
TECHNICAL DEVELOPMENT

Three-dimensional (3D) cine phase-contrast MRI, also 
known as four-dimensional (4D) flow MRI, enables 

time-resolved quantification and visualization of 3D hemo-
dynamics. However, clinical implementation of 4D flow 
MRI is still limited by long imaging times associated with 
multidimensional imaging. In addition, respiratory mo-
tion is typically addressed through the use of a navigator, 
which follows the motion of the diaphragm and discards 
data acquired outside of end expiration (Resp1). Not only 
does this approach result in reduced imaging efficiency, but 
it also prohibits measurement of respiration-resolved flow 
dynamics. Moreover, respiratory effects on cardiopulmonary 
circulation may be of clinical interest in patients who have 
undergone the Fontan procedure, for example (1).

Studies (2–5) have demonstrated the feasibility of 
an optimized and automated five-dimensional (5D) 

compressed-sensing whole-heart sparse MRI framework 
for fully self-gated cardiac and respiratory motion–resolved 
imaging of the heart. This framework incorporates con-
tinuous data acquisition for a set imaging time following a 
3D radial spiral phyllotaxis sampling pattern, which allows 
for flexible temporal binning and high undersampling fac-
tors. However, prior work on this technique has focused 
primarily on functional and anatomic imaging of the heart 
and coronary vessels (2–5).

Several groups (6–12) have investigated the use of 
similar techniques (fixed imaging times, self-gating, and 
compressed sensing) for respiratory-resolved 3D hemo-
dynamics. A combined approach using both cardiac and 
respiratory self-gating with 3D radial sampling remains 
to be explored. Here, we propose an expansion of a pre-
viously described and validated fully self-gated 5D MRI 
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Purpose: To implement, validate, and apply a self-gated free-running whole-heart five-dimensional (5D) flow MRI framework to 
evaluate respiration-driven effects on three-dimensional (3D) hemodynamics in a clinical setting.

Materials and Methods: In this prospective study, a free-running five-dimensional (5D) flow sequence was implemented with 3D radial 
sampling, self-gating, and a compressed-sensing reconstruction. The 5D flow was evaluated in a pulsatile phantom and adult partici-
pants with aortic and/or valvular disease who were enrolled between May and August 2019. Conventional twofold-accelerated four-di-
mensional (4D) flow of the thoracic aorta with navigator gating was performed as a reference comparison. Continuous parameters were 
evaluated for parameter normality and were compared between conventional 4D flow and 5D flow using a signed-rank or two-tailed 
paired t test. Differences between respiratory states were evaluated using a repeated-measure analysis of variance or a nonparametric 
Friedman test.

Results: A total of 20 adult participants (mean age, 49 years 6 17 [standard deviation]; 18 men and two women) were included. In vi-
tro 5D flow results showed excellent agreement with conventional 4D flow–derived values (peak and net flow, ,7% difference over all 
quantified planes). Whole-heart 5D flow data were collected in all participants in 7.65 minutes 6 0.35 (acceleration rate = 36.0–76.9) 
versus 9.88 minutes 6 3.17 for conventional aortic 4D flow. In vivo, 5D flow demonstrated moderate agreement with conventional 
4D flow but demonstrated overestimation in net flow and peak velocity (up to 26% and 12%, respectively) in the ascending aorta and 
underestimation (,12%) in the arch and descending aorta. Respiratory-resolved analyses of caval veins showed significantly increased 
net and peak flow in the inferior vena cava in end inspiration compared with end expiration, and the opposite trend was shown in the 
superior vena cava.

Conclusion: A free-running 5D flow MRI framework consistently captured cardiac and respiratory motion–resolved 3D hemodynamics 
in less than 8 minutes.

Supplemental material is available for this article.
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mensional fast-Fourier transform was performed on the supe-
rior-inferior k-space lines, which were then concatenated into 
a (Np 3 Nc)-by-Ns matrix, where Np is the number of readout 
samples, Nc is the number of coils, and Ns is the number of to-
tal superior-inferior projections. Trajectory-related signal mod-
ulations were first filtered out of each superior-inferior pro-
jection (17,18). Principal component analysis was performed 
along the Np 3 Nc dimensions. The principal component with 
the highest energy in the 0.5 to 2.0-Hz range was selected as 
the cardiac component, band-pass filtered, with an automatic 
algorithm searching for participant-specific physiologic mo-
tion frequencies, and transformed back into the time domain 
for cardiac data sorting. A similar principal component analysis 
and filtering process was applied to the respiratory component 
(0.120.5 Hz) for binning.

These signals were then used to bin the continuously acquired 
radial lines into a multidimensional data set (kx-ky-kz-cardiac-
respiratory-vxyz; Fig 1, C). A cardiac temporal resolution equal to 
eight repetition times totaling approximately 40 msec was used 
for all reconstructions. All in vivo data were binned into four 
respiratory-motion states, ranging from Resp1 to end inspira-
tion (Resp4) on the basis of the amplitude of the respiratory sig-
nal. Bin widths were determined automatically to yield the same 
number of k-space lines in each respiratory bin.

Highly undersampled 5D flow images were reconstructed us-
ing compressed sensing by solving the following optimization 
equation:

 (3,4,16),

where m is the reconstructed 5D flow data set, F is the non-
uniform fast-Fourier transform operator, and s is the acquired 
radial data. lc, lr, and l

s
 represent the regularization weights 

along the cardiac, respiratory, and spatial dimensions, respec-
tively (see Appendix E1 [supplement]). ∇ is the finite differ-
ence sparsifying operator.

In Vitro Experiments
The 5D flow workflow was validated using a previously de-
scribed in vitro MRI-compatible pulsatile flow phantom deliv-
ering flow rates of approximately 250 mL/sec and a U-shaped 
polyvinyl-chloride pipe (schedule 40, 0.75 inches), representing 
a simplified aorta (19). Gadolinium-enhanced water was used as 
fluid, with the following 5D imaging parameters: 101 220 ra-
dial views; velocity encoding, 150 cm/sec; acquisition matrix, 
112 3 112 3 112; spatial resolution, 2.3 mm3; echo time, 2.93 
msec; repetition time, 4.7 msec; flip angle, 15°; and reconstruc-
tion with one respiratory bin. Data were binned using acquired 
electrocardiographic timestamps from a trigger signal that was 
synced to the pulsatile flow and reconstructed using only a 
nonuniform fast-Fourier transform (to grid and transform the 
radial data without compressed sensing) to evaluate the valid-
ity of the sequence gradients, using the full multidimensional 
compressed-sensing framework. A conventional Cartesian 4D 
flow image (retrospective triggering, generalized autocalibrating 
partially parallel acquisition, acceleration rate = 2) was acquired 
with matched imaging parameters as a reference standard. All 
components of this experiment were performed once.

framework to cardiac and respiratory motion–resolved 3D flow 
imaging—5D flow MRI (4). This technique incorporates 3D ra-
dial imaging and fully integrated cardiac and respiratory self-gat-
ing into a highly accelerated, flexible framework with predictable 
imaging time. This study thus aimed to validate and evaluate the 
initial feasibility and performance of 5D flow MRI in vitro and 
in participants in a standard clinical setting.

Materials and Methods

Pulse Sequence
A prototypic 5D flow MRI sequence was implemented us-
ing a free-running framework (Fig 1) (2–4). All images were 
acquired with a 1.5-T MAGNETOM Aera scanner (Siemens 
Healthcare, Erlangen, Germany). An uninterrupted sequence 
following a 3D radial spiral phyllotaxis sampling pattern (13) 
was segmented into multiple interleaves (Fig 1, A). Each in-
terleaf started with a superior-inferior direction acquisition 
for self-gating, and each subsequent readout was repeated 
four times for balanced four-point velocity encoding. Inter-
leaves were sequentially rotated by the golden angle (137.51°) 
throughout the sequence. For this study, each interleaf con-
sisted of six total angles, resulting in 21 total readouts per in-
terleaf (one superior-inferior plus 5 3 4 velocity encodes), to 
maintain a self-gating sampling rate of approximately 9.5 Hz 
for reliable sampling of cardiac motion within a normal but 
robust range of heart rates (14).

Motion Extraction, Data Sorting, and Compressed 
Reconstruction
Cardiac and respiratory-motion signals were extracted from the 
superior-inferior profiles using a previously validated principal 
component analysis approach (Fig 1, B) (4,15,16). A one-di-

Abbreviations
5D = five-dimensional, 4D = four-dimensional, ICV = inferior 
vena cava, Resp1 = end expiration, Resp4 = end inspiration, SVC = 
superior vena cava, 3D = three-dimensional

Summary
A free-running fully self-gated five-dimensional flow MRI framework 
was introduced and validated in vitro and in vivo; results demonstrat-
ed that this technique can consistently and reliably capture respirato-
ry-driven effects on cardiovascular flow in less than 8 minutes.

Key Points
 n A fully self-gated free-running five-dimensional (5D) flow MRI 

framework for acquisition and evaluation of cardiac and respira-
tory motion–resolved three-dimensional hemodynamics was 
implemented and validated.

 n Whole-heart 5D flow data were collected in all participants in 
7.65 minutes 6 0.35 (acceleration rate = 36.0–76.9) versus 9.88 
minutes 6 3.17 for conventional four-dimensional (4D) flow of 
the thoracic aorta (P , .05).

 n In vitro validations in a pulsatile phantom suggest good agreement 
(within 7%) between conventional 4D flow and 5D flow, whereas 
in vivo respiratory-resolved analyses suggested that peak velocities 
and flows increase in the superior vena cava and decrease in the in-
ferior vena cava at end inspiration compared with end expiration.

http://radiology-cti.rsna.org
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Figure 1: Five-dimensional flow MRI framework. A, Pulse sequence: continuous acquisition with spatial encoding following a three-dimensional 
(3D) radial, spiral phyllotaxis sampling pattern, interspersed with superior-inferior (SI) projections, which were used to extract, B, cardiac and respira-
tory self-gating signals. Bipolar flow–encoding gradients were added to spatial-encoding gradients in patterns of four successive repetition times (TR) 
required for 3D velocity-encoding. The total number of TRs per interleaf has been reduced in this figure for demonstration purposes (see Methods). C, 
Data are retrospectively binned into cardiac, respiratory, and velocity-encoded dimensions and gridded onto Cartesian coordinates for reconstruction 
using a compressed-sensing framework with a data-fidelity term and cardiac and respiratory regularization. The electrocardiogram (ECG) is shown 
for demonstration purposes only. TR representations are lengthened relative to the ECG. Gx, Gy, and Gz represent the magnetic gradients in the x, y, 
and z directions, respectively. RF = radiofrequency pulse.

ing protocol, and thus 20 participants were included in the 
final analysis (mean age, 49 years 6 17 [standard deviation]; 
18 men). Participants were recruited between May and Au-
gust 2019. A total of 21 adult participants who underwent 
contrast material–enhanced (0.2 mmol/kg of gadobutrol 
[Gadavist; Bayer, Leverkusen, Germany] or gadoterate 
meglumine [Dotarem; Guerbet, Villepinte, France]) car-
diothoracic standard-of-care MRI for aortic valve disease (n 
= 16, where 12 of 16 received clinical calculations of left 
ventricular stroke volume based on clinical cine imaging) or 
research MRI (n = 5, recruited on prior MRI indications for 
cardiovascular or cerebrovascular disease), including con-
ventional navigator-gated 4D flow MRI of the aorta, were 
prospectively recruited for a same-session whole-heart 5D 
flow MRI examination (additional details in Appendix E2 
and Table E1 [supplement]).

The 4D flow and 5D flow preprocessing included noise-fil-
tering, background phase correction (Fig E1–E3 [supplement]), 
and correction for velocity aliasing when necessary for all in vivo 
and in vitro data (20). Fluid flow was visualized using peak ve-
locity maximum-intensity projections and systolic 3D stream-
lines (EnSight; Computational Engineering International, The 
Woodlands, Tex). Ten analysis planes were placed throughout 
the segmentation for calculation of time-resolved peak velocities 
and peak flow (Fig 2).

In Vivo Cohort
This Health Insurance Portability and Accountability Act–
compliant study was approved by our local institutional re-
view boards, and all participants provided written informed 
consent. One participant with bicuspid aortic valve disease 
was excluded because they were unable to finish the imag-

http://radiology-cti.rsna.org
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compressed sensing, nonuniform fast-Fourier transform, 
and conventional 4D flow reconstructions. Although com-
pressed-sensing flow curves and streamlines appeared less 
noisy than those from the nonuniform fast Fourier trans-
form reconstruction, both reconstructions resulted in he-
modynamics similar to those of the conventional 4D flow 
acquisition. Time-resolved flow curves (Fig 2) demonstrated 
good-to-excellent quantitative agreement (Table 1), with 
peak flow, net flow, and peak velocity within 7% of those 
for conventional 4D at all planes except plane 1, at the edge 
of the field of view.

Adult Participants
Whole-heart 5D flow MRI times were shorter than those for 
conventional 4D flow of the aorta (7.65 minutes 6 0.35 vs 
9.88 minutes 6 3.17; P , .01). Figure 4 shows a participant 
with a bicuspid aortic valve, for which the end-expiratory 5D 
flow data showed reasonable visual agreement of hemodynam-
ics with those of conventional 4D flow. Time-resolved net and 
peak flow analyses demonstrated moderate agreement (gener-
ally ,15%; Table 2). The 5D flow peak velocity increased in 
the ascending aorta and decreased in both the arch and de-
scending aorta compared with 4D flow (5D flow: ascending 
aortic peak velocity = 247 cm/sec 6 94, arch = 112 cm/sec 6 
34, descending aortic peak velocity = 110 cm/sec 6 40; 4D 
flow: ascending aortic peak velocity = 224 cm/sec 6 90, arch 
= 121 cm/sec 6 40, descending aortic peak velocity = 119 cm/
sec 6 43; P , .05 for all).

Respiratory-resolved visualization revealed increased caval 
flow in Resp4 compared with Resp1 in the SVC, with a reversed 

The thoracic aorta of the Resp1 respiratory position of the 5D 
flow data were segmented and compared with conventional 4D 
flow data using maximum intensity projections and flow curves. 
Respiratory-resolved 5D flow hemodynamics were evaluated in 
the superior vena cava (SVC) and inferior vena cava (IVC), and 
their inflow into the right atrium was also evaluated (Fig 3) using 
peak velocities (SVC, IVC; Fig 3, A) and peak and net flows in 
five planes (planes 1–3 of SVC, planes 1–2 of IVC; Fig 3, D). 
The 5D and 4D flow net flow values in an ascending aortic plane 
were additionally compared with clinically derived left ventricu-
lar stroke volume.

Statistical Analyses
All continuous variables were evaluated for parameter nor-
mality using a Lilliefors test. For conventional 4D flow com-
parisons, a nonparametric Wilcoxon signed rank or two-tailed 
paired t test was used to evaluate differences between quan-
tified parameters. Continuous variables were reported as the 
mean 6 standard deviation. Differences between respiratory 
states were evaluated using a repeated-measures analysis of vari-
ance or nonparametric Friedman test. In the case of an F or Q 
statistic less than .05, individual respiratory timeframes were 
compared using a two-tailed paired t test or Wilcoxon signed 
rank test with Bonferroni correction (P , .008).

Results

In Vitro
Phantom maximum intensity projections and 3D stream-
lines (Fig 2) demonstrated good agreement among 5D flow 

Figure 2: Results from in vitro studies. A, Peak systolic velocity maximum intensity projections (MIPs) show hemodynamics among i, conventional four-dimensional (4D) 
flow data (1–10, 10 planar locations for flow quantification); ii, five-dimensional (5D) flow–reconstructed data; and iii, nonuniform fast-Fourier transform (NUFFT) data (grid-
ded, no compressed-sensing reconstruction). B, Peak systolic streamlines show similar hemodynamics among iv, conventional 4D flow data; v, 5D flow–reconstructed data; 
and vi, nonuniform NUFFT data. C, Four representative flow curves show good agreement between 5D and conventional 4D flow data. The MIPs project the maximum 
velocities onto the imaging plane. Although MIPs are useful for a simple three-dimensional representation of peak velocities, these numbers are likely higher in the NUFFT data 
without compressed sensing, because this reconstruction is much noisier than the compressed-sensing reconstruction (as compressed sensing aims to remove aliasing artifacts). 
Because the MIPs are a projection of the absolute velocity, all noise values that increase the absolute velocity value of a voxel are captured as higher velocities.

http://radiology-cti.rsna.org
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tional 4D flow in a pulsatile in vitro phantom and that 5D 
flow can capture whole-heart respiratory-motion effects on 
cardiovascular hemodynamics in less than 8 minutes.

In vitro experiments validated 5D flow imaging gradients 
and the reconstruction pipeline and demonstrated good agree-
ment of the 5D flow reconstructions (,7%) with conventional 
4D flow in net flow, peak flow, and peak velocity. Larger devia-
tions from conventional 4D flow tended to be concentrated at 
the edges of the field of view, potentially because of uncorrected 
background phase effects. Radial techniques are known to have 
less-predictable background phases, and this was thus exten-
sively investigated prior to analysis of all data sets (Figs E1–E3 
[supplement]).

In vivo experiments demonstrated the potential of 5D flow 
MRI to resolve respiration-dependent changes in hemodynam-
ics. Although the cohort of patients with aortic disease may not 

relationship in the IVC (Fig 3, A). Quantitative analysis dem-
onstrated significantly decreased net and peak flow in Resp4 in 
planes 1–2 of the IVC compared with Resp1, and the opposite 
relationship was shown (increased in Resp4) in plane 3 of the SVC 
(Table 3). SVC peak velocities were increased in Resp4 compared 
with Resp1 (peak velocity Resp1: 68 cm/sec 6 25, Resp4: 73 cm/
sec 6 31; P = .05), with no significant differences in the IVC.

The 4D and 5D flow–derived net flow values were within 
23.7% 6 26.8 and 5.2% 6 40.5, respectively, of the clini-
cal cine-derived left ventricular stroke volume (left ventricular 
stroke volume = 103.5 mL 6 26.2, 4D flow = 92.7 mL 6 20.3, 
5D flow = 95.9 mL 6 22.9).

Discussion
We have demonstrated that fully self-gated free-running 5D 
flow MRI shows good-to-excellent agreement with conven-

Figure 3:  A–C, Respiration-resolved evaluation of three-dimensional hemodynamics in a 65-year-old man with thoracic aortic aneurysm and no valve disease (heart 
rate, 50 beats per minute during imaging). A, Evaluation of caval inflow (superior vena cava [SVC] and inferior vena cava [IVC]) into the right atrium shows some increased 
peak velocities in the SVC and decreased velocities in the IVC at end expiration. B, C, Color maps reveal an increase in IVC peak flow and a potential temporal flow shift 
in this participant. D–F, Respiration-resolved evaluation of three-dimensional hemodynamics in a 61-year-old woman with a bicuspid aortic valve (heart rate, 59 beats per 
minute during the imaging) shows similar hemodynamic patterns. SVC and IVC color maps show differences in potential temporal shifts between respiratory flow curves. This 
participant also has noticeably less-noisy flow curves than the participant in A–C. See Movies 4–7 (supplement). IVC1 = IVC plane 1, IVC2 = IVC plane 2, Resp 1 = end 
expiration, Resp 2 = intermediate respiratory position more proximal to Resp 1, Resp 3 = intermediate respiratory position more proximal to Resp 4, Resp 4 = end inspiration, 
SVC = superior vena cava, SVC1 = SVC plane 1, SVC2 = SVC plane 2, SVC3 = SVC plane 3.

http://radiology-cti.rsna.org


6 rcti.rsna.org n Radiology: Cardiothoracic Imaging Volume 2: Number 6—2020

5D Flow MRI

Table 1: In Vitro Phantom Results

Data Reconstruction Plane 1 Plane 2 Plane 3 Plane 4 Plane 5 Plane 6 Plane 7 Plane 8 Plane 9 Plane 10

Peak Flow (mL/sec)
Conventional 219.5 222.3 250.7 238.9 233.5 234.6 224.9 234.5 238.0 236.3
5D flow 206.1 230.9 249.9 237.5 244.8 245.0 224.6 226.1 251.6 239.5
NUFFT 208.9 252.1 259.1 250.9 254.4 249.3 228.9 234.2 253.0 261.3
5D flow (% differ-

ence
 from conventional)

26.5 3.7 -0.3 -0.6 4.6 4.2 20.1 23.7 5.4 1.4

Net Flow (mL/cycle)
Conventional 219.5 222.3 250.7 238.9 233.5 234.6 224.9 234.5 238.0 236.3
5D flow 206.1 230.9 249.9 237.5 244.8 245.0 224.6 226.1 251.6 239.5
NUFFT 76.2 87.9 94.2 90.7 89.0 90.5 83.9 83.0 94.2 97.5
5D flow (% differ-

ence
 from conventional)

26.1 3.9 -0.3 -0.6 4.8 4.4 -0.1 -3.6 5.7 1.4

Peak Velocity (cm/sec)
Conventional 96 107 115 101 109 101 110 106 98 94
5D flow 115 112 115 99 103 100 109 106 102 98
5D flow (% differ-

ence
 from conventional)

19.1 4.5 20.4 21.6 25.9 20.6 21.0 0.6 3.6 3.7

Note.—Peak flow, net flow, and peak velocity calculated over 10 two-dimensional planes. NUFFT represents the 5D flow–ac-
quired data gridded and reconstructed without compressed sensing. The 5D flow demonstrates good agreement with conven-
tional four-dimensional flow. 5D = five-dimensional, NUFFT = nonuniform fast-Fourier transform.

Figure 4: Example from a 41-year-old man with bicuspid aortic valve disease (heart rate, 52 beats per minute during imaging). A, Five-dimensional (5D) flow respiratory 
and cardiac signals were successfully extracted and used for binning. B, Representative magnitude- and phase-difference images show three views and three velocity (vel) 
directions (Vx, Vy, and Vz) for a slice and time point. C, Peak systolic maximum intensity projections (MIPs) and streamlines show good agreement between conventional and 
5D flow techniques, with some overestimation in the ascending aorta (AAo) and underestimation in the arch and descending aorta (DAo) (white arrows). Peak velocity is 
quantified in three regions of interest (top left), and flow is evaluated over nine two-dimensional planes placed throughout the entire aorta (bottom left). D, Representative flow 
curves demonstrate good agreement between techniques. See corresponding Movies 1–3 (supplement). AAo2 = plane 2 of the AAo, Arch2 = plane 2 of the arch, DAo2 = 
plane 2 of the DAo, LV = left ventricle, SVC = superior vena cava.

http://radiology-cti.rsna.org
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be ideal for respiratory-induced investigations, these participants 
were among the only individuals to receive standard-of-care 4D 
flow at our institution and were thus chosen for clinical work-
flow evaluation. The 5D flow overestimation in the ascending 

aorta compared with 4D flow may have been caused 
by the background phase by means of the radial tra-
jectory that could not be adequately corrected. How-
ever, this effect was not observed in vitro; thus, physi-
ologic effects captured by the 3D radial technique, 
which traverses the center of the k space with each 
line, but not those captured by the Cartesian imaging, 
cannot be ruled out. Prior studies of highly acceler-
ated imaging have found that temporal undersam-
pling and regularization often lead to blunted peak 
velocities and flows, potentially accounting for the 
significant 5D flow underestimation in the arch and 
descending aorta (21,22). In addition, 4D and 5D 
flow demonstrated good agreement with clinically de-
rived stroke volume but demonstrated high variability 
between participants. Increased variability in 5D flow 
may be related to inadequate acquisition lengths for 
participants with bradycardia as well as to variable 
times after contrast material injection (Appendix E3 
[supplement]).

Respiratory-resolved analyses suggested increased 
peak velocity and net flow in the SVC and decreased 
peak and net flow in the IVC at Resp4. Although the 
influence of respiration on cardiopulmonary flow 
has been investigated for decades, the exact relation-
ship is still unclear (1,23,24). The varying effects of 
respiration reported in this study and in previous 
studies suggest that studies with more respiratory 
bins are warranted.

A main limitation of this study was the number 
of participants relative to the variety of diseases. In 
addition, time between contrast material injection 
could not always be optimized to the same time win-
dow based on the clinical speed and workflow (5D 

flow MRI was performed 10–30 minutes after injection). Re-
construction times were also long, ranging from 8 to 15 hours 
(4D flow, ,2 minutes at the scanner). However, as hardware 
and reconstruction techniques rapidly improve, these times 

Table 3: In Vivo Quantification: Respiratory-resolved 5D Analyses

Parameter SVC1 SVC2 SVC3* IVC1*†‡ IVC2*§ǁ#**††

Peak Flow (mL/sec)
Resp1 21 6 12 24 6 11 25 6 12 66 6 24 65 6 29
Resp2 22 6 13 25 6 12 26 6 11 66 6 25 67 6 31
Resp3 20 6 11 25 6 12 26 6 11 64 6 24 63 6 26
Resp4 20 6 10 24 6 9 26 6 9 57 6 22 54 6 23
Friedman P 

value
.46 .90 .02 .005 ,.001

Net Flow (mL/cycle)
Resp1 65 6 28 71 6 24 69 6 27 136 6 61 65 6 29
Resp2 67 6 32 72 6 25 71 6 25 130 6 53 67 6 31
Resp3 65 6 24 70 6 28 71 6 23 124 6 54 63 6 26
Resp4 65 6 25 71 6 24 76 6 21 114 6 49 54 6 23
Friedman P 

value
.88 .85 .12 .01 ,.001

Note.—Unless otherwise indicated, data are means 6 standard deviation. 
There were 20 participants. IVC = inferior vena caval plane, Resp 1 = end 
expiration, Resp 2 = intermediate respiratory position more proximal to Resp 
1, Resp 3 = intermediate respiratory position more proximal to Resp 4, Resp 4 
= end inspiration, SVC = superior vena caval plane.
* Significant peak-flow differences (P , .05) on Friedman analysis, with 
subsequent signed-rank comparisons.
† Significant net-flow differences (P , .05) on Friedman analysis, with subse-
quent signed-rank comparisons.
‡ Significant net-flow difference (P , .05) between Resp1 and Resp4.
§ Significant peak-flow difference (P , .05) between Resp1 and Resp4.
ǁ Significant peak-flow difference (P , .05) between Resp2 and Resp4.
# Significant peak-flow difference (P , .05) between Resp3 and Resp4.
** Significant net-flow difference (P , .05) between Resp2 and Resp4.
†† Significant net flow difference (P , .05) between Resp3 and Resp4.

Table 2:: In Vivo Quantification: 4D vs 5D Comparison

Parameter
Root* (n = 
18)

AAo1* (n = 
18) AAo2 Arch1 Arch2† Arch3† DAo1† DAo2† DAo3*†

Peak Flow (mL/sec) 
Conventional 

4D flow
510 6 151 492 6 166 464 6 142 452 6 132 288 6 85 297 6 82 290 6 75 287 6 80 271 6 71

5D Flow 538 6 145 530 6 147 466 6 118 423 6 112 255 6 75 259 6 71 248 6 66 243 6 64 220 6 63
Net Flow (mL/cycle)

Conventional 
4D flow

98 6 20 91 6 23 96 6 23 97 6 26 54 6 15 50 6 18 51 6 14 53 6 13 52 6 12

5D Flow 111 6 20 107 6 25 98 6 24 87 6 20 48 6 19 45 6 22 49 6 17 48 6 16 46 6 15

Note.—Data are means 6 standard deviation. There were 20 participants unless otherwise indicated. AAo = ascending aortic plane, 
Arch = arch plane, DAo = descending aortic plane, 4D = four-dimensional, 5D = five-dimensional.
* Significant net-flow differences (P , .05) between conventional 4D flow and 5D flow respiratory time point 1 (end expiration).
† Significant peak-flow differences (P , .05) between conventional 4D flow and 5D flow respiratory time point 1 (end expiration).

http://radiology-cti.rsna.org
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should be reduced accordingly. Future studies should include 
increased participant recruitment, a “breathing” phantom, 
contrast material investigation, a deep-breathing protocol for 
emphasis of respiration-driven effects, and application of tech-
niques used in this study to further accelerate 4D flow imaging.

In summary, we have successfully implemented and applied 
a fully self-gated free-running 5D flow MRI framework for ac-
quisition and evaluation of cardiac and respiratory motion–re-
solved 3D hemodynamics in less than 8 minutes. Although this 
technique requires further exploration of differences from con-
ventional 4D flow, 5D flow is a promising starting point for a 
variety of applications and easy-to-operate protocols.
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