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Visualization of Hemodynamics in Intracranial
Arteries Using Time-Resolved Three-Dimensional
Phase-Contrast MRI
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Purpose: To visualize the hemodynamics of the intracra-
nial arteries using time-resolved three-dimensional phase-
contrast (PC)-MRI (4D-Flow).

Materials and Methods: MR examinations were performed
with a 1.5T MR unit on six healthy volunteers (22–50 years
old, average � 30 years). 4D-Flow was based on a radiofre-
quency (RF)-spoiled gradient-echo sequence, and velocity
encoding (VENC) was performed along all three spatial di-
rections. Measurements were retrospectively gated to the
electrocardiogram (ECG), and cine series of three-dimen-
sional (3D) data sets were generated. The voxel size was 1 �
1 � 1 mm, and acquisition time was 30–40 minutes. 4D
data sets were calculated into time-resolved images of 3D
streamlines, 3D particle traces, and 2D velocity vector
fields by means of flow visualization software.

Results: We were able to see the 3D streamlines from the
circle of Willis to the bilateral M2 segment of the middle
cerebral arteries (MCAs). Time-resolved images of 3D par-
ticle traces also clearly demonstrated intracranial arterial
flow dynamics. 2D velocity vector fields on the planes tra-
versing the carotid siphon or the basilar tip were clearly
visualized. These results were obtained in all six
volunteers.

Conclusion: 4D-Flow helped to elucidate the in vivo 3D
hemodynamics of human intracranial arteries. This
method may be a useful noninvasive means of analyzing
the hemodynamics of intracranial arteries in vivo.
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THERE ARE MANY FACTORS other than genetics that
affect the occurrence and progression of vascular dis-
ease. Hemodynamics is suspected to be one of the main
factors, since vascular diseases such as atherosclerosis
and intracranial aneurysms usually develop near the
vascular bifurcation (1–3). The results of many in vitro
hemodynamic experimental methods, including dye in-
jection (4–6), laser Doppler velocimetry (LDV) (7–9),
phase-contrast (PC)-MRI (10), tagged MRI (11), and
tagged MRI analyzed by particle image velocimetry (PIV)
software (12), depend on experimental conditions, such
as the flow rate of the fluid and proper replication of the
vascular wall motion. Because of these limitations, it is
very difficult to reproduce in vivo blood flow in in vitro
experiments with guaranteed accuracy. In addition, it
is difficult to measure in vitro hemodynamics for each
model created according to each patient’s vascular
structure. In recent years, computer simulations have
been used frequently to visualize the hemodynamics of
intracranial arteries (13–17). It is debatable, however,
whether a computer simulation can accurately reflect
in vivo hemodynamics, since the results depend on
certain assumptions and the setting of boundary con-
ditions. Because of these limitations, a method for di-
rect measurement of in vivo hemodynamics is desir-
able.

Two methods for in vivo analysis of intracranial he-
modynamics are transcranial Doppler (TCD) (18) and
two-dimensional (2D) cine PC-MRI (19). Both of these
methods have drawbacks, however. The observable
range of TCD is limited and the spatial resolution is
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insufficient. The results of TCD also depend to a large
degree on the technique used and the skill of the exam-
iners. 2D cine PC-MRI has been used for a long time,
but the blood-flow analysis was done for a limited num-
ber of slices. Acquiring three-dimensional (3D) velocity
profiles of intracranial arteries within a clinically appli-
cable time would be useful for the management of pa-
tients with intracranial arterial diseases.

The time-resolved three-dimensional PC-MRI (4D-
Flow) method, which can acquire four-dimensional
(three spatial dimensions and one time dimension) he-
modynamic data, and depict aortic hemodynamics
(e.g., velocity vectors and 3D streamlines) was recently
developed (20,21). In the present study we sought to
determine whether we could calculate in vivo intracra-
nial velocity vector fields and visualize in vivo intracra-
nial hemodynamics.

MATERIALS AND METHODS

MR examinations were performed on six healthy volun-
teers (five males and one female, 22–50 years old, aver-
age � 30 years). All studies were approved by our insti-
tutional review board, and informed consent was
obtained from each volunteer.

The examinations were performed with a 1.5T MR
unit (Signa Infinity Twinspeed with Excite XI, version
11; General Electric Medical Systems, Milwaukee, WI,
USA) utilizing 4D-Flow. The technique was based on a
radiofrequency (RF)-spoiled gradient-echo sequence,
and velocity encoding (VENC) was performed along all
three spatial directions. Segmented acquisition was
used, and measurements were gated for each volun-
teer’s electrocardiogram (ECG) retrospectively. We ob-
tained 20 time frames of 3D data for magnitude and
VENC in the x, y, and z directions in one ECG cycle.
Velocity-encoded data for each direction underwent two
corrections. The first correction was for Maxwell phase
effects (22). The second was the Markl-Bammer correc-
tion (23), which was used to remove the effect of the
gradient nonlinearity on the calculated velocity mea-
surements. In this way we were able to acquire 4D data,
including the velocity data of the x, y, and z directions
and time. (A full explanation of this technique is beyond
the scope of this paper. For a detailed explanation, see
Ref. 20.) The imaging parameters were as follows: rep-
etition time (TR)/echo time (TE)/number of excitations
(NEX) � 5.4 msec/2.3 msec/1, flip angle (FA) � 15°,
receiver bandwidth � 62.5 kHz, field of view (FOV) � 16
cm, matrix � 160 � 160, slice thickness � 1 mm, voxel
size � 1 � 1 � 1 mm, number of slices � 40, VENC � 60
cm/second, acquisition time � 30–40 minutes, slew
rate � 120 mT/m/msec.

The data obtained by 4D-Flow were converted into
the data format suitable for the flow visualization soft-
ware (EnSight; Computational Engineering Interna-
tional, Apex, NC, USA) by personal computer (Intel Pen-
tium4 CPU, 3.2 GHz, 2048 MB RAM, Linux OS) in about
90 minutes. We forwarded the converted data to an-
other personal computer (Intel Pentium4 CPU, 3.2 GHz,
2048 MB RAM, Microsoft Windows XP), and analysis
was performed with EnSight. Time-resolved images of
3D streamlines and 3D particle traces from arbitrary

planes were generated, and 2D velocity vector fields on
arbitrary planes were calculated.

Details of the visualization tools used were described
previously (21). Each voxel obtained by 4D-Flow has 3D
vector information of velocity. These voxels make up a
time-varying velocity vector field. Vector fields are used
to model the speed and direction of a moving fluid
throughout space. “3D streamlines” are lines that rep-
resent flow direction at one point in time on the vector
field. A “3D particle trace” is the path a massless par-
ticle would follow if it were placed in a time-varying
velocity vector field. “3D pathlines” are defined as the
integration of the particle traces. “2D velocity vector
fields” are arbitrary 2D planes extracted from the 3D
imaging volume in which 3D velocities are displayed
over time. Each type of depiction is color-coded accord-
ing to the velocity magnitude and visualized as cine
images with 20 time frames during one cardiac cycle.

After the arbitrary plane was selected, the required
time for visualization was about two to three minutes.
The total visualization time using EnSight was about
one hour.

RESULTS

We were able to generate 3D streamlines from arbitrary
planes that were perpendicular to the longitudinal axis
of intracranial arteries. When we generated 3D stream-
lines from the C5 segment of the internal carotid artery
(ICA), the carotid siphon was clearly visualized (Fig. 1).
When we generated 3D streamlines from the C2 seg-
ment of the bilateral ICAs and basilar artery, we were
able to visualize the circle of Willis, the M2 segment of
the bilateral middle cerebral arteries (MCAs), the A2
segment of the bilateral anterior cerebral arteries, and
the P3 segment of the bilateral posterior cerebral arter-
ies (Fig. 2).

3D particle tracing was performed from an arbitrary
plane, and clear visualization of intracranial arterial
hemodynamics was obtained. When we traced flow dy-
namics from the C5 segment of the ICA, the particles in
the carotid siphon were clearly visualized (Fig. 3). The
parabolic velocity profile was observed immediately af-
ter the generation of particles (Fig. 3a). 3D pathlines
showed that the blood flowed in the greater curvature in
the curved segment of the arteries (Fig. 3b and c).

We also obtained time-resolved velocity vector maps
on arbitrary planes in the intracranial arteries. Velocity
vector maps in the region where intracranial aneu-
rysms occur frequently, such as the basilar tip (Fig. 4)
and the bifurcation of the internal carotid and posterior
communicating arteries (IC-PC) (Fig. 5), were obtained.
These results were obtained for all volunteers.

The fastest blood flow was observed in the C1-2 seg-
ment of the ICA. The mean maximal flow velocity of this
segment was 71.7 cm/second. In the medial surface of
the origin of the posterior cerebral artery (PCA), rela-
tively fast blood flow was observed in some volunteers.
Blood flow velocity of more than 60 cm/second was
observed in six of 12 PCAs in six volunteers.
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DISCUSSION

In this study we obtained data regarding intracranial
arterial blood flow, including the main intracranial ar-
teries, using an FOV of 160 � 160 � 40 mm, a voxel size
of 1 � 1 � 1 mm, and 20 time frames during one cardiac
cycle in 30–40 minutes. We obtained 3D velocity vec-
tors on arbitrary planes of human intracranial arteries
with cine images using the visualization software En-
Sight. We were able to visualize human intracranial
arterial hemodynamics from any direction as 3D
streamlines and 3D particle traces. The 3D streamlines
clearly showed that the intracranial arterial flow was
laminar, and the 3D particle traces showed that the
velocity profile was parabolic. The pathlines showed
that the blood flowed in the greater curvature in the
curved segment of arteries. Similar hemodynamics
were shown in a replica study performed by Kerber and
Liepsch (24). However, in the present study we were

able to directly obtain in vivo hemodynamic information
from living human beings. To our knowledge, this is the
first paper to report that in vivo direct analysis of blood
flow in living human intracranial arteries clearly dem-
onstrated hemodynamics similar to those of experimen-
tal fluid dynamics (EFD) or computational fluid dynam-
ics (CFD).

The greatest advantage of 4D-Flow imaging is that
with this method one can directly and noninvasively
measure human intracranial arterial hemodynamics in
individual subjects. In EFD and CFD, the results of the
hemodynamic analyses of human vessels depend on
many variables, such as the shape of the model, peri-
odical movements of the vascular wall, physiological
properties of the flowing fluid, and input information of
the blood flow profile, including space and time. There-

Figure 1. 3D streamlines of the left carotid siphon of a 22-
year-old normal male volunteer. An anterior view (a) and a left
lateral view (b) of 3D streamlines on the peak systolic phase
clearly demonstrate hemodynamics in the carotid siphon.
Streamlines are generated from the C5 segment of the left
carotid artery. Images of 3D streamlines can be observed as
cine images like a movie on the computer display. Velocities
are expressed as a color scale. The unit of the legend is
m/second.

Figure 2. 3D streamlines around the circle of Willis in a 23-
year-old normal male volunteer. A craniocaudal view of 3D
streamlines around the circle of Willis immediately after the
trigger of the R-wave of the ECG (end-diastole, a) and 583 msec
after the R-wave of the ECG (end-systole, b) clearly demon-
strate the circle of Willis, bilateral M2 segment of the MCA,
bilateral A2 segment of the anterior cerebral artery, and bilat-
eral P3 segment of the PCA. These images can be displayed as
cine images like a movie on the computer display. Streamlines
were generated from the bilateral ICAs and the basilar artery.
Velocities are expressed as a color scale. The unit of the legend
is m/second.
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fore, it is debatable whether these methods can repro-
duce the actual physiological hemodynamic conditions
in living human vessels.

Another advantage of the 4D-Flow method is the
shorter time required for imaging and postprocessing,
and lower cost compared to EFD and CFD. The imaging
time for 4D-Flow in this study was 30–40 minutes,
data reconstruction for the visualization software for-
mat took 90 minutes, and hemodynamic analysis with
the visualization software took about one hour. The
acquisition time for 4D-Flow was longer than that re-

quired for routine MRI. However, it can be done more
quickly and less expensively than EFD or CFD. We
think that this technique can be applied for in vivo
hemodynamic analysis of human intracranial arteries.

However, 4D-Flow has limitations in terms of the
imaging time, spatial resolution, temporal resolution,
and VENC setting. The acquisition time was dependent
on the FOV, matrix, and heart rate (20), and was about
30–40 minutes. Image degradation due to motion may
occur during this acquisition time. In the future, it may

Figure 3. 3D particle traces and 3D pathlines of the left ca-
rotid siphon of a 22-year-old normal male volunteer. a: A left
lateral view of 3D particle traces generated immediately after
the trigger of the R-wave of the ECG shows the parabolic
velocity profile in the ICA. This finding indicates that the ICA
has laminar flow. An anterior view (b) and a left lateral view (c)
of pathlines in which traced particles are connected show that
the pathlines are parallel in the straight portion of the vessel,
and helical in the region of vessel curvature. Particles are
generated from the C5 segment of the left ICA. The colors of the
particles and lines represent velocity. The unit of the legend is
m/second.

Figure 4. Left posterior oblique views of 2D velocity vector
fields on the planes traversing a left carotid siphon and a
basilar tip in a 48-year-old normal male volunteer. a: Magni-
tude images traversing a left carotid siphon and a basilar tip
show the vascular structure. 2D velocity vector fields immedi-
ately after the trigger of the R-wave of the ECG (end-diastole, b)
and 383 msec after the R wave of ECG (peak-systole, c) on the
same plane shown in image a clearly show flow vectors around
the left carotid siphon and the basilar tip. Flow vectors adja-
cent to the vascular wall are clearly depicted. The vectors are
color-coded according to the velocity shown in the legend. The
unit of the legend is m/second.
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be possible to shorten the acquisition time by using
parallel imaging techniques, coils with a better signal-
to-noise ratio (SNR), and improved pulse sequences.

In this study the spatial resolution was 1 � 1 � 1 mm.
However, to calculate the wall shear stress properly, we
need a voxel size of less than 0.5 � 0.5 � 0.5 mm. High
spatial resolution can be achieved using high field mag-
nets and a coil with a high SNR.

In this study, 20 time frames of images were acquired
per one heartbeat. Temporal resolution was dependent

on the heart rate and was about 40–60 msec. We think
this is sufficient for clinical applications. However, the
acquisition times for the magnitude image and the x, y,
and z components of velocity were slightly different.
Also, the acquisition times for adjacent slices were
slightly different. To better understand the influence of
these differences, fundamental experiments and com-
parisons between this technique and EFD or CFD will
be required. However, in a previous study, Markl et al
(20) reported a correspondence between 4D-Flow and
2D cine PC-MRI.

In this study we could only set a uniform VENC, and
were unable to change the VENC setting once the ex-
amination started. Imaging of slow blood flow is poor at
high VENC settings. Reducing the VENC produces good
slow-flow images, but the fast flow will be wrapped. In
this study we set the VENC to 60 cm/second to observe
the slow flow near the vessel wall. Although it is not
obvious on our images, there may have been some
wrapped data. It is necessary to set VENC appropriately
for the area that is being observed.

Although this study included only healthy volun-
teers, the 4D-Flow technique should be able to analyze
the hemodynamics of patients with vascular disease.
Wall shear stress is thought to be an important factor in
the occurrence and progression of vascular disease.
Vascular wall shear stress is defined as the multiplica-
tion of fluid viscosity and shear velocity of the neigh-
boring vascular wall. If we can analyze and understand
hemodynamics properly and calculate the wall shear
stress of normal intracranial arteries, we should be able
to predict the occurrence of vascular disease. This 4D-
Flow method will play an important role in the mea-
surement of wall shear stress. It may also serve as an
important tool for elucidating the mechanisms of occur-
rence and progression of vascular disease. 4D-Flow
data also contain information about the flow volume of
the main intracranial arteries. We will be able to use the
hemodynamic information of the main intracranial ar-
teries obtained by 4D-Flow as the boundary condition
to improve the accuracy of CFD results.

In conclusion, 4D-Flow may be a useful noninvasive
method for analyzing the in vivo hemodynamics of the
intracranial arteries. With 4D-Flow we were able to gain
a better understanding of in vivo 3D hemodynamics in
the human intracranial arteries. We obtained data on
the in vivo intracranial hemodynamics of living humans
in 30–40 minutes. 4D-Flow provided us with time-re-
solved images of 3D streamlines and 3D particle traces
viewed from arbitrary directions, and time-resolved im-
ages of 2D velocity vector fields of arbitrary planes.
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