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Abstract
4D Flow is an emerging MR technique enabling three-dimensional and cardiac phase-resolved flowmetry with ECG-
gated phase-contrast MRI that increased the speed of data acquisitions, accuracy and robustness. The method is promoting 
researches in areas that have not been fully addressed before in the cardiovascular system, such as flowmetry of the blood-
stream across the valves, within the heart chambers, complexed flow dynamics such as vortex, helical or retrograde. Wall 
shear stress and other potential biomarkers derived from 4D Flow are known to be related to vascular wall diseases such as 
atherosclerosis. In this review, fundamental concepts of 4D Flow technique and post-processing, benefits and limitations as 
well as its clinical applications are discussed, and the importance of quality control and validation of the method is empha-
sized. New ideas inspired by 4D Flow can help clinicians and MR scientists further understand the role of flow dynamics in 
health sciences, diseases and various aspects of cardiovascular physiology.
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Introduction

Leonardo da Vinci, a universal genius who played an active 
part five hundred years ago in Italy, has been known to have 
an unusual interest in “flow.” Since he was involved in civil 
engineering, such as irrigation, his obsession with the flow is 
easily understood. Since he was also an anatomist, his affin-
ity to flow was naturally extended to blood flow. Among his 
anatomical illustrations of the heart, he has drawn a pair of 
vortex-like portions at the root of ascending aorta, the sinus 
of Valsalva [1], which was considered a “Da Vinci Code” 
for five hundred years (Fig. 1a). Today, we know that the 
vortices in the Valsalva sinus are created at diastole, which 
is hydrodynamically reasonable to the stable closure of the 
aortic valve (Fig. 1b, c). How could da Vinci reach a proper 
assumption? Could he depict the theoretical streamlines in 
his mind just based on the anatomical configurations? If so, 

he had a Navier–Stokes equation in his brain and executed 
a streamline analysis.

4D Flow technology

Nowadays, we can visualize the details of the flow dynamics 
within the human vessels in vivo with the use of innovative 
technique in MRI. Three-dimensional (3D) cine phase-con-
trast MRI (PC) or 4D Flow MRI (Fig. 1b–e) is a new MR 
technique that can measure the moving speed of hydrogen 
nuclei (protons) in a region of interest in 3D fashion and 
phase-resolved manner with ECG gating if you wish [2]. 
The essence of 4D Flow technology is the cine PC method. 
In addition to be able to visualize the blood flow, we can 
even quantify the complexity of the flow, not just velocity 
and flow rate (Fig. 1d, e).

MRI inherently has a function to measure proton velocity 
(Fig. 2) [3]. When gradient magnetic field is applied to an 
axis, for example, the x-axis direction, then the resonance 
frequency of the protons is linearly changed along the 
X-axis. After a specific duration of time, the phase shifts also 
occur linearly along the X-axis. Following this maneuver, 
another gradient magnetic field with the same strength but in 
the opposite direction is applied along the X-axis, and then, 
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the same phenomenon occurs in the -X-axis direction. So the 
phase shifts created by the previous magnetic field gradient 
are canceled. For protons moving on the X-axis; however, 
the phase shift applied with the first magnetic field gradi-
ent cannot be canceled by the opposite gradient magnetic 
field, because they do not experience exactly the same local 
magnetic field and resultant phase shifts. If the individual 
phases of the protons vary within the same voxel, the signal 
of the imaging voxel will decrease. In this scheme of “degree 
of phase shift = reduced signal intensity = speed,” the abso-
lute value of the speed, therefore, can be measured by the 
signal intensity of the local voxels (Fig. 2). If this scheme is 
repeated for the three axes of X, Y and Z, with cardiac gating, 
it is possible to visualize the blood flow in four-dimensional 
fashion, i.e., spatial 3D + time (Fig. 3). This method is there-
fore called 4D Flow [2, 4]. To make it easy to understand 

visually, signals on each X, Y, Z planes are translated into 
color-coded velocity vectors (Fig. 4a).

Velocity encoding and specific 
post‑processing operations

For accurate velocity measurement with 4D Flow, it is vital 
to set velocity encoding (VENC) that matches the flow 
velocity of the region of interest. The strength of this gra-
dient magnetic field is a measure for the flow velocity by 
replacing the phase difference between − π and + π with 
velocity. However, if the phase difference exceeds π, it is 
impossible to discriminate between α and π + α. This phe-
nomenon is called aliasing, which occurs when the set of 
VENC is too small. However, when VENC is too large, the 

Fig. 1   a Leonard Da Vinci has drawn a pair of vortex-like portions 
at the root of ascending aorta (large arrows), the sinus of Valsalva. 
Today, we know that the vortices in the Valsalva sinus are created 
at diastole, which is hydrodynamically reasonable to the stable clo-
sure of the aortic valve. There are small vortices directly connected 
to the orifice of the aortic outflow (small arrows) probably reflecting 

outflow jets that appears in systole. b With streamline analysis using 
4D Flow data, identical vortices are delineated at the corresponding 
portions at diastole and c outflow jets (small arrows) in systole. d A 
color-coded 3D vorticity map and e 3D energy loss map can be calcu-
lated and displayed
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obtained phase difference is too small, which is responsible 
for a poor SNR, thereby resulting in poor velocity resolution. 
Since 4D Flow requires a relatively lengthy imaging time, 
repeated measurements with different VENC are not practi-
cal. Alternatively, in advance, the estimation of the maxi-
mum flow velocity of the measurement target has been done. 
Before imaging with 4D Flow, we perform a preliminary 2D 
PC with a large VENC and then minimize the VENC for 
4D Flow. In this context, it is not reasonable to measure the 
arterial fast flow and venous slow flow together at the same 
time in one 4D Flow examination.

As the first step of post-processing, segmentation should 
be performed for fluid dynamic analysis (Fig. 4). In this pro-
cess, overlaps of flow vectors of other vessels such as venous 
flows are excluded in the 3D model. The morphological 
information used for the segmentation is often MR angiog-
raphy (MRA). After segmentation and interpolation with 
MRA, further assessments for the specific vessels are ena-
bled (Figs. 4, 5). The segmentation should be done precisely 

using proper boundary information. If MRA used for the 
segmentation is misregistrated (spatially shifted), the post-
processing data become inaccurate. Specifically, the flow 
velocity is calculated by the product of the cross-sectional 
area and the flow velocity. If the cross-sectional area is inac-
curate or the actual vessel lumen vector is spatially shifted, 
it may be underestimated for low flow rate. Likewise, the 
wall shear stress (WSS) may be incorrectly higher or lower 
at the vessel boundary if the boundary information is inac-
curate. It is because the wall shear stress (WSS) is a differ-
ential expression of the velocity gradient that changes as it 
approaches the wall.

There are many methods to characterize and visualize 
flow. Four standard methods, namely 3D vector field, 2D 
vector field, streamline and pathline or particle trace, are 
shown in Fig. 5a–d. Also, there are many derived indicators 
to assess flow such as WSS (Figs. 6a, b, 7a, d) or oscillatory 
shear index (OSI) (Fig. 7b). Nonlaminar or non-Womersley 
flow is decomposed into the helical flow and vortex flow. 

Fig. 2   To measure the velocity of the moving proton, a pair of gradi-
ent magnetic field (bipolar gradient) is applied along the x-axis. The 
proton standing still experiences phase shifts due to the additional 
positive gradient to original static magnetic field strength; how-
ever, the phase shift is canceled by the subsequent negative gradient 
of equal strength. When a proton is moving along the x-axis, it will 

experience additional static magnetic field strength, so the balance of 
phase shift becomes negative instead of zero. The vertical axis of the 
graph shows the amount of phase shift and the horizontal axis is time. 
Phase-contrast image replaces this augmented phase shift (= velocity) 
value with signal intensity
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Each has a scale of helicity and vorticity (Fig. 1d), and the 
degree can be measured. OSI is parameter of fluctuation for 
the WSS calculated by the formula shown in Fig. 7b.

Since the blood vessel is a three-dimensional structure, 
it is challenging to measure the WSS near the vessel wall in 
2D fashion. With the advent of 4D Flow, practical analysis 
has been made possible, and thereby, its real significance is 
being understood in clinical practice. Abnormally low or 
high WSS and high OSI are known to be relevant biomarkers 
for pro-atherogenic factors (Fig. 8).

Essential benefits of 4D Flow

One of the unique advantages of 4D Flow is that en bloc 
flow velocity data can be acquired three-dimensionally with 
cardiac phase-resolved fashion, which means retrospective 
flowmetry is allowed for any vessels within the field of 
view. Unlike other modality like Doppler ultrasonography, 
the blood flow velocities of any vessels can be measured 
with arbitrary measurement sections even after patients left 

Fig. 3   To perform cardiac phase-resolved velocimetry in 3D fashion, 
it usually requires one hour or so with use of conventional phase-
contrast images. Such data require reference and three flow-encoded 
excitations (Vx, Vy and Vz) for each phase-encoding view, spatial 
resolution, especially in the slice section-encoding direction, which 
makes its imaging time prohibitively lengthy. 4D Flow utilizes very 

efficient data sampling of heavy duty cycle, which had made this 
technique clinically viable. Phase-encoding scheme for an ECG-gated 
4D Flow acquisition with flow encoding along all spatial directions 
and a selected slice encodes for each cardiac cycle (modified from 
Markl M, et al. JMRI 17:500, 2003)
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MR suite. This function is very convenient when multiple 
measurement points are required in one examination. The 
merit of this function is maximized in measuring the flow 
of each arterial branch of the transplanted kidney [5] or flow 
analysis for possibly responsible arteries for type II endoleak 
after endovascular repair (EVAR) for the abdominal aortic 
aneurysm [6, 7]. An attempt to measure the flow velocity 
and flow rate of certain blood vessels using the MR tech-
nique started 30 years ago, which had been an initial boom 
of MR flowmetry. For example, ischemia of the superior 
mesenteric artery (SMA) is a clinically interesting theme 
to be assessed by PC [8]. Dozens of researches have been 
performed using 2D cine PC since then [9–16]. Among 
these studies, some researchers noticed the fluctuations 

in the measured flow velocity [17], but the discussion has 
not been sufficiently done on the reason why the fluctua-
tions of the blood flow velocities occur. The flow veloc-
ity in the lumen is not necessarily laminar. Instead, there 
are many abnormal flows such as eddy, vortex and helical 
in the winded vessels or the pathological vessels. Taking 
one representative case, for example, Ishikawa et al. [18] 
had observed the improved flow in the renal artery after 
the percutaneous transluminal renal angioplasty (PTRA). 
The stenosed segment in the left renal artery was balloon-
dilated for a patient suffering from renovascular hyperten-
sion, and then, her systemic blood pressure was normal-
ized immediately. 4D Flow and CFD (computational fluid 
dynamics) were performed before and after the dilatation. 

Fig. 4   a 4D Flow allows whole three-dimensional velocity vector 
acquisition en bloc in cardiac phase-resolved fashion replacing veloc-
ity with signal intensity. Originally, all vectors are overlapped. b To 
assess only the artery, you should segment the velocity vectors from 

the original 3D data block. b MR angiography is used to segment the 
data focused on the vessels of interest. c Segmented velocity data are 
post-processed to c 3D vector field and then to the d streamlines
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The time velocity patterns measured at the similar measure-
ment planes before and after the intervention was different. 
Although the area under the curve increased after PTRA, the 
complexity of the streamlines in the flow path as well as the 
fluctuated time-velocity curve puzzled them. Before PTRA, 
vortex flow within the post-stenotic dilatation was domi-
nant and fluctuation occurs in the measured values (Fig. 9b). 
With a close look at the streamline; however, it was easy to 
understand that the vortices in the post-dilated segment of 
the renal artery were responsible for this fluctuation. This 
phenomenon was also reproduced by the CFD simulations 
as well (Fig. 9). Also in flowmetry for healthy vessels, this 
problematic non-laminar flow should be kept in mind. Take 
superior mesenteric artery (SMA) for instance, physiologi-
cal helical flow may be dominating at the curved portion 
(Fig. 10) [19]. Therefore, when we measure the flow velocity 

and flow rate of specific vessels, we first perform streamline 
analysis with 4D Flow and then determine the measure-
ment planes that can avoid abnormal flow. These flowmetry 
issues associated with complexed flow dynamics have not 
been fully discussed previously, probably because there has 
been no imaging technology to directly visualize the flow 
dynamics. Using these capabilities, 4D Flow is becoming an 
essential tool for qualitative and quantitative flowmetry for 
the vessels with complexed flow (Figs. 11, 12). For instance, 
Suwa et al. [20] found a fairly large whirlpool in the left 
atrium and the ventricle (Fig. 10) of the healthy volunteers, 
which was observed more often in individuals with normal 
cardiac function rather than degraded cardiac function [21].   

From the viewpoint of blood delivery, vortex flow is not 
efficient. When a viscous liquid moves around randomly, 

Fig. 5   Since all the 4D (velocity in x, y, z + cardiac phase resolve) 
data are acquired en bloc, many types of visual post-processing are 
available. Flow visualization employed in fluid dynamics is used to 
make the flow patterns visible, to get qualitative or quantitative infor-
mation on them. a 3D vector field is an assignment of a vector to each 
point in a subset of space. b A vector field in the plane (for instance), 
can be visualized as a collection of arrows with a given magnitude 

and direction, each attached to a point in the plane; 2D vector field). 
Vector fields are used to model the speed and direction of a moving 
fluid throughout space as it changes from one point to another point. c 
Streamline is lined connecting tandem velocity vectors. d Pathline or 
particle trace is a similar expression, but it connects velocity vectors 
moving to time (cardiac phases), which suggest the trajectory of the 
fluid movement
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the kinetic energy is just converted into heat, resulting in an 
energy loss (Fig. 1e), which seems to be contributing noth-
ing  to blood circulation. However, it could also be assumed 
that the whirlpools in the heart may be helpful in maintain-
ing the momentum of the flow during diastole, which may 
be analogous to the rational function of the vortices within 
the Valsalva sinus for aortic valve closure well depicted by 
da Vinci.

Vortices in the pulmonary trunk are related to patho-
logical status. Terada et al. observed vortex flow in the 
pulmonary trunk of patients with pulmonary hyperten-
sion (Fig. 12). The complexed flow could be replaced by 
decreased WSSs and increased OSI of the pulmonary arter-
ies, which were inversely correlated with pulmonary wedge 
pressures [22].

The validations and the quality control of 4D 
Flow

To propagate the appropriate use of 4D Flow technique in 
the clinical environment, it is necessary to properly validate 
the data by other standard measurement methods, such as 
Doppler ultrasonography (US), phantom experiments and 
CFD (computational fluid dynamics) (Figs. 9, 13). For the 
maximum velocity alone, Doppler US is reasonably corre-
lated with 4D Flow velocimetry [5]. For the quality control 
of the MR system, there is a simple flow phantom analysis 
using a straight tube and a steady constant stream. Accord-
ing to Fukuyama et al., 4D Flow data acquisition should be 

Fig. 6   One of the other advan-
tages of 4D Flow is its ability 
to measure wall shear stress 
(WSS). a A scheme of the sec-
tion of a vessel. The inner layer 
of the vessel is covered with 
endothelial cells. These cells 
have their mechanoreceptors of 
their own, which play the role 
of sensor for the WSS. Wall 
shear stress is, in a sense, like a 
frictional force like river stream 
eroding off the shore. Endothe-
lial cells have the potential to 
monitor how fast the blood-
stream is. b WSS can be defined 
as velocity vectors differential 
to normal coordinate perpen-
dicular to the surface, which can 
be calculated by 4D Flow

Fig. 7   4D Flow provides entire 3D distributions of the flow vectors for 
each resolved time. a It is easy to create 3D wall shear stress (WSS) maps 
for each cardiac phase based on the acquired information. b Oscillatory 
shear index (OSI) is a parameter to show the fluctuation of the WSS. The 
more fluctuated, the more atherogenic signal the endothelial cells release. 
c Hemodynamic assessments of infrarenal abdominal aortic  aneurysm 
(AAA) with streamline map and d Post-processed  WSS map derived 
from the 4D Flow data. Note that the AAA wall is affected by low wall 
shear stress. Observing the streamline, it is noted that these low WSS was 
created by nonlaminar flow, i.e., turbulent or vortex flow
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performed with a spatial resolution of a certain level or more 
[23]. The error of the average flow velocity will be within 
10% or less when a measured voxel is 30% or less than the 
cross-sectional area of the measured vessels. In the smaller 
tube of 3 mm in diameter, when the voxel size was 0.67 mm 
(22% of the straight pipe), the error of the cross-sectional 
average flow velocity increased up to 20%. This is because 
increased matrix size affected the SNR as a drawback (6). 
Well-balanced spatial resolution and the SNR are essential 
for accurate flowmetry in 4D Flow. A straightforward way 
to increase SNR is to employ higher magnetic field scan-
ners and a phased array coil or contrast enhancement. Some 
researchers have started to use compressed sensing [24] and 
deep learning [25] to reduce noise effectively.

We also use in silico simulation, i.e., CFD for the valida-
tion of 4D Flow (Fig. 9), which is the theoretical simula-
tion of flow dynamics using the Navier–Stokes equation. 
Since the preconditions are different, there are many cases 
where the results are slightly different. It should be a tool for 

cross-checking whether there are any significant inconsist-
encies. To date, the CFD analysis of cerebral aneurysms is 
reportedly similar to the findings by 4D Flow [26].

The limitations of 4D Flow

There are several limitations concerning the flowmetry with 
4D Flow. One of the most serious ones is that 4D Flow can 
only depict the sum or average of hemodynamic events 
that repeat every cardiac cycle. This is a problem that is 
often encountered so long as data are collected with use of 
ECG gating. Therefore, it is challenging to reproduce other 
transient flows and fluctuations caused by respiration. For 
example, venous blood flow varies with the respiratory or 
other motions. One of the other technical limitations is that 
only one VENC can be set for one data acquisition. VENC 
may be rephrased as the magnitude of the bipolar gradient 
magnetic fieldset for each axis by the PC method. If the 

Fig. 8   It is widely known that the laminar flow with moderate veloc-
ity is required to maintain the health of the artery. Arterial wall shear 
stress over 1.5  Pa is said to be required for atheroprotective effect, 
while vortex, turbulent or spiral flow with low velocity or low shear 
stress less than 0.4  Pa stimulates an atherogenic phenotypes and 

apoptosis of vascular smooth muscle cells, which promote atheroscle-
rosis. Atherosclerosis ultimately leads arterial wall to various sorts of 
vascular diseases including aortic aneurysm or arteriosclerosis oblit-
erans
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VENC setting is too low, aliasing will occur, and if it is too 
high, the SNR of the flow rate will deteriorate. This small 
degree of freedom is a problem because the accuracy of 
flowmetry is dependent on SNR. Concerning the issue of 
uniform VENC, dual VENC setting has appeared as a work-
in-progress. However, brief imaging time for 4D Flow is a 
prerequisite for the dual VENC. For this purpose, sparse 
imaging such as compressed sensing and kt has already been 
applied, and in the future, it is desired to collect data with 
improved SNR and improved spatial resolution by using 

deep learning [27]. Further innovations in 4D Flow imag-
ing technology are awaited.

Conclusion

The flow velocity measurement by 4D Flow and the derived 
indices were described. We do hope the correct use and 
evaluation of this new technology will satisfy clinical 
requirements.

Fig. 9   CFD simulation for an individual of renovascular hypertension 
with left renal artery stenosis pre- and post-percutaneous translumi-
nal renal angioplasty (PTRA). a Before PTRA, there is severe ste-
nosis at the main left renal artery and subsequent post-stenotic dila-
tation. Note there are vortices in the post-stenotic dilatation. b The 

flow pattern becomes oscillatory in this type of vortex flow. c After 
PTRA, the vortex flow subsided. d The flowmetry at the same por-
tion became less oscillatory. To measure this type of abnormal renal 
flow dynamics, the area under the curve should be measured after an 
appropriate temporal resolution
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Fig. 10   Even in the healthy vessels, curved flow path creates non-
laminar flow. The superior mesenteric artery, for example, a–d heli-
cal flow is dominant at the curved segment (arrow). e To measure the 
proper flow of this vessel, distal straight segment where the flow is 
laminar should be selected. Streamlines delineated helical flow at the 

curved segment of the SMA from a systole to d diastole. After depic-
tion of the flow, appropriate flowmetry segment is selected, and the 
distal straight segment was chosen. e Note a parabolically lined flow 
vectors, which indicates normal laminar flow

Fig. 11   There is a physiological 
large vortex flow within the left 
atrium (arrow) seen in a healthy 
volunteer. The individuals with 
normal cardiac function usually 
maintain this type of vortex 
flow. Streamline analysis of the 
whole heart in a left anterior 
oblique view and b right ante-
rior oblique view
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Fig. 12   Streamline analysis for 
the pulmonary artery at systole 
of a a normal and b a patient 
affected by pulmonary hyper-
tension. There is mostly laminar 
flow in the normal pulmonary 
artery; however, in the pulmo-
nary hypertension, a helical 
flow within the right pulmonary 
artery and the vortex flow in the 
main trunk of the pulmonary 
artery (arrows) are dominant

Fig. 13   a Flow profile validation using straight tube. Since 4D Flow 
provides 3D data, the flow profiles in the circular pipe can be ana-
lyzed in all directions of XYZ. This way, the profile of the flow veloc-
ity can be checked. The Womersley flow should be laminar and the 
profile is symmetrically parabolic. This assessment is particularly 

important in measuring proper wall shear stress. After assessing 
the straight pipe with steady constant flow, b 3D printed individual 
flow phantom model  made of silicon can be assessed. c Computer-
controlled pulsatile flow pump can be used for further assess-
ments of more complexed flow dynamics
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