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Purpose: To develop a highly accelerated phase-contrast cardiac-
gated volume flow measurement (four-dimensional [4D] 
flow) magnetic resonance (MR) imaging technique based 
on spiral sampling and dynamic compressed sensing and 
to compare this technique with established phase-contrast 
imaging techniques for the quantification of blood flow in 
abdominal vessels.

Materials and 
Methods:

This single-center prospective study was compliant with HIPAA 
and approved by the institutional review board. Ten subjects 
(nine men, one woman; mean age, 51 years; age range, 30–70 
years) were enrolled. Seven patients had liver disease. Written 
informed consent was obtained from all participants. Two 4D 
flow acquisitions were performed in each subject, one with 
use of Cartesian sampling with respiratory tracking and the 
other with use of spiral sampling and a breath hold. Cartesian 
two-dimensional (2D) cine phase-contrast images were also 
acquired in the portal vein. Two observers independently as-
sessed vessel conspicuity on phase-contrast three-dimensional 
angiograms. Quantitative flow parameters were measured by 
two independent observers in major abdominal vessels. Inter-
technique concordance was quantified by using Bland-Altman 
and logistic regression analyses.

Results: There was moderate to substantial agreement in vessel con-
spicuity between 4D flow acquisitions in arteries and veins 
(k = 0.71 and 0.61, respectively, for observer 1; k = 0.71 and 
0.44 for observer 2), whereas more artifacts were observed 
with spiral 4D flow (k = 0.30 and 0.20). Quantitative mea-
surements in abdominal vessels showed good equivalence be-
tween spiral and Cartesian 4D flow techniques (lower bound 
of the 95% confidence interval: 63%, 77%, 60%, and 64% for 
flow, area, average velocity, and peak velocity, respectively). 
For portal venous flow, spiral 4D flow was in better agreement 
with 2D cine phase-contrast flow (95% limits of agreement: 
28.8 and 9.3 mL/sec, respectively) than was Cartesian 4D 
flow (95% limits of agreement: 210.6 and 14.6 mL/sec).

Conclusion: The combination of highly efficient spiral sampling with dy-
namic compressed sensing results in major acceleration for 
4D flow MR imaging, which allows comprehensive assess-
ment of abdominal vessel hemodynamics in a single breath 
hold.
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Advances in Knowledge

 n Efficient data acquisition for four-
dimensional (4D) flow MR im-
aging in the abdomen can be 
achieved in a single breath hold 
by using a combination of accel-
erated spiral sampling and dy-
namic compressed sensing 
reconstruction.

 n Flow parameters measured with 
spiral 4D flow imaging were in 
strong agreement with those 
measured with Cartesian 4D flow 
and cine two-dimensional phase-
contrast MR imaging techniques 
(limits of agreement for portal 
venous flow: 211.8 and 8.2 mL/
sec and 28.8 and 29.3 mL/sec, 
respectively) and reduced the 
acquisition time from 10 minutes 
down to a breath hold.

Implication for Patient Care

 n The proposed technique allows 
integration of a fast 4D flow pro-
tocol in a clinical setup, thereby 
providing a comprehensive he-
modynamic assessment of mul-
tiple abdominal vessels with min-
imal effect on imaging time.

Quantitative assessment of abdom-
inal vessel hemodynamics has 
important clinical applications, 

including assessment of portal flow re-
serve and diagnosis and quantification 
of arterial stenosis. Although Doppler 
ultrasonography (US) is widely used, 
the resulting flow parameters are sub-
ject to limited reproducibility (1) owing 
to limited spatial window and variable 
probe orientation. Conversely, phase-
contrast magnetic resonance (MR) im-
aging allows reliable flow measurement 
(2) with excellent anatomic localization. 
Because of the slow data acquisition 
rate in MR imaging, vessel coverage is 
often limited to a single cross-sectional 
plane with use of cardiac-triggered two-
dimensional (2D) phase-contrast MR 
imaging, which may be achieved in a 
breath hold. Cine 2D phase-contrast 
imaging requires operator expertise to 
select the vessel of interest, which may 
decrease precision. Larger volumes can 
be measured with phase-contrast imag-
ing by using cardiac-triggered velocity 
measurement with three-dimensional 
(3D) vessel coverage (four-dimensional 
[4D] flow) (3). The 4D flow technique 
has been recently validated against cine 
2D phase-contrast imaging and Doppler 
US (4–9). However, for typical appli-
cations, slow data acquisition coupled 

with respiratory motion control for ab-
dominal images (10) leads to imaging 
times on the order of 10–20 minutes, 
which limits clinical acceptance of 4D 
flow imaging. Various techniques such 
as parallel imaging (5), radial sampling 
(7,11,12), spiral acquisition without ac-
celeration (13), and compressed sens-
ing (14) have been proposed, resulting 
in an acquisition time on the order of 
5–15 minutes.

The purpose of this study was to 
develop a highly accelerated phase-
contrast 4D flow MR imaging technique 
based on spiral sampling and dynamic 
compressed sensing and to compare 
this technique with established phase-
contrast imaging techniques for the 
quantification of blood flow in abdom-
inal vessels.

Materials and Methods

Subjects
This single-center prospective study 
complied with the Health Insurance 
Portability and Accountability Act and 
was approved by the institutional re-
view board at Icahn School of Medicine 
at Mount Sinai. Ten subjects (nine men, 
one woman; mean age, 51 years; age 
range, 30–70 years) were enrolled in 
a prospective research study between 
April 2013 and January 2014. Written 
informed consent was obtained from all 
participants. Three healthy volunteers 
were recruited internally. None of the 
volunteers had a known history of liver 
disease or substantial alcohol consump-
tion. Seven subjects had chronic liver 
disease (secondary to chronic hepa-
titis C virus infection [n = 3], chronic 
hepatitis B virus infection [n = 3], 
and nonalcoholic steatohepatitis [n = 
1]). Liver cirrhosis was diagnosed at 

histopathologic examination in three 
of the seven subjects. All subjects had 
successful 4D flow images and were 
included in the study. The total exami-
nation time was 45–60 minutes and in-
cluded, in addition to flow imaging, T2-
weighted half-Fourier rapid acquisition 
with relaxation enhancement, diffusion-
weighted imaging with 16 b values, and 
dynamic contrast material–enhanced 
imaging (not performed in healthy sub-
jects). Subjects were asked to fast for 6 
hours before the examination to avoid 
hyperdynamic flow effects owing to ca-
loric intake.

MR Imaging
MR imaging was performed with a 
1.5-T system (Magnetom Aera; Sie-
mens Healthcare, Erlangen, Germany) 
equipped with a 30-channel body and 
spine coil array. Phase-contrast imag-
ing was performed before the injection 
of gadolinium-based contrast material 
(in patients who underwent contrast-
enhanced imaging) and consisted of 
cine 2D phase-contrast, Cartesian 4D 
flow, and spiral 4D flow imaging per-
formed in chronological order (acquisi-
tion parameters in Table 1). Although 
Cartesian 4D flow imaging was selected 
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Table 1

Imaging Parameters for Cartesian 4D Flow, Spiral 4D Flow, and 2D Cine Phase-Contrast Imaging

Parameter Cartesian 4D Flow Imaging Spiral 4D Flow Imaging 2D Phase-Contrast Imaging

Field of view (mm2) 400 3 400 400 3 400 319 3 270 
Velocity encoding (cm/sec)* 60, 60, 60 60, 60, 60 0, 0, 60
Matrix size 160 3 160 3 12 160 3 160 3 12 192 3 160 3 1
Interpolated matrix 320 3 320 3 24 320 3 320 3 24 384 3 320 3 1
Phase resolution (%) 63 100 50
Acquired voxel size (mm2) 2.5 3 3.9 3 5 2.5 3 2.5 3 5 1.7 3 3.3 3 7 
Interpolated voxel size (mm2) 1.3 3 1.3 3 2.5 1.3 3 1.3 3 2.5 0.9 3 0.9 3 7 
Lines per cardiac phase 3 1 3
Section thickness 5 5 7
Flip angle (degrees) 9 10 20
Fat suppression None Binomial 1–1 None
Echo time (msec) 3.3 3.8 4.1 
Repetition time (msec) 5.7 16.5 6.9 
Temporal resolution (msec) 68.4 66.2 41.8
Acceleration† 2 GRAPPA 6 2 GRAPPA
Acquisition time‡ 11 min 21 sec (6 min 12 sec–20 min 37 sec) 24 R-R (18–25 sec) 17 R-R (12–18 sec)

* Data are given for x, y, and z directions, respectively.
† Data are reduction factors. GRAPPA = generalized autocalibrated partially parallel acquisitions.
‡ Numbers in parentheses are ranges.

to allow direct comparison with spiral 
4D flow imaging, the standard cine 2D 
phase-contrast technique was selected 
because of its wide use for single-ves-
sel measurement. Both prototype 4D 
flow sequences used four-point velocity 
encoding (15) of 60 cm/sec and were 
performed in the same coronal oblique 
orientation by using a 60-mm slab cov-
ering hepatic vessels as well as aortic 
branches and inferior vena cava, with 
approximately matched spatial and 
temporal resolutions (spatial resolution: 
2.5 3 3.9 3 5 and 2.5 3 2.5 3 5 mm2; 
temporal resolution: 68.4 and 66.2 
msec for Cartesian and spiral 4D flow 
imaging, respectively). Subjects were 
asked to keep their arms up to avoid 
aliasing artifacts. For Cartesian 4D flow 
imaging, a crossed-pair navigator was 
placed on the dome of the spleen to 
track breathing motion. Cine 2D phase-
contrast imaging was performed in the 
portal vein by using a velocity encoding 
of 60 cm/sec, spatial resolution of 1.6 
3 3.3 3 7 mm2, and temporal resolu-
tion of 41.8 msec. A plane was selected 
perpendicular to the main extrahepatic 
portal vein by using coronal, axial, and 
sagittal half-Fourier rapid acquisition 

with relaxation enhancement to localize 
the vessel. Parallel imaging (GRAPPA, 
generalized autocalibrated partially 
parallel acquisitions [16]) was used to 
accelerate both cine 2D phase-contrast 
and Cartesian 4D flow with a reduc-
tion factor of 2. Average acquisition 
time was 15 seconds, 22 seconds, and 
11 minutes 21 seconds for 2D phase-
contrast, spiral 4D flow, and Cartesian 
4D flow imaging, respectively.

Spiral 4D flow acquisition and re-
construction methods are depicted in 
Figure 1 and detailed in Appendix E1 
(online). Briefly, a 3D stack of spirals  
was acquired. Sub-Nyquist sampling 
was performed by using spirals of var-
iable density and an acceleration factor 
of six, resulting in two acquired shots 
per 3D phase-encoding step. There-
fore, the whole volume (12 sections) 
was acquired in only 24 heartbeats. A 
dynamic compressed sensing framework 
was used for reconstruction. This frame-
work has previously been validated for 
Cartesian imaging with an acceleration 
factor up to eight (17–20). Reconstruc-
tion routines were implemented by using 
Matlab (Matlab, R2012b; Mathworks, 
Natick, Mass) and took about 3 hours 

per subject with use of a desktop com-
puter (12-core Xeon processor with 64 
GB of RAM and no algorithm parallel-
ization; Intel, Santa Clara, Calif). After 
compressed sensing reconstruction, 
phase-difference images (Fig 2) were 
computed and residual phase offsets 
were eliminated by fitting a third-order 
polynomial to static tissue (21) for each 
of the three velocity-encoding directions 
by using the Matlab fit function. A static 
tissue mask was generated by discarding 
the voxels with large temporal fluctua-
tions on the phase image. An example of 
spiral datasets before and after recon-
struction is given in Movie 1 (online).

Image Analysis
A prototype 4D flow software devel-
oped by the Siemens MR Imaging Re-
search Group (A.S.) was used to ana-
lyze data. The software was obtained by 
means of a master research agreement 
with Siemens. All data information was 
controlled by study investigators who 
were not employees or consultants 
of Siemens (H.D., A.K., G.J., C.B., 
Y.C., M.M., and B.T.). In arteries, 
the average flow rate, average veloc-
ity, peak velocity, and average vessel 
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area were extracted for the abdominal 
aorta (above celiac axis and below re-
nal arteries), celiac axis, and hepatic, 
splenic, superior mesenteric, and main 
renal arteries. In veins, the average flow 
rate, average velocity, peak velocity, 
and average vessel area were extracted 
for the right, middle, and left hepatic 
veins, inferior vena cava (below and 
above renal veins), and portal, splenic, 
superior mesenteric, and renal veins.

Phase antialiasing present in high-
velocity vessels was performed by ex-
amining voxel velocities over time. For 
each voxel, the algorithm corrected for 
pairs of opposite large jumps (larger 
than 2 3 velocity encoding) in the ve-
locity-time curves.

The quality of 4D flow images was 
evaluated by two independent observers 
(C.B. and Y.C., radiologists with 3 and 
10 years of experience, respectively) by 
using the time-averaged 3D angiogram. 
Vessel conspicuity and sharpness was 
graded as follows: 0, vessel not seen; 1, 

severely to moderately blurred; 2, mildly 
blurred; and 3, well delineated. The de-
gree of background artifacts was graded 
as follows: 1, severe; 2, moderate; and 
3, minimal or none. Observers were not 
blinded to the type of acquisition but 
analyzed all Cartesian data and then all 
spiral data consecutively to avoid bias 
resulting from direct comparison.

Quantitative flow analysis was per-
formed by two additional independent 
observers (H.D., a postdoctoral fellow, 
and A.K., a 4th year medical student, 
with 4 years and 1 year of experience 
in image analysis) who measured time-
averaged flow and through-plane veloc-
ity, vessel area, and peak through-plane 
velocity for each vessel. Before the 
analysis, a radiologist (C.B.) identified 
all vessels of interest. For 4D flow datas-
ets, segmentation was performed by us-
ing a centerline detection algorithm (22) 
by selecting at least two seeds in the 
vessel lumen. A planar region of interest 
was automatically placed perpendicular 

to the segmented vessel to quantify the 
cross-sectional blood flow. To test in-
ternal consistency of the flow measure-
ment (12), conservation of flow was 
evaluated at two sites: the portal vein–
splenic vein–superior mesenteric vein 
confluence and the celiac artery–he-
patic artery–splenic artery bifurcation. 
Four-dimensional flow processing took 
10–20 minutes per case, depending on 
the number of vessels analyzed. Cine 2D 
phase-contrast images were analyzed by 
using software locally developed on Mat-
lab (R2012b). The magnitude image was 
used to segment the high-signal-intensity 
portal vein from darker background tis-
sue, and flow parameters were extracted 
from the segmented phase image.

Statistical Analysis
Agreement between 4D flow sequences 
and between readers in terms of im-
age quality was evaluated by using the 
weighted k test (slight agreement, k 
, 0.2; fair agreement, 0.2 , k , 0.4; 
moderate agreement, 0.4 , k , 0.6; 
substantial agreement, 0.6 , k , 0.8; 
and almost-perfect agreement, 0.8 , k 
, 1). Quantitative flow parameters were 
reported as medians and interquartile 
ranges over the population. Comparison 
between Cartesian 4D flow and spiral 
4D flow in all vessels was performed as 
follows: For each parameter, a binary 
indicator variable was considered such 
that it takes the value 1 when the two 
measurements on the same vessel dif-
fer by a magnitude no greater than a 
threshold D and the value 0 otherwise. 
D was set as 30% of the respective av-
erage parameter value on the basis of 
previous reports on phase-contrast tech-
nique variability (2,23). A binary logistic 
regression for correlated data (24) was 
used to derive the 95% confidence in-
terval for the percentage of times the 
methods provide measurements within 
threshold D for the same vessel. Equiv-
alence between techniques was deemed 
negligible, low, acceptable, good, and 
almost perfect for values greater than 
0%, greater than 20%, greater than 
40%, greater than 60%, and greater 
than 80% of the lower bound of the 
95% confidence interval. Differences in 
flow parameter distributions between 

Figure 1

Figure 1: Sampling and reconstruction strategy for accelerated spiral 4D flow phase-contrast imaging. 
A, Undersampled variable-density spiral trajectory, which performs eight k-space revolutions per readout. 
V

0
 = reference velocity; V

X
, V

Y
, and V

Z
 are encoded velocity in x, y, and z directions; u = random rotation 

angle for trajectory. B, Cardiac-triggered acquisition. Random rotations were applied to trajectory for each 
dynamic frame (velocity encodings and cardiac phases). ECG = echocardiography. C, Compressed sensing 
reconstruction pipeline. The coil sensitivity map was derived from acquired data itself and inserted in the 
compressed sensing reconstruction framework. A = encoding matrix, including fast Fourier transform (FFT ) 
and coil profiles, c = sparsifying transform, x = image, y = k-space, and l = regularization factor.
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Figure 2

Figure 2: Example of datasets obtained with Cartesian (A–D, I ) and spiral (E–H, J) 4D flow techniques. 
A, E, magnitude images; B–D, F–H, phase-difference images (VX, VY, and VZ correspond to velocity 
measured with motion-encoding gradients in right-left, anterior-posterior, and foot-head directions, 
respectively); I, J, 3D angiograms for Cartesian and spiral acquisitions, respectively (velocity encoding = 
60 cm/sec). Dark lines proximal to spleen on Cartesian series (arrow) show cross-beam navigator used 
for respiratory gating. Phase aliasing present in aorta and vena cava was corrected for during postpro-
cessing. Three-dimensional angiogram shows segmented view of portal, splenic, and superior mesenteric 
veins with comparable quality and conspicuity.

Cartesian and spiral 4D flow were evalu-
ated by using the paired Wilcoxon test. 
In the portal vein, literal agreement be-
tween Cartesian, spiral 4D flow, and 2D 
phase-contrast imaging was character-
ized in terms of the Bland-Altman limits 
of agreement. Conservation of flow was 
assessed by computing the coefficient of 
variation between afferent and efferent 
flow. Statistical analysis was performed 
with software (SAS 9.3; SAS Institute, 
Cary, NC).

Results

Image Quality
Moderate to substantial agreement was 
observed in vessel conspicuity and/or 

sharpness between spiral and Cartesian 
4D flow images in arteries (k = 0.71 for 
observer 1 and observer 2) or veins (k 
= 0.61 and 0.44 for observer 1 and ob-
server 2, respectively) (Fig 2). However, 
we observed increased background ar-
tifacts on spiral images compared with 
Cartesian 4D flow images (k = 0.30 and 
0.20 for observer 1 and observer 2, re-
spectively). Substantial interobserver 
agreement was observed in terms of im-
age quality assessment (k = 0.65). Exam-
ples of flow visualization in the portal, su-
perior mesenteric, and splenic veins are 
shown in Movies 2 and 3 (online).

Flow Parameters
A total of 132 visible abdominal ves-
sels were evaluated during 4D flow 

processing (five to 18 vessels per sub-
ject, depending on 3D volume orienta-
tion and vessel anatomy). Only vessels 
visible on both Cartesian and spiral 
4D flow images were included in the 
analysis. Per-vessel parameters from 
4D flow and cine 2D phase-contrast 
acquisitions are given in Table 2. Bi-
nary logistic regression results and 
Bland-Altman limits of agreement are 
given in Tables 3 and 4. Good equiv-
alence was observed between 4D flow 
techniques assessed in all abdominal 
vessels, with a lower bound of the 
95% confidence interval of 63%, 77%, 
60%, and 64% of vessels showing a 
difference less than 30% of the aver-
age parameter value for flow, area, 
average, and peak velocities, respec-
tively. Good to almost-perfect equiva-
lence was observed between readers. 
Compared with Cartesian 4D flow im-
aging (performed in all upper abdom-
inal vessels), spiral 4D flow imaging 
resulted in significantly lower vessel 
area (P , .001) and lower flow (P , 
.001), whereas weakly significant dif-
ferences were noted for average and 
peak velocity (P = .028 and P = .024, 
respectively). In the portal vein, spiral 
4D flow was in better agreement with 
cine 2D phase-contrast flow than was 
Cartesian 4D flow, for which the av-
erage flow was higher. Scatterplots 
are shown in Figure 3 for all vessels, 
and Bland-Altman plots are shown in 
Figure 4 for the portal vein only. In-
terobserver agreement was similar for 
Cartesian 4D flow, spiral 4D flow, and 
cine 2D phase-contrast flow (Table 4).

Conservation of flow (evaluated in 
five subjects in whom the celiac artery 
bifurcation and superior mesenteric–
splenic vein confluence were clearly 
identified) yielded similar coefficients 
of variation for Cartesian and spiral 4D 
flow: 1.7 and 2.0 mL/sec, respectively, 
for the portal–splenic vein confluence 
and 2.1 and 1.8 mL/sec for the celiac 
axis bifurcation.

Discussion

We have demonstrated that combining 
efficient spiral sampling with dynamic 
compressed sensing reconstruction 
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Table 2

Flow Parameters for Each Major Abdominal Vessel Measured at Cartesian 4D Flow, Spiral 4D Flow, and Cine 2D Phase-Contrast 
Imaging

Vessel*

Cartesian 4D Flow Imaging Spiral 4D Flow Imaging

Flow (mL/sec) Area (cm2 ) V
AVG

 (cm/sec) V
PEAK

 (cm/sec) Flow (mL/sec) Area (cm2 ) V
AVG

 (cm/sec) V
PEAK

 (cm/sec)

Hepatic artery (n = 6) 3.6 (1.7) 49.6 (7.9) 5.7 (2.9) 19.5 (9.4) 3.5 (3.2) 44.2 (18.4) 6.8 (3.5) 23.8 (19.0)
Portal vein (n = 10) 9.3 (6.7) 113.2 (104.7) 8.0 (5.5) 15.3 (8.7) 7.5 (5.9) 104.5 (31.8) 7.8 (3.4) 16.1 (5.0)
Right HV (n = 6) 6.1 (2.7) 80.4 (66.4) 7.3 (2.3) 18.4 (8.8) 4.1 (3.5) 67.6 (30.3) 5.9 (4.3) 17.1 (9.5)
Middle HV (n = 4) 6.7 (3.9) 79.0 (13.3) 8.2 (4.8) 23.8 (18.9) 2.9 (2.0) 58.0 (10.0) 6.6 (3.3) 22.6 (13.7)
Left HV (n = 4) 4.5 (2.2) 69.6 (22.1) 6.0 (3.5) 26.4 (15.8) 3.8 (2.2) 61.2 (12.1) 7.4 (4.3) 20.3 (23.5)
Celiac axis (n = 8) 7.3 (4.1) 56.4 (15.6) 12.9 (7.7) 43.3 (49.4) 5.0 (3.8) 44.9 (18.5) 13.7 (9.8) 44.1 (39.9)
Splenic artery (n = 10) 4.2 (3.4) 58.5 (17.5) 6.4 (8.8) 18.6 (28.5) 3.4 (3.5) 37.6 (7.3) 10.2 (6.4) 34.6 (24.4)
Splenic vein (n = 9) 4.0 (2.6) 66.6 (31.8) 6.1 (2.8) 11.3 (8.7) 3.6 (2.9) 46.5 (25.1) 6.9 (3.4) 12.7 (6.5)
SMA (n = 9) 5.6 (1.4) 58.4 (25.0) 9.0 (3.4) 49.0 (41.0) 4.4 (1.6) 44.0 (15.1) 10.5 (4.2) 44.8 (27.0)
SMV (n = 6) 4.4 (2.2) 77.5 (20.6) 6.0 (3.0) 12.2 (3.3) 2.9 (1.8) 68.6 (48.7) 4.7 (1.8) 12.0 (3.0)
Right renal artery (n = 7) 7.3 (4.0) 58.7 (18.4) 11.8 (4.0) 42.4 (15.0) 4.4 (2.6) 45.1 (8.1) 10.5 (3.4) 29.3 (3.2)
Right renal vein (n = 6) 5.7 (1.3) 87.2 (19.2) 6.9 (2.0) 13.3 (5.1) 4.2 (1.7) 80.4 (20.0) 5.6 (1.4) 12.2 (1.6)
Left renal artery (n = 9) 5.5 (1.9) 50.4 (10.8) 10.4 (3.3) 34.5 (10.4) 5.8 (3.0) 46.0 (12.1) 13.0 (4.9) 31.5 (14.4)
Left renal vein (n = 7) 8.2 (1.9) 97.4 (22.8) 8.2 (1.0) 17.5 (8.9) 5.5 (2.4) 78.9 (21.8) 6.9 (2.0) 18.9 (10.5)
Aorta above celiac axis (n = 8) 53.8 (30.4) 295.8 (109.5) 18.6 (9.1) 69.0 (29.3) 44.1 (25.9) 309.9 (99.4) 14.1 (9.1) 62.4 (33.8)
IVC above renal vein (n = 9) 29.9 (18.8) 297.1 (218.9) 17.0 (10.4) 35.9 (26.1) 27.2 (19.2) 256.9 (152.9) 11.8 (8.4) 34.3 (21.7)
Aorta below renal artery (n = 9) 20.7 (18.3) 167.4 (56.0) 12.5 (7.8) 61.7 (30.1) 16.2 (13.1) 165.9 (36.1) 8.4 (8.0) 57.5 (38.9)
IVC below renal vein (n = 9) 17.0 (13.3) 171.0 (85.8) 10.1 (6.3) 23.1 (6.1) 10.4 (13.8) 129.7 (78.8) 6.8 (6.8) 18.7 (9.7)

Note.—Flow parameters are given as medians, with interquartile range in parenthesis. Area = time-averaged vessel area, flow = time-averaged total flow. HV = hepatic vein, IVC = inferior vena cava, 
SMA = superior mesenteric artery, SMV = superior mesenteric vein, VAVG = time-averaged through-plane velocity, VPEAK = maximum through-plane velocity. Cine 2D phase-contrast imaging was 
performed only in the portal vein (n = 10). The flow was 8.4 mL/sec (interquartile range, 2.4 mL/sec), area was 184.3 cm2 (interquartile range, 41.5 cm2), time-averaged through-plane velocity was 
4.7 cm/sec (interquartile range, 1.7 cm/sec), and maximum through-plane velocity was 7.0 cm/sec (interquartile range, 2.4 cm/sec). 

* Numbers in parentheses are numbers of measured vessels.

enables substantial acceleration of 4D 
flow acquisition (from an average of ap-
proximately 11 minutes down to a sin-
gle breath hold) while providing similar 
performance for flow parameter esti-
mation when compared with standard 
Cartesian 4D flow and cine 2D phase-
contrast measurements in vivo.

The primary goal of phase-contrast 
imaging in the abdomen is to quantify 

blood flow in abnormalities such as 
portal hypertension or to help diag-
nose vascular obstruction or stenosis. 
Cartesian 4D flow and cine 2D phase-
contrast imaging have been previously 
validated against Doppler US and were 
thus selected to assess the perfor-
mance of the novel spiral acquisition 
technique. When comparing spiral 
and Cartesian 4D flow quantification 

in abdominal vessels, we found good 
equivalence between the two tech-
niques. When estimating the accuracy 
of flow conservation at two different 
sites (splenic–superior mesenteric 
vein confluence and celiac axis bifur-
cation), we found similar variability 
for the flow at Cartesian 4D imaging 
and spiral 4D imaging. Furthermore, 
in our small series, flow at spiral 4D 
imaging was in better agreement with 
that at cine 2D phase-contrast imaging 
than was flow at Cartesian 4D imaging 
for portal venous flow measurement. 
This must be verified in a larger series. 
This could be due to the fact that both 
cine 2D phase-contrast and spiral 4D 
flow were acquired in a breath hold, 
thereby limiting motion-related blur-
ring, whereas acquisition of Cartesian 
4D flow necessitated respiratory trig-
gering. Increased blurring may also ex-
plain the significantly higher flow and 
vessel area measured with Cartesian 

Table 3

Result of Binary Logistic Regression

Parameter Flow (%) Area (%) V
AVG

 (%) V
PEAK

 (%)

Intertechnique: spiral 4D vs Cartesian 4D imaging 63–82 77–89 60–75 64–77
Interobserver
 Cartesian 4D imaging 81–92 84–94 73–88 71–86
 Spiral 4D imaging 87–95 82–92 75–89 71–89

Note.—Data are for all vessels; 95% limits of agreement are given for the percentage of times the comparison yields flow 
parameters within 30% difference. Flow = time-averaged total flow, area = time-averaged vessel area, V

AVG
 = time-averaged 

through-plane velocity, V
PEAK

 = maximum through-plane velocity.
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Figure 3

Figure 3: Scatterplots show parameters for spiral 4D flow versus Cartesian 4D flow imaging in 132 ab-
dominal vessels measured in 10 subjects. For each subject, all abdominal vessels were included in analysis. 
Results of logistic regression are shown in Table 3.

Table 4

Summary of Bland-Altman Limits of Agreement

Comparison Flow (mL/sec) Area (cm2 ) V
AVG

 (cm/sec) V
PEAK

 (cm/sec)

Intertechnique*
 Spiral 4D vs Cartesian 4D imaging 21.8 (211.8, 8.2) 20.15 (20.94, 0.65) 20.3 (26.1, 5.5) 20.1 (28.9, 8.8)
 Cartesian 4D vs PC2D imaging 2.1 (210.6, 14.6) 20.59 (21.55, 0.38) 3.4 (23.3, 10.0) 8.2 (20.4, 16.8)
 Spiral 4D vs PC2D imaging 0.2 (28.8, 9.3) 20.73 (21.51, 0.04) 3.1 (20.6, 6.8) 8.1 (2.3, 14.0)
Interobserver†

 Cartesian 4D imaging 0.2 (23.5, 3.9) 20.03 (20.34, 0.29) 0.2 (23.3, 3.6) 20.1 (24.7, 4.6)
 Spiral 4D imaging 21.1 (25.1, 2.8) 20.12 (20.79, 0.56) 20.2 (21.8, 1.3) 0.2 (21.6, 2.1)
 PC2D imaging 20.6 (25.2, 4.1) 0.11 (20.26, 0.49) 20.6 (23.4, 2.2) 20.3 (22.1, 1.4)

Note.—Data were obtained for comparison of spiral 4D flow imaging, Cartesian 4D flow imaging (both assessed in upper abdominal vessels), and cine 2D phase-contrast imaging (PC2D, assessed in 
the portal vein) and for interobserver reproducibility. Data are mean Bland-Altman bias. Flow = time-averaged total flow, area = time-averaged vessel area, VAVG = time-averaged through-plane velocity, 
VPEAK = peak through-plane velocity.

* Numbers in parentheses are 95% limits of agreement for each method.
† Numbers in parentheses are 95% limits of agreement for readers 1 and 2, respectively.

4D flow imaging compared with spiral 
4D flow imaging. Of note, cine 2D 
phase-contrast imaging resulted in 
lower velocity and higher area when 
compared with both 4D flow tech-
niques in the portal vein, which may 
be a result of imperfect alignment of 
the measurement plane at imaging. 
However, such an error negligibly af-
fects total flow rate measurement, for 
which cine 2D phase-contrast imaging 
had comparable values to 4D imaging.

Robust analysis is an important 
condition for reliable quantitative flow 
measurement, which should yield low 
interobserver variability. For all abdom-
inal vessels, interobserver agreement of 
spiral 4D flow was similar to or better 
than that of Cartesian 4D flow. For por-
tal venous flow measurement, similar 
interobserver agreement was found for 
spiral 4D flow, Cartesian 4D flow, and 
cine 2D phase-contrast flow, which in-
dicates equivalent performance of the 
novel spiral acquisition compared with 
standard methods.

Acquisition times for both 4D flow 
techniques were significantly different. 
The required number of cardiac cycles 
was more than 10 times lower for the 
spiral technique (24 heartbeats) than 
for twofold accelerated Cartesian sam-
pling (250 heartbeats). Furthermore, 
dual triggering in Cartesian 4D flow led 
to poor efficiency (about 35%) and a 
longer imaging time. Conversely, spiral 

acquisition collected all necessary data 
within a breath hold without the need 
for a respiratory navigator. Such a fast 

acquisition could be exploited to in-
crease spatiotemporal resolution or to 
acquire multiple velocity encoding to 



TECHNICAL DEVELOPMENTS: Abdominal 4D Flow MR Imaging in a Breath Hold Dyvorne et al

252 radiology.rsna.org n Radiology: Volume 275: Number 1—April 2015

Figure 4

Figure 4: Bland-Altman plots show comparison of parameters obtained for (a) spiral 4D flow versus Cartesian 4D flow imaging, (b) Cartesian 4D flow versus cine 
2D phase-contrast imaging, and (c) spiral 4D flow versus cine 2D phase-contrast imaging in portal vein in 10 subjects. Bland-Altman limits of agreement are shown 
in Table 4. The velocity and area bias observed for cine 2D phase-contrast versus 4D flow techniques may be due to imperfect plane alignment (which does not affect 
total flow). Average portal venous flow was 10.6, 8.8, and 8.6 mL/sec with Cartesian 4D flow, spiral 4D flow, and cine 2D phase-contrast imaging, respectively.
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assess arterial and venous flow in sepa-
rate acquisitions.

Sub-Nyquist sampling as per-
formed in our study with an acceler-
ation factor of six requires advanced 
reconstruction techniques, otherwise 
undesirable artifacts may result. Al-
though good performance was reached 
with respect to flow quantification, 
image quality was found to be worse 
for spiral 4D flow. There are multi-
ple ways to improve the image qual-
ity. First, spiral reconstruction may 
benefit from correction techniques 
(25,26). Second, compressed sensing 
reconstruction may use extra regular-
ization terms that promote angiogram 
(27,28) or phase characteristic (29) 
properties. This could be evaluated in 
future studies.

There are limitations to this study. 
First, a breath-hold acquisition with 
sufficient coverage resulted in mod-
erate spatial resolution, which would 
need to be increased to more accu-
rately measure the hepatic arterial 
tree and arterial stenosis. This could 
be achieved by using concatenated 
breath holds or by exploring higher ac-
celeration rates. Our technique could 
also be adapted to provide increased 
velocity dynamic range by using the 
five-point velocity encoding method 
(30). Second, the small numbers in our 
validation cohort did not enable us to 
compare healthy subjects and patients 
with liver disease. Finally, the recon-
struction algorithm efficiency should 
be improved to provide images at im-
aging time. This could be addressed by 
exploiting recent advances in parallel 
computing for MR imaging (31).

In conclusion, we have demon-
strated that combining highly efficient 
spiral sampling with dynamic com-
pressed sensing results in major accel-
eration for 4D flow MR imaging, which 
allows comprehensive assessment of 
abdominal vessel hemodynamics in a 
single breath hold. Good vascular con-
spicuity was observed in abdominal 
vessels, although with decreased image 
quality, and quantitative parameters 
derived from the novel technique were 
in strong agreement with those from 
established phase-contrast techniques 

such as cine 2D phase-contrast and 
Cartesian 4D flow imaging.
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