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Traditionally, magnetic resonance imaging (MRI) of flow
using phase contrast (PC) methods is accomplished using
methods that resolve single-directional flow in two spatial
dimensions (2D) of an individual slice. More recently,
three-dimensional (3D) spatial encoding combined with
three-directional velocity-encoded phase contrast MRI
(here termed 4D flow MRI) has drawn increased attention.
4D flow MRI offers the ability to measure and to visualize
the temporal evolution of complex blood flow patterns
within an acquired 3D volume. Various methodological
improvements permit the acquisition of 4D flow MRI data
encompassing individual vascular structures and entire
vascular territories such as the heart, the adjacent aorta,
the carotid arteries, abdominal, or peripheral vessels
within reasonable scan times. To subsequently analyze the
flow data by quantitative means and visualization of com-
plex, three-directional blood flow patterns, various tools
have been proposed. This review intends to introduce cur-
rently used 4D flow MRI methods, including Cartesian and
radial data acquisition, approaches for accelerated data ac-
quisition, cardiac gating, and respiration control. Based on
these developments, an overview is provided over the
potential this new imaging technique has in different parts
of the body from the head to the peripheral arteries.

Key Words: 4D flow MRI; blood flow; phase contrast; res-
piration control; PC-VIPR; self-gating; intracranial
arteries; carotid bifurcation; aorta; pulmonary arteries;
heart; hepatic arteries; renal arteries; peripheral arteries;
hemodynamics
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CARDIOVASCULAR MAGNETIC RESONANCE IMAG-
ING (MRI) has undergone substantial developments
over the last decades and offers capabilities for evalu-
ating cardiac anatomy and function including cardiac
viability, perfusion, blood flow, and vascular anatomy.

Phase contrast (PC) MRI can be used to measure
and quantify pulsatile blood flow in the human vascu-
lar system. The basic principle was introduced by
Carr and Purcell in 1954 (1), who reported the first
observation of coherent motion on the MR-signal, and
by Hahn in 1960 (2), who applied flow-sensitive MRI
to detect seawater motion. The first in vivo velocity
map images and applications were reported in the
early 1980s (3-6). Since then, two-dimensional (2D)
and time-resolved (electrocardiogram [ECG]-gated
“CINE” imaging) PC MRI has become available on all
modern MR systems and is an integral part of clinical
protocols assessing blood flow and cardiac and valve
function in the heart and large vessels (7,8).

Recent developments permit the comprehensive ac-
quisition and analysis of blood flow dynamics with full
volumetric coverage of the vascular territory of interest
(9-12). By doing so, a posteriori analyses of hemody-
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namics have become possible. The term “4D flow MRI”
used in this review article refers to three-dimensional
(3D) data acquired in a time-resolved, ECG-gated, man-
ner with velocity encoding in all three spatial directions.

3D visualization can be performed in order to depict
the configuration and changes of blood flow patterns
based on the acquired velocity vectors in all three spa-
tial dimensions (13-19). Retrospective quantification
enables a comprehensive analysis of regional cardiac
and vascular hemodynamics (20-23). In addition to
the measurements of basic flow volumes and veloc-
ities, the estimation of derived hemodynamic bio-
markers such as wall shear forces (24-26), pulse
wave velocity (27,28), pressure gradients (29-31), and
other measures (32,33) have been proposed.

The purpose of the review is to introduce the reader to
currently available acquisition and analysis methods
for 4D flow MR imaging. We will also provide an overview
over potential clinical applications in various vascular
regions throughout the body that have been reported.

METHODS

Phase Contrast MRI: Basic Principle
and Standard Techniques

The intrinsic sensitivity of MRI toward motion can be
used with PC MRI to image vessel anatomy for PC MR
angiography (34) but also to directly measure blood
flow velocities. The underlying concept of velocity
encoding is based on the observation that changes in
the MR signal phase along a magnetic field gradient
are directly related to the blood flow velocity. Using
appropriate bipolar velocity encoding gradients, flow-
dependent phase changes can be detected by playing
out two acquisitions with different velocity-dependent
signal phase but otherwise identical sequence param-
eters (7,8,35). Subtraction of the two resulting phase
images (ie, calculation of phase difference images A¢d)
allows for the removal of the unknown background
phase and calculation of velocity images. This
approach is generally referred to as PC MRI, flow-sen-
sitive MRI, or MR velocity mapping.

Standard MR acquisitions are too slow to capture
dynamics within the cardiac cycle in real time with
sufficient spatial resolution. Instead, the acquisition
is split over multiple heartbeats and data acquisition
has to be gated to the cardiac cycle using the ECG
signal (eg, the R-wave) or a pulse oximeter reading. A
series of time-resolved (CINE) images is collected rep-
resenting the dynamics of the pulsatile blood flow
during the cardiac cycle (7,36,37).

Standard techniques use PC MRI methods that pro-
vide velocity maps with two spatial dimensions (2D)
on individually placed imaging slices. Usually, one-
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Figure 1. Standard 2D CINE PC MRI with one-directional through-plane (z) velocity encoding. Reference and velocity sensi-
tive scan (added bipolar encoding gradient) are acquired in direct succession. The subtraction of both datasets provides
phase difference images that contain quantitative blood flow velocities as shown in a 2D slice normal to the ascending (AAo)
and descending (DAo) aorta and including the pulmonary artery (PA). Due to time constraints, the MR data cannot be
acquired during a single heartbeat and PC data are collected over several cardiac cycles. The measurement is synchronized
with the cardiac cycle using an ECG-gated k-space segmented data acquisition. For each heartbeat and time frame only a
subset (Nsg) of all required (N,) phase-encoding steps are measured (k-space segmentation). The procedure is repeated until
the full raw dataset is acquired and time-resolved (CINE) images can be derived depicting the dynamics of pulsatile through
plane flow. The selection of the number of phase-encoding lines Ns.4, determines the temporal resolution (time to collect data
for a single time frame At = 2 TR Ng,) and a total scan time Tqeq = Ny/Nseg Tcc of the phase contrast CINE acquisition (Tee =
duration of one cardiac cycle). For a typical TR on the order of 5-10 msec and Ng.y = 3—4, measurements can be performed
during breath-holding and with temporal resolutions of 30-80 msec. Typical velocity sensitivities are V., = 150 cm/s for
aortic flow measurements and Ve, = 100 cm/s for flow in the pulmonary artery. The presence of stenosis will require selec-
tion of higher velocity sensitivities for properly capturing accelerated flow. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com:.]

directional (“through plane”) velocity encoding along
the predominant blood flow direction is used to quan-
tify blood flow in the heart, through cardiac valves,
and in great vessels. A typical data acquisition strat-
egy for standard 2D CINE PC MRI, which can be per-
formed during a single breath hold, is illustrated in
Fig. 1 (for details on typical imaging parameters see
figure legend).

It is important to note that PC MRI requires the
user to define an upper velocity limit, the velocity sen-
sitivity encoding parameter Vepe. Vene is defined as the
(positive or negative) maximum velocity that can be
detected without error. For velocities exceeding the
Vene, Velocity aliasing occurs. In this case, the acquisi-
tion needs to be repeated with an increased V. or
antialiasing correction needs to be performed to
achieve data that can be properly quantified. PC MRI
thus requires prior knowledge (approximation) of the
maximum velocities that are expected in the vessel of
interest. The Ve, can be flexibly adjusted by the user.
Changes in Ve, correspond to changing the strengths
and duration of the velocity encoding gradients, where
the encoding of lower velocities requires larger gradi-

ent areas and thus longer echo and repetition times
(TE and TR).

As for all MR images, the quality of PC velocity
images can be degraded by noise. The velocity noise
in PC MRI is directly proportional to the Vg, and
inversely related to the signal-to-noise ratio (SNR) in
the corresponding magnitude images, ie, Vhoise & Venc/
SNR (7). Hence, both properties of PC-MRI, high Ve,
to avoid aliasing and low Vg, to reduce noise, need to
be considered for the selection of the optimal velocity
sensitivity. In essence, the user should choose the
highest expected velocity to avoid unintentional wrap-
ping in the velocity images and check the resulting
image before the patient leaves the scanner. At the
same time keeping the V... as low as possible will
reduce velocity noise and improve image quality.

4D Flow MRI: Data Acquisition

Full 3D CINE coverage with three-directional velocity
encoding, ie, “4D flow MRI,” can be achieved using
standard Cartesian or technically more demanding ra-
dial image acquisition. Since the acquisition of
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Figure 2. Schematic illustration of Cartesian 4D flow MRI of the thoracic aorta. For each time frame, four 3D raw datasets
are collected to measure three-directional blood flow velocities (v, vy, v,) with a reference scan and three velocity-encoded
acquisitions. Navigator gating of the diaphragm motion can be used for image acquisition during free breathing. The naviga-
tor pulse (NAV) is played out at the end of each cardiac cycle to update the current respiration phase which is used for respi-
ratory gating. K-space segmentation is used to collect a subset (Ns.,) of all required (Ny,N,) phase-encoding steps for each
time frame. The selection of Ns., determines the temporal resolution At = 4 TR Ns.4 and total scan time Tueq = NyN,/Nseg
Tgce- For applications in the aorta or pulmonary systems a typical TR on the order of 5-6 msec, spatial resolution ~ 2 x 2 x
2 mm?®, Vepe = 100-150 msec, Nsoy = 2, parallel imaging with R = 2, navigator efficiency = 50%-80% results in a total scan
time of approximately 15-20 minutes with a temporal resolution of 40-50 msec.

volumetric data requires considerably longer total
scan times (up to 20 minutes) compared with tradi-
tional 2D-CINE-PC, exams can no longer be per-
formed during a breath hold. Therefore, different
strategies to incorporate respiration control have to be
considered for thoracic and abdominal 4D flow MRI.

Cartesian 4D Flow MRI and Three-Directional
Velocity Encoding

The need to collect time-resolved volumetric data com-
bined with three-directional velocity encoding requires
an efficient data acquisition to reduce the scan time
to clinically feasible durations. K-space segmentation
and interleaved four-point velocity encoding are used
to acquire 3D CINE data in combination with respira-
tory gating, as illustrated in Fig. 2. As in 2D CINE PC
MRI, measurements are based on radiofrequency
(RF)-spoiled gradient echo sequences with short TE
and TR times. During each cardiac cycle, a subset
(Nseg) of all required phase-encoding steps (N, N, k-
space lines along phase (k,) and slice (I,) encoding

direction) is collected. The procedure is repeated for a
total of NyN,/Nseq heartbeats to achieve full 3D volu-
metric coverage (11,38).

Multiple approaches have been used to perform
three-directional flow encoding. The earliest approach
was following the logic that for each encoded velocity
direction a pair of measurements is required. Similar
to one-directional velocity encoding in Fig. 1, one
flow-compensated and one flow-encoded measure-
ment per direction resulted in a time-intensive tech-
nique that was referred to as a “six-point method”
(34). Later, and as currently used for 4D flow techni-
ques, more time-efficient “four-point” techniques were
introduced. As illustrated in Fig. 2, for each single
raw data (k-space) line four successive acquisitions
are collected to achieve velocity encoding in all three
dimensions: one reference scan and the three velocity-
encoded acquisitions (added bipolar gradients along
X-, y-, z-direction). After the data acquisition is com-
pleted, image reconstruction yields 3D CINE magni-
tude data (anatomical images) and three time series
representing the three-directional blood flow velocities
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Figure 3. In 3D radial acquisitions, every acquired k-space
line traverses through the center of k-space (a). The end-
points of the projections cover the surface of a sphere so that
the resulting imaging volume is a sphere also. With radial
undersampling, scan time is reduced at the expense of
streak-like artifacts and a reduced SNR while spatial resolu-
tion is preserved. As shown in the pulse sequence diagram
(b), there is no traditional readout gradient, phase-encoding
gradient, and slice-encoding gradient in a radial acquisition.
The gradient waveforms are scaled with the azimuthal and
inclination angle of the projection and bipolar gradient pairs
are added for velocity-encoded scans such as PC VIPR.

Vx, Vy, and v, (phase difference images). Interleaved ve-
locity encoding, which requires the successive acqui-
sition of the same phase-encoding line with four dif-
ferent velocity-encoding gradients, results in a lower
limit for the temporal resolution of At = 4 TR. The
selection of the Vi, will impose requirements on the
area under of the bipolar velocity-encoding gradients
and thus influence the minimum achievable echo and
repetition times TE and TR. For typical cardiovascular
applications with a Ve, ranging between 50-200 cm/
sec, the TE and TR can be as low as 2-4 msec and 5-
7 msec.

In addition to the “simple” (or “referenced”) four-
point method using a single reference scan and a se-
ries of three velocity-encoded scans as shown in Fig.
2, other “balanced” four-point methods have been
proposed. For a more detailed description, please refer
to Pelc et al (39), Bernstein et al (35), and Johnson
and Markl (40).

Radial 4D Flow MRI (PC-VIPR)

Scan times for 4D flow MRI can become prohibitively
long, especially when high spatial resolution or large
volumetric coverage are preferable. Several methods
have been proposed for reductions in scan time
including the use of parallel imaging (41) and sam-
pling strategies that explore correlations in the spatio-
temporal domain (42) or both (43).

A promising approach for accelerated PC MRI is the
use of radial undersampling. With this approach, data
points in k-space are recorded on a radial trajectory
as shown in Fig. 3. In a 3D radial acquisition, each
recorded data line passes through the center of k-
space. The resolution along the rotating readout direc-
tion remains constant for each projection angle and
provides an isotropic spatial resolution over a spheri-
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cal imaging volume. In contrast to traditional Carte-
sian sampling with parallel lines in k-space, spatial
resolution is preserved even if fewer radial lines are
acquired than dictated by the Nyquist limit (44).
Instead of a compromised resolution, the tradeoffs for
scan time reductions are streak artifacts and a loss of
SNR.

It has been shown that PC MRI acquisitions are well
suited for radial undersampling due to the inherent
subtraction of signal from static tissues (45). Moder-
ate streak artifacts can be tolerated in these images
that are characterized by high contrast and sparse
signal distribution from the vessels. A 3D radial flow
sensitive acquisition, introduced as PC VIPR (vastly
undersampled isotropic projection reconstruction)
(46), provides coverage of a large imaging volume with
high spatial resolution in all three dimensions. Addi-
tional scan time savings can be achieved for cardiac
gated acquisitions by temporal filtering (47), which
offers greater flexibility for “view sharing” of radial
data compared with Cartesian datasets. Non-Carte-
sian trajectories are more sensitive to several artifacts
and the method was refined to minimize trajectory
errors, off-resonance effects, and aliasing artifacts
from undersampling (48).

Advantages of PC VIPR acquisitions include: 1) iso-
tropic spatial resolution for image reformatting in
oblique planes and improved hemodynamic analysis;
2) large volume coverage; and 3) high spatial resolu-
tion, which also reduces partial volume effects and
intravoxel dephasing. Radial sampling has also been
shown to offer several advantages in dealing with
motion: i) the appearance of motion artifacts is gener-
ally reduced (49); ii) self gating to the cardiac (50) and
respiratory cycle (51) is possible of the radial signal
itself; and iii) retrospective cardiac gating is
facilitated.

PC VIPR has been shown to generate high-quality
MR angiograms for vessels of various sizes without a
contrast agent (52). It has also been used for hemody-
namic analysis in applications that demand high spa-
tial resolution, such as cranial aneurysms (53) and
measurements of trans-stenotic pressure gradients
(54-56); or large volumetric coverage as often needed
on congenital heart disease (57); or both including
cranial imaging (58) and imaging of the hepatic and
portal venous system (59).

Respiration Control

For thoracic and abdominal applications, patient
breathing can cause data inconsistencies that result
in image ghosting and blurring. Therefore, respiratory
gating is usually applied to minimize artifacts. Most
widely available approaches include bellows reading
or navigator gating (60-63). In both, a range or win-
dow of accepted and rejected diaphragm positions can
be defined. In the case of bellows reading, the excur-
sion of the upper abdominal circumference serves as
the indirect indicator of the diaphragm position and
hence breathing motion. Similarly, navigator gating
can be used to regularly (eg, for each cardiac cycle)
provide information on the diaphragm position during
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Figure 4. Self-gating principle for Cartesian and radial imaging. Using the total projection concept the central k-space point
is repetitively measured for each time-frame. Since the central k-space point reflects the integral of the object signal within
the sensitive volume, motion leads to a modulation of l-space signal, which can be directly used for respiratory gating (a,b).
In order to add spatial resolution, entire k-space profiles may be imaged such that, upon Fourier transform, spatial resolu-
tion along a main component of motion is obtained (e¢,d). While sequence modification is necessary to repetitively sample the
Ie-space center or a specific profile in Cartesian imaging, which also prolongs TR and/or the duration of a time-frame (a,c), ra-
dial scanning inherently samples the k-space center or profiles suitable for self-gating and hence sequence timing remains

unchanged (b,d).

the 4D flow MRI data acquisition. For respiratory gat-
ing, data are accepted if the current breathing posi-
tion is within a predefined end-expiratory or end-
inspiratory window. Otherwise, data collected during
the current cardiac cycle are rejected and the acquisi-
tion is repeated until the gating criteria have been
met. A certain amount of data, typically 40%—-60%, is
thus rejected thereby prolonging the total exam time
compared with nonrespiratory-gated 4D flow MRI
acquisitions. Adaptive k-space reordering, ie, phase
encoding based on the current position in the respira-
tion cycle, can reduce data rejection to 20%-40%
(38,64,65).

Advanced Physiological Control

While navigator gating based on 1D measurements of
diaphragm motion has been widely adopted for 4D
flow measurements by most vendors, it has two draw-
backs. First, detection of motion of the organ of inter-
est is typically based on measurements of remote
anatomy. For example, in cardiac imaging respira-
tory-induced motion of the heart is typically inferred
from measurements of displacement of the lung-liver
interface (60). It has been demonstrated that the rela-
tion between heart and liver motion may be offset
and, consequently, correction factors to account for
deformation (66) and respiratory hysteresis (67) have
been proposed. A second drawback relates to the time
it takes to acquire navigator data, which only permits
a single or two navigators per cardiac cycle in most
situations. It has been shown that this low temporal
update can lead to a poor prediction of respiratory

motion for the cardiac phases acquired long after a
navigator signal (63).

In addressing these shortcomings, respiratory self-
gating methods have been proposed (50,68,69) that
repetitively acquire k-space data of the object itself to
provide information of object motion (Fig. 4). Self-gat-
ing methods re-visit the central k-space point or spe-
cific profiles in each time-frame of the cardiac cycle,
and hence sample respiratory induced signal fluctua-
tion at a high temporal rate. Sampling the central k-
space point provides the integral of the entire object
signal within the sensitive imaging volume. Accord-
ingly, the amplitude is modulated as the object moves
relative to the receive antennae used.

Such an approach adds only little time to each
time-frame in Cartesian imaging but it may be com-
promised in patients with significant body fat, as the
bright fat signal may mask motion-induced signal
changes of the object of interest. Accordingly, self-gat-
ing methods have been extended to measure entire
profiles oriented such that major components of
motion are captured with 1D projections (51,70). In
Cartesian cine imaging this, however, leads to a
reduction of the number of time-frames that can be
acquired during a cardiac cycle, as one additional TR
is required per time-frame to measure projections.
While the additional sampling of a single k-space
point or entire profiles in Cartesian imaging prolongs
the duration of each time-frame, radial imaging meth-
ods offer an elegant approach to inherently acquire
motion-related information without time penalty (51).
In combination with PC-VIPR and related Golden
angle radial imaging techniques (71), these self-gating
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Figure 5. PC-MRA of a 5-minute cranial PC VIPR scan acquired with a V¢, of 80 cm/s (a) and 25 cm/s (b). A 3D PC-MRA is
derived from combining the magnitude and velocity data, most commonly achieved by complex difference processing. The
resulting angiogram suppresses signal from nonmoving tissue and shows the vessel lumens of arteries and veins. These
angiograms can be used for vessel segmentation and processing of the velocity data and to provide an alternative to MR angi-
ography approaches that rely on the injection of a contrast bolus. A lower Ve, setting (b) provides higher SNR and better vis-
ualization of vessels with slower blood flows such as veins and smaller arteries.

approaches seem most promising to provide motion
information for respiratory gating purposes.

As respiratory gating leads to partial rejection of
data acquired during rapid motion, overall scan effi-
ciency is typically reduced by 20%-60% leading to
long overall measurement times in 4D flow imaging.
Advanced retrospective motion correction techniques
have been developed that permit correction of the
acquired data given an estimate of the underlying
motion (72). Motion estimates may be obtained from
simultaneous recordings from respiratory belts, self-
gating signals, or navigators (73). While most self-gat-
ing and advanced motion correction methods have
been applied to cine imaging, their application to 4D
flow imaging remains to be accomplished.

4D Flow MRI: Data Postprocessing and Analysis

Several sources of error such as background phase
contributions from eddy-currents or method-specific
problems such as velocity aliasing and noise can com-
promise MR velocity maps and need to be addressed
prior to data processing or visualization. The major
sources of errors include eddy current effects, Max-
well terms, and gradient field distortions. Appropriate
correction strategies have been presented and vali-
dated in the literature and should be applied to
ensure accurate 3D visualization and flow quantifica-
tion using 4D flow MRI data. More details regarding
appropriate correction strategies can be found in
Walker et al (eddy currents) (74), Bernstein et al (Max-
well terns) (75), and Markl et al (gradient field nonli-
nearity) (76).

The complex nature of the 4D flow MRI data (three
spatial dimensions, three velocity directions, and time
within the cardiac cycles) imposes the challenge to

translate the multidimensional information into
images that can clearly depict the underlying ana-
tomic and functional information. The combination of
angiographic data (3D PC-MRA) and 3D blood flow
visualization, which can both be derived from the 4D
flow data, can be powerful tools to efficiently display
vascular anatomy and blood flow in 3D and over time
(see, eg, Figs. 6, 7) (14).

PC-MR Angiography

Phase contrast imaging has been used to generate MR
angiograms (PC MRAs) since the early days of clinical
MRI (34). Interest in diagnostic PC MRA was recently
renewed by discovering a link between nephrogenic
systemic fibrosis (NSF) and gadolinium-based MRA
contrast agents (77) as well as the greatly improved 4D
flow MRI acquisitions. In addition, the hemodynamic
visualization and analysis of 4D flow MRI data greatly
benefits from the availability of a detailed angiogram,
specifically for proper segmentation of vessels.

There are several strategies for calculating angio-
grams from acquisitions with three-directional velocity
encoding. In general, the velocity and magnitude data
are combined to isolate regions with blood flow (ie,
high absolute velocities) from surrounding static tis-
sue. The most common approach is the use of com-
plex difference (CD) reconstruction (34,78). With one-
directional velocity encoding, a CD image is derived as
a complex subtraction of the velocity encoded and the
reference scan on a pixel-by-pixel basis. The CD
image represents the magnitude of this difference vec-
tor. Any directional velocity information is lost in the
CD image and it can no longer be used to quantify
velocities, but arteries and veins are well differenti-
ated from static background tissues, as shown in
Fig. 5. With three-directional velocity encoding, CD



1022

images are calculated for each encoding direction and
the final CD image, also referred to as the “speed
image,” is derived as the square root of the sum of
squares of the three CD images or volumes. Additional
examples of PC MRAs are shown in Fig. 12.

The quality of the vessel depiction is strongly influ-
enced by the choice of the velocity sensitivity, Vepe.
Particularly small vessels with slow flow are better
depicted using a smaller V., as shown in Fig. 5b.
However, larger vessels with higher blood flow veloc-
ities can suffer from decreased signal due to aliasing
of the signal phase in low-V.,. scans. For increased
Vene-factors the visualization of larger arterial vessels
is improved and venous signal deteriorates with
increased noise. The quality of the depicted vessels is
best if the chosen flow sensitivity represents the phys-
iological situation of the vessel segment of interest.
However, there is no single optimal V., when a large
imaging volume with various vessels is covered.

3D Blood Flow Visualization

There are several visualization options of the acquired
velocity field that have previously been described in
the literature (13-18,79-81). The most basic visualiza-
tion option is the vector graph display of the acquired
data (Fig. 6a). Intuitively, the vector graph displays
the magnitude and direction of blood velocity within a
specific voxel encompassing all three measured veloc-
ity directions. Variables such as the acquired velocity
can be further encoded by, eg, the individual vector’s
width or color. The term streamline is usually used to
describe an instantaneous path tangent to the velocity
vectors at a specific point in time (Fig. 6b). Therefore,
streamlines are typically not used to represent the
periodic time-varying information of the measured
flow data but provide an overview over flow field pat-
terns at a specific point within the cardiac cycle.
Some software applications allow for a temporal ani-
mation of streamlines resulting in animations that
can be misleading if the reader is not fully aware of
the details of the visualization method. Principally, a
streamline can be imagined as the path a massless
particle would take in a temporally constant flow field,
which is, however, rarely ever the case. For nonsta-
tionary pulsatile flow, a representation of the actual
path over time is achieved using time-resolved 3D par-
ticle traces or pathlines (Fig. 6c). Such particle traces
can be considered massless particles that are emitted
at user-defined points (regions, planes, or volumes)
within the acquired data volume and follow the flow
field over time. It is an intuitive way to display the
temporal evolution of the blood flow velocity data over
one or multiple heartbeats. Color-coding can be
added, eg, to add velocity information or to represent
the origin of flow, eg, when emitters are placed in ves-
sel supplying other structures (so-called connectivity
mapping) (82).

Retrospective Quantification

Since 4D flow MRI data reflect the true underlying
time-resolved blood flow velocity vector field, it is pos-
sible to perform quantitative analysis of the measured
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blood flow. A benefit compared with traditional 2D
PC-MRI is illustrated in Fig. 7. Based on a 4D flow
MRI acquisition and visualization of blood flow it is
possible to interactively quantify blood flow velocities
and volumes at user selected locations of interest
within the 3D volume a posteriori (20-22). Assuming
complete coverage of the vascular territory of interest
(eg, the entire thoracic aorta in Fig. 7), flow quantifi-
cation can be carried out in analysis planes at any
location along the vessel. Errors due to misalignment
of the analysis plane which may occur with traditional
2D PC MRI can thus be minimized. Moreover, scan
prescription is relatively simple (positioning of one 3D
volume) compared with the necessity to place multiple
2D PC MRI exams at double oblique scan planes
associated with the possibility to miss flow informa-
tion due to an insufficient number or placement of 2D
slices. Recent studies have shown excellent agreement
between standard 2D CINE PC and 4D flow MRI for
quantitative blood flow measurements. Moreover,
good test-retest reproducibility and low inter- and
intraobserver variability for applications in the aorta
and carotid arteries was demonstrated (23,83,84).

In addition to the calculation of regional flow parame-
ters such as peak velocity, time-to-peak flow, total flow,
retrograde flow, etc., more advanced quantification
methods and algorithms have been presented in the lit-
erature. A number of groups have reported techniques
to derive additional hemodynamic parameters such as
wall shear stress, pulse wave velocity, pressure differ-
ence, or turbulent kinetic energy, among others.
(20,27-33,55,85,86). A detailed discussion of these
methods is beyond the scope of this review article. The
application of such data analysis strategies to various
vascular diseases will be briefly discussed in the appli-
cations section where relevant.

APPLICATIONS

Over the past two decades a number of groups have
reported on the application of 4D flow MRI for the
assessment of arterial and venous hemodynamics in
various anatomic regions in the human body. Initiated
by early work of Kilner et al (16,81), Firmin et al (9),
Bogren et al (10,13), Buonocore (14), Wigstrom et al
(11,15), and others, 4D flow MRI acquisition techni-
ques and data analysis strategies have continuously
evolved. Improvement in MR hardware, more powerful
computers, and MR methodology developments such
as scarce sampling and parallel imaging have helped
to make data acquisition faster and image analysis
more clinically feasible (18,48,70,87).

The following sections review various applications of
4D flow MRI to illustrate the potential of this relatively
young but promising method to provide comprehensive
information on normal and pathologically altered
hemodynamics in different anatomical regions. It is
neither intended to provide a complete overview over all
possible uses of 4D flow MRI nor should the application
of 4D flow MRI be restricted to the presented applica-
tions. Instead, the authors believe that most presented
principles can be easily transferred to most vascular
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Figure 6. 3D blood flow visualization in the thoracic aorta in a patient with an unusually complex aortic shape including
kinking and elongation of the descending aorta (A,B) and a patient with aortic valve insufficiency (C). For A,B, 3D PC-MRA
data (gray shaded, semitransparent isosurface) was used to depict aortic vessel anatomy and aid 3D visualization. a: Vector
graphs visualize flow profiles in multiple analysis planes along the aorta. The length of the vector and the color of the vector
both represent the local velocity. b: 3D streamlines permit the visualization of the 3D distribution of systolic velocities in the
entire aorta. The images illustrate the impact of the complex aortic shape on blood flow such as the physiologically expected
acceleration of flow at bends (eg, solid arrow) but also vortical flow patterns in the ascending and proximal descending aorta
(open arrows). c¢: Time-resolved 3D pathlines during systole and diastole in a patient with aortic valve insufficiency illustrate
spatiotemporal dynamics of blood flow including systolic helix formation in the ascending aorta (yellow arrows) and the for-
mation of a diastolic retrograde flow jet (white arrows). Color coding = local absolute blood flow velocity. AAo, ascending
aorta; DAo, descending aorta; PA, pulmonary artery.

regions. A summary of typical imaging parameters for importance and its large size eases the demands
different anatomic regions is provided in Table 1. on spatial resolution for proper flow characterization.
Beginning in the late 1980s, normal blood flow in the
thoracic aorta was studied in detail throughout the
cardiac cycle (13,81,88). Synthesizing observations
from 2D imaging planes acquired from multiple volun-
teers, Kilner et al (81) were able to illustrate “typical”
Evaluation of dynamic blood flow in the thoracic aorta flow patterns including a right-handed twist to flow in
with PC MRI has been a topic of considerable interest the ascending aorta during late systole and retrograde
for over 20 years. The aorta is a vessel of great clinical flow streams during diastole. With the advent of 3D

Heart and Great Vessels
Aortic Hemodynamics
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Figure 7. Acquisition of 4D Flow MRI data (a) and visualization and quantification of 3D hemodynamics (b) in the aorta. The
4D Flow raw data comprises information along all three spatial dimension, three velocity directions, and time in the cardiac
cycle. A 3D PC-MRA (B, iso-surface rendering of the aorta) can be calculated from the 4D flow data to aid visualization (here:
systolic 3D streamlines) and placement of analysis planes for retrospective flow quantification. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

phase contrast techniques, characterization of com-
plex flow patterns became easier to perform and more
compelling to visualize (11,12,81). Software has been
developed to extend analysis beyond simple visualiza-
tion of aortic flow by allowing estimation of key sec-
ondary vascular parameters that can be correlated
with aberrant flow patterns (20,27,31,32). The goal of
current research is to understand how this abnormal
flow may promote or worsen vascular disease so that
4D flow imaging can be used in the clinical evaluation
and management of patients with aortic disease.
Recent work has focused on gross pathologies of the
thoracic aorta such as coarctation and aneurysm. MRI
flow evaluation has long been a component of the clini-
cal management of patients with aortic coarctation,
and recent studies suggest that 4D flow imaging may
expand this role. Not only can collateral flow be reliably
calculated and aortic flow profiles readily assessed, but
also abnormal 3D flow patterns can be identified that
correlate with postrepair complications including
aneurysm and rupture (89-92). Aneurysms of the tho-
racic aorta are associated with complex abnormal flow
patterns, many of which are helical in nature

Table 1
4D Flow Sequence Parameters for Different Anatomic Regions

(10,18,80,93,94). The significance of these patterns has
been debated. Are they simply the consequence of a
dilated aorta, or do they play an active role in the pro-
gression of aneurysms? In a subset of cases with aortic
valve disease, recent work suggests that flow may play
an active role. Similar flow to that seen within ascend-
ing aortic aneurysms has been demonstrated in aortas
that are not (yet) dilated (95-97).

Evaluation of valve-related disease of the ascending
aorta is a promising clinical application for 4D flow
MRI. Many studies have assessed flow alterations in
patients who have undergone aortic valve and/or
ascending aortic replacement (17,98,99). But clinically,
4D flow MRI may prove useful in the presurgical stage
by risk-stratifying patients and guiding the timing of
intervention. Aortic valve disease is relatively common,
especially in the elderly, and is associated with the
long-observed phenomenon of poststenotic dilation of
the ascending aorta (100,101). The mechanism has
been presumed to be flow-related, but without 4D flow
MRI the altered hemodynamics in the aortic root with
aortic stenosis have not been well characterized. The
uniquely detailed assessment that 4D flow MRI affords

Region Spatial resolution [mm] Temporal resolution [ms] Venc [cm/s] Scan time [min]

Head

Intracranial arteries 0.8-1.0 40-60 80 15-20

Neck

Carotid arteries 1.0-1.2 40-50 100-200 10-15
Thorax

Aorta 2.0-2.5 40-50 150-200 10-20

Pulmonary artery 2.0-25 40-50 100-150 10-20

Whole heart 2.5-3.0 40-50 150-200 15-25
Abdomen

Hepatic vessel (venous) 2.0-2.5 40-60 30-40 15-20

Hepatic vessel (arterial) 1.5-2.0 40-50 60-80 10-20
Renal arteries 1.0 40-80 40-80 8-12

Lower extremities

lliac & femoral arteries 1.0-1.5 40-80 80-120 10-20
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Figure 8. Abnormal systolic blood flow is demonstrated in a
patient with stenotic bicuspid aortic valve, aortic root aneu-
rysm, and mild coarctation. a: Normal blood flow for com-
parison in a healthy volunteer. From top to bottom, MRA,
streamlines at peak systole, and cross-sectional wall shear
stress analysis at the aortic root and proximal descending
aorta are exhibited. The MRA reveals normal “candy-cane”
geometry of the thoracic aorta and systolic streamlines that
smoothly extend through the thoracic aorta. Cross-sectional
analysis shows centralized flow in both the ascending and
descending aorta and symmetrical wall shear stress around
the vessel lumen (the relative magnitude is represented by
the green bars). b: Identical analysis for a 24-year-old male
with a stenotic bicuspid aortic valve, a progressively enlarg-
ing poststenotic aneurysm, and an unrepaired but mild co-
arctation. Systolic flow in the aortic root is notably eccentric,
with high-velocity streamlines following a right-handed helix
through the ascending aorta. The proximal cross-sectional
analysis shows flow displaced along the right-anterior vessel
wall, where shear stress is asymmetrically elevated. While
deemed clinically insignificant, analysis in the region of the
mild coarctation shows that slightly eccentric flow results in
skewing of the shear stress profile. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

of altered systolic flow has revealed eccentric flow jets
with stenotic and deformed aortic valves (95,102). The
degree of flow eccentricity can be quantified, and has
been shown to correlate with focally elevated wall shear
stress and aortic dilation (97,103-105). 4D flow MRI
could thus potentially be a useful tool for risk stratifica-
tion of the sizable population of patients with aortic
valve disease for aneurysm development.
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To highlight key differences between normal and
abnormal flow features associated with pathology, a
simplified assessment of flow in the thoracic aorta is
presented using streamlines at peak systole and
cross-sectional analysis of wall shear stress (Fig. 8).
Normal flow is fastest centrally, gives rise to stream-
lines that smoothly wrap through the thoracic aorta,
and results in a relatively even distribution of wall
shear stress around the aortic circumference at the
planes depicted (Fig. 8a). In contrast to these normal
flow features, aberrant and complex peak systolic flow
is presented for a patient with a bicuspid aortic valve,
an ascending aortic aneurysm and mild aortic coarc-
tation (Fig. 8b). Eccentric systolic flow gives rise to
helical streamlines through the ascending aorta and a
skewed shear stress profile with focal elevation in the
right-anterior quadrant of the ascending aorta. Flow
abnormalities are also seen at the site of a mild aortic
coarctation. A region of mild narrowing causes dis-
placement of flow from the vessel center, resulting in
a skewed shear stress profile.

Detection of a New Potential Pathomechanism:
Aortic Plaques and Stroke

Plaques of the ascending aorta and aortic arch have
been known as a relevant cause of embolic stroke for
over 20 years (106,107). Although the incidence of
complex aortic plaques is highest in the proximal de-
scending aorta, such plaques are only considered an
embolic source of stroke in the unlikely coincidence of
severe aortic valve insufficiency causing retrograde
flow and embolization in case of plaque rupture.
Because the descending aorta is distal to the left sub-
clavian artery and retrograde embolization was
thought to be unlikely, these plaques have not usually
been considered a potential source of stroke (108,109).

There is growing evidence, however, that diastolic
retrograde flow in the descending aorta may be a fre-
quent phenomenon in the presence of atherosclerosis,
as shown in Fig. 9. Importantly, diastolic retrograde
flow in the descending aorta may represent an over-
looked mechanism of retrograde embolization in
stroke patients. The underlying physiology is related
to the increased aortic stiffness due to aortic athero-
sclerosis. Consequently, increased pulse wave velocity
and earlier wave reflection at the periphery can then
result in marked diastolic retrograde descending aor-
tic flow, even in the absence of aortic valve insuffi-
ciency (94,110,111).

4D flow MRI allows for the detailed visualization of
aortic volumetric blood flow. In combination with an
MRI protocol for 3D aortic plaque detection, retro-
grade embolization from complex descending aortic
plaques was recently described as a proof-of-principle.
In two separate studies (n = 63 and n = 94 stroke
patients) the potentially underestimated role of de-
scending aorta plaques was evaluated (112,113). Both
studies showed that retrograde embolization was fre-
quent and could reach all supraaortic arteries as a
new pathomechanism for embolic stroke in all vascu-
lar territories. Moreover, this mechanism constituted
the only probable source of retinal or cerebral
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Figure 9. In vivo measurement and visualization of 3D blood flow in the proximal descending aorta using 4D flow MRI.
Increased aortic stiffness in a patient with aortic atherosclerosis results in substantial diastolic retrograde flow as demon-
strated by time-resolved 3D pathlines originating from an emitter plane in the proximal descending aorta (DAo). Diastolic ret-
rograde flow clearly reaches all three brain feeding arteries and may provide a previously overlooked mechanism of
retrograde embolization in stroke patients with high-risk plaques in the descending aorta. BT, brachiocephalic trunk; CCA,
left common carotid artery; LSA, left subclavian artery; AAo, ascending aorta; DAo, descending aorta. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

infarction in subgroups of patients with cryptogenic
stroke etiology. Aortic valve insufficiency did not cor-
relate with retrograde flow. These findings strongly
indicate that complex descending aortic plaques
should be considered a new embolic source of stroke
even in the absence of aortic valve insufficiency.

Pulmonary Arteries

In pulmonary artery imaging 4D flow MRI has pro-
vided useful information in the evaluation of differen-
tial blood flows to the right and left pulmonary artery,
eg, in postsurgical congenital heart disease (114).
Moreover, in pulmonary hypertension (PAH), the rou-
tine interpretation of morphological determinants of
PAH such as vessel diameters can be complemented
by dynamic information and the visual and quantita-
tive estimation of pressure gradients. A variety of indi-
rect and, more important, noninvasive predictors for
pulmonary artery pressure can be derived from 4D
flow MR acquisitions. Sanz et al (115) have shown
that average velocities and minimum pulmonary ar-
tery areas were the parameters with best diagnostic
performance. Attempts to directly estimate PAH
applying 2D PC MRI has shown high correlation with
ultrasound and catheterization in the presence of tri-
cuspid regurgitation. To estimate the pulmonary arte-
rial pressure, the modified Bernoulli equation was
used to determine the pressure gradient over the tri-
cuspid valve, which was then multiplied with the
mean right arterial pressure derived from the caval
index (change in inferior vena cava size during inspi-
ration) (116,117). Lastly, pressure differences can be
directly derived from time-resolved phase contrast
volumes with three-directional velocity encoding by
solving the Navier—Stokes equation (118). However, this
application has, so far, been restricted to the evalua-
tion of systemic arterial vessels (55,119). The applica-
tion to the pulmonary arteries is still warranted.
Besides quantitative approaches to 4D flow MRI
data in PAH, the visualization of the acquired velocity
fields with color-coded streamlines, time-resolved par-
ticle traces, and vector graphs can contribute to the

understanding of the severity of PAH. In a recent
study, Reiter et al (120) presented visualization
results using a multislab 4D flow MRI approach. In
their comparison, gross blood flow trace patterns and
their temporal behavior correlated well with invasive
pressure readings. The detection of vortex flow in the
main pulmonary artery (as shown in comparison to a
normal volunteer in Fig. 10) is in line with recent find-
ings from Helderman et al (121), who determined
early retrograde flow in the proximal pulmonary ves-
sels as a surrogate marker of PAH severity.

4D Flow MRI in the Heart and Valves

There are several studies that have investigated
healthy and abnormal intraatrial and intraventricular
blood flow based on 4D flow MRI (122). As a conse-
quence of looping during embryonic development, the
blood undergoes marked changes of direction through
atrial, ventricular, and arterial compartments of the
heart. Early work by Kilner et al (16) illustrated the
asymmetries and direction-changes of flow in selected
planes of acquisition through the chambers of the
heart. The patterns of atrial and ventricular filling
were reported to be asymmetric in ways that allow the
momentum of inflowing blood to be redirected appro-
priately toward the next cavity. The changes of direc-
tion at the ventricular level are such that inertial
recoil away from the ejected blood is in a direction
that can enhance rather than inhibit ventriculo-atrial
coupling, especially on exertion.

In the normal heart, flow patterns within the ven-
tricles demonstrated asymmetric, regionally con-
strained ring vortices near mitral and tricuspid valves
during diastolic inflow (16,123). 3D flow visualization
based on time-resolved 3D pathlines revealed that
blood entering the left ventricle (LV) during diastole
that leaves the LV during systole within one heartbeat
(direct flow) constitutes about one-third of the left
ventricular end-diastolic volume (124,125). Patient
studies have shown that the incidence, location, and
extent of vortex flow inside the LV were markedly
altered in patients with dilated cardiomyopathy. In
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Figure 10. Color-coded streamline visualization of a PC VIPR scan in a healthy volunteer (a) and a 30-year-old man with
pulmonary artery hypertension (b). The catheter-based mean pulmonary artery pressure (mPAP) in the patient was 60
mmHg, the right ventricular ejection fraction (EF) derived from cine bSSFP imaging was 43%. The differences in morphology
and the development of a large vortical flow pattern in the main pulmonary artery (MPA, asterisk) can be clearly appreciated.
Color-coding reflects absolute measured velocities. LPA, RPA, left and right main pulmonary artery; RVOT, right ventricular
outflow tract; SVC, IVC, superior and inferior vena cava; RV, right ventricle; RA, right atrium. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

addition, direct flow within the LV from the left atrium
through the aortic valve was decreased in patients
compared with healthy volunteers (125,126).

A number of previous reports demonstrated that 4D
flow MRI with retrospective valve-tracking could accu-
rately quantify net flow volumes and regurgitation
through all four heart valves in patients with valvular
insufficiency (17,21,127). In patients with valve steno-
sis and systolic high velocity jet flow, elevated turbu-
lent intensity values have been reported in the heart
for mild aortic and severe mitral regurgitation (32).
Other studies have contributed to the understanding
of postsurgical alterations such as the analysis of val-
vular hemodynamics after different valve-sparing aor-
tic root replacements and the postsurgical vortex flow
patterns in the sinuses of Valsalva (98,99). While the
importance of maintaining sinuses in valve-sparing
surgical repair of aortic root ectasia is still debated,
an improved understanding of the hemodynamic con-
sequences of these surgical interventions may provide
a better understanding of the relationship between
postsurgical aortic root geometry, flow characteristics,
and valve function. A more detailed broad overview
over the role of 4D flow in the ventricles, atria, and
valves is provided in a recent review article (122).

Whole Heart 4D Flow

The feasibility of extending 4D flow MRI to the cover-
age of the whole heart and surrounding great vessels
(left and right ventricles and atria, caval venous sup-
ply, the pulmonary arteries, and the thoracic aorta)
has recently been demonstrated (70,128). However,
currently available techniques still require long scan
times on the order of 20 minutes or more for reasona-

ble spatial (=2-3 mm) and temporal (40-50 msec) re-
solution. Nevertheless, results from pilot studies indi-
cate the potential of whole heart 4D flow MRI for the
comprehensive analysis of postsurgical hemodynam-
ics in the complex situation of congenital heart dis-
ease (57,114,129).

Hepatic and Portal Venous Flow

Liver cirrhosis is a common and serious disease that
leads to changes in hepatic blood flow. However, there
are only a limited number of reports on the examina-
tion of hepatic (130) and splanchnic arterial flow or
flow in the portal venous system (130-137). This may
be partly explained by the complexity of the hepatic
and portal venous flow—there are three vascular beds
of interest supporting the liver (hepatic arterial and
portal venous inflow, hepatic venous drainage), all
with markedly different velocity profiles. Together
with the splanchnic circulation and the formation of
portosystemic shunts in portal hypertension (PH), a
large range of velocities needs to be covered and mul-
tiple imaging planes over a large volume are needed
for comprehensive coverage. If a functional response,
eg, to a meal challenge or provocation with drugs is to
be investigated, all 2D exams have to be repeated.
Here, comprehensive 4D flow data acquisition strat-
egies such as initially presented by Stankovic et al
(138) offer several advantages. In their study, the vis-
ualization of volumetric velocity maps was successful
in characterizing various flow field patterns. In the
initial comparison to ultrasound in five cirrhotic
patients, moderate correlations of peak and mean
velocities were determined, where the differences were
probably due to temporal averaging during the 4D
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acquisition. More recent results in 20 patients and 40
young and age-matched controls showed a significant
correlation of 4D MRI with the reference standard
Doppler ultrasound for maximum and mean velocities
and flow for the intrahepatic vessels. Quantitative
flow analysis revealed significant alterations in veloc-
ities and flow in cirrhosis patients compared with age-
matched and younger control groups (139).

By extending the acquisition field of view to the
entire abdomen with the radially undersampled acqui-
sition scheme PC VIPR (46), the entire portal venous
system, systemic venous, and arterial flow patterns
have been analyzed (see Fig. 11). Initial results in
patients with cirrhosis have been presented (59). The
wide range of velocities of interest in this vascular ter-
ritory is challenging. In these studies, a 5-point veloc-
ity-encoding scheme introduced by Johnson and
Markl (40) was used in order to increase the range of
the aliasing-free velocity sensitivity while preserving
the VNR of a lower V. acquisition at the expense of a
fairly short scan time extension of 20%. Alternatively,
dual-V, encoding might be better suited to address
low portal venous velocities while simultaneously
being able to accurately measure arterial flows
(140,141). The comprehensive vascular coverage pro-
vides an interesting approach for future studies of the
hemodynamics in portal hypertension, including
changes during the course of the day (diurnal
changes) and after ingestion of meal.

Renal Arteries

Renal artery stenosis is a recognized cause of hyper-
tension and progressive renal insufficiency and occurs
in up to 45% of patients with peripheral vascular dis-
ease (142). Proper assessment of the hemodynamic
significance of renal artery lesions is clinically impor-
tant for treatment planning and monitoring for
patients with vascular disease as well as for kidney
transplant donors and recipients. A lesion that nar-
rows the luminal diameter by 75% or more is usually
of hemodynamic significance. In cases of a mild ste-
nosis (less than 50%), no intervention is typically
required. However, the hemodynamic significance of a
stenosis measured as 50%-75% cannot be reliably
derived from vessel diameter measurements alone. In
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Figure 11. Vascular segmenta-
tion (a) and portal venous flow
patterns visualized with color-
coded streamlines (b) in a 67-
year-old man with liver cirrhosis.
In a, the abdominal vasculature
is visualized on the basis of a PC
angiogram (yellow = portal ve-
nous, blue = systemic venous,
red = arterial vasculature). PV,
portal vein; LTPV, RtPV, left and
right portal venous branch; IVC,
inferior vena cava; AO, abdominal
aorta. [Color figure can be viewed
in the online issue, which is avail-
able at wileyonlinelibrary.com.]

such cases, intraarterial pressure measurements are
obtained under x-ray angiography (143).

MRI of the renal vasculature is challenging because
of the relatively small vessel diameter, especially of
segmental branches, a sometimes torturous vessel
path, and complex motion of the renal vessels
throughout the cardiac and the respiratory cycle.
Contrast-enhanced (CE) MRA is commonly used for
renal artery stenosis assessment. However, patients
with compromised kidney function, including kidney
transplant donors and recipients, should not receive
gadolinium-based contrast agents because of the risk
for nephrogenic systemic fibrosis (144).

PC MRI has been used to assist in the diagnosis of
renal artery stenosis in several ways. Schoenberg et al
(145) showed that the presence of hemodynamically
significant stenosis is identified by a delayed and wid-
ened peak in the flow waveforms of 2D cine PC meas-
urements performed perpendicular to each renal ar-
tery at a proximal location. Prince et al (146)
proposed the use of a nongated 3D PC sequence.
They demonstrated correlation of signal voids distal to
a lesion with presence of stenosis >70% due to intra-
voxel dephasing in this region of turbulent flow.

More recently, 4D flow MRI with a radially under-
sampled trajectory has been applied to this vascular
territory (Fig. 12). Free-breathing acquisitions of ~10
minutes provide angiograms of abdominal arteries and
veins with good correlation of diameter measures
across various vessel sizes (52) as an alternative to
contrast enhanced MRA. PC VIPR demonstrated supe-
rior visualization of segmental renal arteries because of
decreased kidney-vessel contrast in CE MRA from
parenchymal enhancement. In addition, the functional
information can be used for the noninvasive assess-
ment of hemodynamic significance of renal artery ste-
nosis, as shown in Fig. 12e.f. As validated in an animal
study, transstenotic pressure gradients derived from
the velocity fields correlated well with measurements
obtained invasively with pressure wires (56).

Carotid Arteries

In the normal carotid bifurcation, the application of
4D flow MRI demonstrated complex 3D blood flow
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Figure 12. Renal artery imaging with 4D flow MRI. All flow images were acquired with a 10-minute free-breathing PC VIPR
acquisition. a,b: Coronal and limited axial maximum intensity projection of a PC MRA of a healthy volunteer demonstrate
high contrast, good reformatting capabilities, and coverage of the entire abdomen. ¢,d: reformatted maximum intensity pro-
jections of a patient with a right renal artery stenosis (thin arrow) show good agreement of the PC VIPR acquisition (c) and
the CE MRA (d). Also note the enhancement of the renal parenchyma from the contrast uptake in (d). e,f: PC MRA (e) and
corresponding pressure difference map (f) as derived from the velocity fields via Navier-Stokes equations in a swine model
with renal artery stenosis (wide arrow). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

patterns such as helical flow in the proximal and nat-
urally bulbic internal carotid artery (ICA), as shown in
Fig. 13 (147). In patients with ICA stenosis, markedly
altered filling and helix formation in the ICA bulb was
observed while revascularization partly restored nor-
mal filling and helix formation (84). Furthermore, a
direct comparison of mean and absolute flow veloc-
ities in the common carotid artery (CCA) between 4D
flow MRI and Doppler ultrasound showed good agree-
ment despite general underestimation of peak veloc-
ities by MRI.

Since carotid artery stenosis is a leading cause of is-
chemic stroke, detailed insights into the causes for
the development of atherosclerosis at this site are of
interest. Among other risk factors, it is assumed that
the development of atherosclerosis in the naturally
bulbic ICA is related to local hemodynamic conditions
such as flow deceleration or recirculation associated
with reduced and oscillating wall shear stress (WSS)
(148). Particularly, low absolute WSS and high oscilla-
tory shear index (OSI) are hypothesized to determine
the composition of atherosclerotic lesions and the de-
velopment of high-risk plaques (149,150). Since blood
flow through the carotid bifurcation is complex, with
nonsymmetric flow profiles, the full three-directional
velocity information as provided by 4D flow MRI is
needed for a complete in vivo assessment of the seg-
mental distribution of WSS (20).

A recent study analyzing WSS in the normal carotid
bifurcation confirmed that potentially atherogenic
wall parameters were predominantly concentrated at
the posterior wall of the proximal ICA (84). This is in
concordance with the tendency of carotid atheroscle-
rosis to affect the outer walls of arterial bifurcations
and to mostly develop in the proximal part of the ICA

bulb, as shown in Fig. 13. Moreover, a significant
relationship between the size of regions exposed to
altered wall parameters and the individual bifurcation
geometry was demonstrated, similar to a recent study
using carotid bifurcation geometry and computational
fluid dynamics (CFD) (148). In contrast, patients with
moderate ICA stenosis revealed a clearly altered distri-
bution of wall parameters. Low WSS and high OSI
moved downstream to the ICA plaque potentially
linked to future growth of such lesions. In patients af-
ter surgical recanalization of former high-grade ICA
stenosis, the wall parameter distribution was similar
to that observed in healthy volunteers. 4D flow MRI
could thus be a valuable technique to assess the indi-
vidual risk of flow-mediated atherosclerosis and ca-
rotid plaque progression.

Intracranial Hemodynamics

To date, intracranial 4D flow MRI has predominantly
been applied to determine feasibility in normal sub-
jects and depict flow patterns in patients with intra-
cranial aneurysms (151-153). Bammer et al (151)
have successfully visualized the temporal and spatial
evolution of helical patterns of blood flow in the ca-
rotid siphon. Also, they studied the effects of magnetic
field strength, parallel imaging, and temporal resolu-
tion on intracranial 4D flow MR data. Their results
indicated that studies were consistently performed
faster at 3T than at 1.5T because of better parallel
imaging performance. A high temporal resolution (65
msec) was required to follow dynamic processes in the
intracranial vessels. In general, 4D flow MRI provided
a high degree of vascular conspicuity.
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Figure 13. Carotid 4D flow MRI and wall shear stress analysis. a: 3D PC-MRA and 3D flow visualization in a normal carotid
bifurcation. Streamline visualization shows 3D blood flow in the left and right carotid bifurcations. b: Retrospectively posi-
tioned analysis planes can be used to illustrate regional flow profiles in the left and right carotid bifurcation. Consistent
placement of equidistant planes (#1-6) permits quantification of wall shear stress along the lumen circumference (eg, for 12
segments as shown here). ¢: Results of a study with 64 normal carotid arteries shows the distribution of absolute wall shear
stress (WSSy,,,g), oscillatory shear index (OSI), and the circumferential WSS component (WSS..). WSS (OSI) in the posterior
ICE bulb (red curves) was clearly reduced (increased) compared with anterior regions (blue curves). Different and potentially
atherogenic low WSS and high OSI in the ICA bulb compared with other segments may help explaining why ICA stenoses pre-
dominantly develop and progress at this location. ICA, internal carotid artery; ECA, external carotid artery; CCA, common ca-
rotid artery. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

In studies with intracranial aneurysms, complex
and vortical flow patterns were commonly seen inside
the aneurysm, as shown for a patient with a giant an-
eurysm in Fig. 14 (154-158). The magnitude as well
as both the spatial and temporal evolution of vortical
flow patterns differed markedly among different inves-
tigated aneurysms. Temporally varying flow patterns
were observed in wide-necked aneurysms (high aspect
ratio) while temporally more stable vortex flow was
seen in aneurysms with lower aspect ratio. The subse-
quent estimation of wall parameters such as segmen-
tal WSS inside cerebral aneurysms revealed reduced
values relative to the parent artery in the majority of
the investigated cases. These results support the hy-
pothesis that regions with low WSS may promote an-
eurysm growth, which was recently confirmed by a
study based on computational fluid dynamics (CFD)
(159). A direct comparison of aneurismal hemody-
namics between 4D flow MRI and CFD in a small
number of patients by Boussel et al (157) revealed
good agreement for flow patterns and velocities. How-
ever, large discrepancies for wall parameters such as
the WSS indicated the need for larger cohorts for com-

parisons and potentially improved spatial resolution
and analysis strategies.

Peripheral Vessels and Peripheral
Arterial Occlusive Disease

Peripheral arterial occlusive disease (PAOD) is com-
monly explored with basic clinical tests such as the
ankle-brachial-index (ABI), constant load treadmill
test, and Doppler ultrasound due to its excellent tem-
poral and spatial resolution. However, computed to-
mography angiography (CTA) and even more so CE
MRA are nowadays routinely used for PAOD assess-
ment. Although phase contrast imaging was originally
used to obtain MRA images (160-163), some authors
have used the quantitative information inherent in
MR phase contrast scans to derive information on the
severity of PAOD. Similar to Doppler ultrasound, the
waveforms derived in locations superior or inferior to
stenoses or simply in two locations on the proximal
and distal leg can be used to characterize the severity
of PAOD (164,165). Changes from normal triphasic
waveforms upstream of a stenosis to monophasic
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left CA

Figure 14. Time-integrated pathlines illustrating flow patterns in the large intracranial arteries and a giant cranial aneu-
rysm in the left hemisphere. A marked vortical flow pattern with flow channels mostly confined to regions near the aneurysm
wall can clearly be appreciated. CA, carotid artery. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

waveforms downstream of a stenosis are typical for
high-grade stenosis (166,167).

In a similar fashion to other applications described
in this review, 4D flow MRI has been qualitatively and
quantitatively applied to the peripheral arteries (168).
Next to the simultaneous coregistration of morphology
and hemodynamic information, the intrinsically high
signal of 3D acquisitions can be exploited in order to
gather sufficient signal in these comparably small ves-
sels. This advantage, however, has to be weighed
against the limited resolution obtained with available
4D flow MRI approaches due to scan time limitations.

Future research is warranted to extend previously
published feasibility results to longitudinal and com-
parative studies investigating the potential impact of
4D flow MRI in PAOD. To address existing shortcom-
ings, an optimized spatial resolution probably at iso-
tropic 1 mm is advisable.

DISCUSSION

4D flow MRI is a evolving technology based on the ba-
sic principle of PC MRI. It has recently gained
increased importance due to new developments in MR
methodology and data analysis capabilities. Its poten-
tial to provide a comprehensive evaluation of vascular
hemodynamics with full volumetric coverage is prom-
ising for future cardiac and vascular diagnostics
(169). Although pulse sequences for 4D flow MRI con-
tinue to be developed, its accuracy and test-retest
reliability have been and are constantly demonstrated
in various phantom and in vivo studies (23,83). Appli-
cations of 4D flow MRI in patient studies in different
anatomic regions from “head to toe” have underlined
its feasibility in a clinical environment.

Information of blood flow can also be obtained by
standard 2D CINE PC techniques that can easily be
applied during a single breath hold, which may be
sufficient for several clinical applications. 4D flow
MRI, on the other hand, offers the ability of retrospec-
tive quantitative evaluation of blood flow at any loca-
tion of interest within the 3D volume. Despite relative
long scan times, on the order of 5-20 minutes
(depending on heart rate, breathing compensation ef-
ficiency, and applied sequence), 4D flow MRI inher-
ently provides an easy scan prescription (positioning of
a single 3D volume). This may be especially advanta-
geous in cases where multiple breath-held 2D CINE PC
MRI scans are needed such as in congenital heart dis-
ease. Particularly in young pediatric patients, where
breath-held scans are often not feasible, the free-
breathing 4D flow MRI acquisition with volumetric con-
verge may provide an advantage over standard MR
techniques. Whole heart 4D flow MRI may open a new
chapter in diagnosing congenital heart disease, poten-
tially preventing these patients from ionizing radiation
exposure and/or catheterizations as their disease state
can be regularly monitored throughout their life.

Current limitations of 4D flow MRI include long
scan times and limited spatial resolution for flow
analysis in smaller vessels. New development based
on multidimensional parallel imaging (such as k-t
parallel imaging) or sparse sampling techniques
(radial acquisitions, compressed sensing, and others)
are particularly promising for 4D flow MRI
(42,43,48,170,171). Data undersampling along multi-
ple dimension (space, time, velocity encoding) has the
potential to substantially accelerate 4D flow MR image
acquisition and/or significantly improve spatiotempo-
ral resolution. Early results indicate that acceleration
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factors on the order of 4-6 can be achieved. This
could reduce the total acquisition time of Cartesian
aortic 4D flow MRI from currently 15-20 to 5-8
minutes. Moreover, the combination with high albu-
min binding (so-called “bloodpool”) contrast agents
may help to offset SNR loss associated with high
acceleration factors and increased spatial resolution
for imaging of small vessels (172).

The interest in “dual V., acquisitions, ie, simulta-
neous encoding with two different Vg,.s, is currently
under exploration. Especially in situations with neigh-
boring slow and fast flows (such as in the heart or the
liver), techniques with an increased spectrum of veloc-
ity-encoding sensitivities could provide tremendous
improvements to the diagnostic value of 4D flow MRI.
The intelligent combination of high V.. (to avoid ali-
asing in fast flows) and low Vg, (to obtain high SNR
contrast in slow flow conditions) acquisitions has not
been sufficiently addressed so far and warrants fur-
ther research efforts.

It should be noted that the 4D flow MRI techniques
discussed in this article and are often not commonly
available on clinical routine MR systems. The applica-
tions presented in this review article and research
groups active in this area of research often rely on MR
sequences that are mnot commercially available.
Increased efforts by the MR research community and
the MR vendors are needed to afford a more widespread
availability of optimized 4D flow MRI techniques.

A further limitation of current 4D flow MRI proto-
cols is related to the lack of standardized preprocess-
ing tools and software packages for visualization and
retrospective quantification. Although there are vari-
ous developments with the aim to streamline and
standardize data analysis and visualization strategies,
more clinical studies and test-retest analysis are
needed to prove the validity of available software solu-
tions. Similarly, there is limited knowledge regarding
the repeatability of results between hardware and
software vendors, which is vital to the techniques’
clinical acceptance. A secondary challenge associated
with data analysis is related to the efficient integration
of the resulting data (3D visualization, hemodynamic
parameters) into the clinical workflow and transfer of
initial findings into longitudinal clinical studies.

In addition to the limited standards discussed
above that need to be taken into account when com-
paring 2D or 4D flow data from different scanners or
software packages, comprehensive flow visualization
bears specific limitations that must not be overlooked.
Specifically, the underlying acquisition scheme with
multiple acquisitions to encode for single timepoints
as well as the measurement over relatively long time
spans (on the order of 5-20 minutes) implies averag-
ing over potential small cyclic variations in the blood
flow patterns as well as of nonperiodic “events” during
blood flow that may occur occasionally but not
throughout the whole measurement. In its most basic
form this leads to temporally averaging that poten-
tially decreases the peak velocity or flow measure-
ments. Similarly, visualization options such as time-
resolved pathlines are based on information in suc-
cessive time-frames and the inherent error in the
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measurement can thus increase by accumulating
uncertainties from frame to frame. Further, similar to
gray-scale depiction of 2D phase contrast values or
vectors, color-coding has not been standardized.
Therefore, color scales in images on display are a pre-
requisite for meaningful interpretation of data.

Similar to 4D flow MRI, computational fluid dynam-
ics (CFD) provide insights to 3D blood flow and wall
shear stress distribution in realistic vascular geome-
tries (148,157,159). CFD results can be obtained with
much higher spatial and temporal resolution than MR
measurements but it is subject of ongoing debates of
how boundary conditions needed for the CFD calcula-
tions (rigid walls, idealized in-flow velocity profiles,
non-Newtonian blood models) affect the results. Here,
the opportunity to measure complex geometries and
associated flow fields in vivo holds promise to be com-
bined with CFD for cross-validation and mutual
enhancement of the diagnostic information.

In summary, 4D flow MRI, an emerging tool for the
comprehensive evaluation of cardiovascular hemody-
namics with full volumetric coverage, is a continu-
ously developing field of research. Current implemen-
tations permit its integration into clinical protocols on
the premises that scan times need to be further
reduced and subsequent data analysis is successfully
integrated into the clinical workflow. Overall, the
increasing amount of available studies and applica-
tions of 4D flow MRI to vascular territories throughout
the human body underline its potential for an
improved understanding of the link between altered
hemodynamics and cardiovascular disease.
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