comparable between standard GRAPPA R = 2

and k-t GRAPPA R = 3 and R = 5 with few limitations in

the portal venous system (superior mesenteric vein for k-t

GRAPPA R = 3 and portal vein for k-t GRAPPA R = 5

temporal resolution 82 ms). When comparing the quanti-

tative results to previous studies at 3T with similar 4D flow

MRI protocols using standard GRAPPA R = 2 [43], the

differences between the acceleration factors were larger

than the variations attributed to scan-rescan analyses. For

example, Stankovic et al. [43] performed scan-rescan

analyses and demonstrated average differences for the

maximum velocities of 2 % for the portal venous system

and 3 % for the arterial system. In our study, significantly

lower values were obtained of up to 15 % for the maximum

velocities between standard GRAPPA R = 2 and k-t

GRAPPA R = 3 in the small intrahepatic branches and

hepatic and superior mesenteric arteries (p \ 0.05). A k-t

GRAPPA acceleration factor of R = 8 revealed signifi-

cantly reduced maximum velocity values compared to

standard GRAPPA R = 2 for all arteries of up to 30 %

(p \ 0.05).

When comparing mean flow volume values, scan-rescan

analysis on a prior study demonstrated average differences

of 6 % for the portal venous system [43]. Our results

yielded only a few significantly higher differences on net

flow rate values only occurring in the superior mesenteric

vein for k-t GRAPPA R = 3 and in the portal vein for k-t

GRAPPA R = 5 revealing 22 and 14 % higher flow rates,

respectively, (p \ 0.05). Hence, differences in maximum

velocity and net flow cannot be attributed to differences in

patient physiology or scan-rescan differences alone and is,

therefore, a result of the differences in acceleration tech-

nique between acquisitions.

Calculations of WSS demonstrated similar results in the

arterial system while the portal venous system offered

significant differences for almost all vessels. Though using

a proper registration for the segmentation the vessel lumen

delineation was limited due to spatial resolution, especially

in the portal venous system. We hypothesize that the

results for WSS might be confounded due to differences in

the requisite manual vessel segmentation in the portal

venous system, and hence the delineation of the vessel

walls resulting in errors in WSS analysis.

Despite shorter scan times for accelerated measure-

ments, the spatial resolution was kept constant across

acquisitions in order to maintain the SNR. Therefore, only

the temporal resolution (in one additional scan R = 5) was

increased to investigate the impact in terms of temporal

filtering. A clear temporal low-pass filter effect for R = 8

could be observed resulting in significantly reduced peak

velocities (see Fig. 3). The higher temporal resolution

revealed a trend to higher peak velocities (only significant

in the left portal vein branch), suggesting a low pass fil-

tering effect at a temporal resolution of 82 ms. On the other

hand, differences in net flow volumes were greater com-

pared to peak velocities or mean velocities (Fig. 3), sug-

gesting that differences in the segmented vessel area had a

higher impact on the flow volume compared to filter effects

caused by k-t acceleration (except for R = 8) (Fig. 3).

Concerning the scan time, only minor improvements

were seen of approximately 27 %, most probably due to

the predefined scan protocol and the variable navigator

efficiencies for the different acceleration factors. The

most undersampled acquisition with k-t GRAPPA accel-

eration R = 8 revealed significantly different results for

quantification of both hepatic arterial peak velocities and

WSS.

Our results are similar to the experience of other

investigators [31, 44, 45]. Baltes et al. [45] applied k-t

SENSE and k-t BLAST with an acceleration of R = 5 and

8 for 2D-PC MRI in the ascending aorta. Their results

demonstrated good agreement of flow parameters for

R = 5 and a slight temporal low-pass filtering for R = 8.

Former studies with identical k-t GRAPPA-accelerated

reconstruction of 4D flow MRI measurements in the tho-

racic aorta suggested the possibility to use even higher

acceleration factors of up to R = 8 [31]. However, these

studies were based on retrospectively undersampled data,

whereas the present study relies on the acquisition of truly

undersampled data. A recent study for assessment of the

thoracic aorta using the k-t GRAPPA reconstruction algo-

rithm with different receiver coils showed significantly

reduced scan times for R = 3, R = 5, and R = 8, respec-

tively, while the image quality was maintained. The

authors concluded that k-t GRAPPA with accelerations of

R = 3 or R = 5 could compete with a standard GRAPPA

R = 2 [46]. In comparison to imaging the thoracic aorta,

imaging of liver hemodynamics is more challenging

necessitating evaluation of higher flow in the arterial

branches, but a lower flow in the portal venous system.

Based on a different region of interest and different

velocity hemodynamics our study showed similar quanti-

fication results for velocities and net flow for k-t GRAPPA

with acceleration of R = 3 or R = 5 compared to standard

GRAPPA R = 2.

This study has several limitations. The study cohort

entirely comprises healthy volunteers, limiting generaliz-

ability of our results to patients with liver disease. Simi-

larly, the generalizability of image quality and

visualization is limited as ascites and other sequellae of

chronic liver disease may reduce the image quality.

Another limitation is the lack of a gold standard to compare

the hemodynamic data. Because of limited inter-observer
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reproducibility of the Doppler US measurements men-

tioned in the literature, and difficulties with correct plane

positioning for 2D PC MRI in the complex liver vascula-

ture, none of these methods were considered for compari-

son. Finally, a further limitation of the study is the

non-randomized scan order with a predefined succession of

4D flow MRI scans with different acceleration factors. This

may have resulted in different navigator efficiencies for

different acceleration factors, influencing our assessment of

acquisition times.

Fig. 3 Flow quantification for

all controls using 4D flow MRI

with standard GRAPPA R = 2

and acceleration factor k-t

GRAPPA R = 3, R = 5, R = 5

Tres 41, and R = 8. Each bar

represents the standard

deviation over 16 volunteers.

(*Significant difference

compared to standard GRAPPA

R = 2, p \ 0.05)

(smv = superior mesenteric

vein, spl.-mes.

confl. = splenic–mesenteric

confluence, intrahep.

PV = intrahepatic portal vein,

PV = portal vein,

sma = superior mesenteric

artery)
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Conclusion

In conclusion k-t GRAPPA-accelerated assessment of liver

hemodynamics using 4D flow MRI is feasible for accel-

eration factors R = 3 and R = 5 while achieving a sig-

nificant reduction in scan time. k-t GRAPPA acceleration

with factors R = 3 and R = 5 showed similar results

compared to the standard GRAPPA R = 2 for peak

velocity and net flow rate evaluation, but were limited for

WSS evaluation in the portal venous system. Hence, our

results in volunteers suggest that the optimal balance

between acquisition time, visualization, and quantification

at 4D flow MRI k-t GRAPPA R = 3 and R = 5 should be

further validated in the clinic compared to standard

GRAPPA R = 2. k-t GRAPPA acceleration factor R = 8 is

not feasible for the liver hemodynamic assessment due to

higher noise and temporal filtering as indicated by the

quantitative results. Future studies are necessary to validate

k–t-accelerated 4D flow MRI for the evaluation of liver

hemodynamics and realize scan time savings in patients

with liver disease.
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