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Comparative velocity investigations in
cerebral arteries and aneurysms:
3D phase-contrast MR angiography,
laser Doppler velocimetry and
computational fluid dynamics
Dorothea I. Hollnagel a,b, Paul E. Summers c,d, Dimos Poulikakosb

and Spyros S. Kolliasa*
In western populations, cerebral aneurysms develop
NMR Biom
in approximately 4% of humans and they involve the risk of
rupture. Blood flow patterns are of interest for understanding the pathogenesis of the lesions and may eventually
contribute to deciding on the most efficient treatment procedure for a specific patient. Velocity mapping with
phase-contrast magnetic resonance angiography (PC-MRA) is a non-invasive method for performing in vivomeasure-
ments on blood velocity. Several hemodynamic properties can either be derived directly from these measurements or
a flow field with all its parameters can be simulated on the basis of the measurements. For both approaches, the
accuracy of the PC-MRA data and subsequent modeling must be validated. Therefore, a realistic transient flow field in
a well-defined patient-specific silicone phantom was investigated. Velocity investigations with PC-MRA in a 3 Tesla
MR scanner, laser Doppler velocimetry (LDV) and computational fluid dynamics (CFD) were performed in the same
model under equal flow conditions and compared to each other. The results showed that PC-MRA was qualitatively
similar to LDVand CFD, but showed notable quantitative differences, while LDVand CFD agreed well. The accuracy of
velocity quantification by PC-MRA was best in straight artery regions with the measurement plane being perpen-
dicular to the primary flow direction. The accuracy decreased in regions with disturbed flow and in cases where the
measurement plane was not perpendicular to the primary flow. Due to these findings, it is appropriate to use PC-MRA
as the inlet and outlet conditions for numerical simulations to calculate velocities and shear stresses in disturbed
regions like aneurysms, rather than derive these values directly from the full PC-MRA measured velocity field.
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INTRODUCTION

Angiographic studies report an incidence of intracranial
aneurysms in between 3 and 6% of humans, although autopsy
studies suggest a slightly lower occurrence (1,2). The yearly
rupture rate of intracranial aneurysms is approximately 2% (3).
Treatment approaches are either endovascular coiling or
neurosurgical clipping which are invasive procedures with
recognized risks of morbidity and mortality (4). In this setting,
there is a strong motivation to provide safe and effective
treatment for both the symptomatic and silent lesions. Currently,
morphological properties provide the basis of pretreatment
assessment of such vascular lesions, without reference to the
associated hemodynamic abnormalities (5). This ignores the fact
that the natural history of aneurysms as well as the course of their
treatment are strongly influenced by hemodynamic factors (6,7).
Velocity mapping using phase-contrast magnetic resonance

angiography (PC-MRA) is a widely available, non-invasive, and
adaptable method for performing in vivo blood velocity
measurements which can be used for both angiographic and
quantitative applications (8–11). By applying cardiac triggering to
the image acquisition, four-dimensional maps of the velocity field
can be obtained.
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To address the need for improved spatial resolution (12–14),
and to overcome the ensuing loss in signal to noise, we have
obtained quantitative 3D PC-MRA velocity maps in a 3 TMR
scanner. This allowed the slice thickness to be reduced, while
yielding SNRs greater than that of a single average 2D PC-MRA
velocity mapping study at 1.5 T, through the greater polarization
effect of higher magnetic field, and the averaging effect of 3D
acquisition. We have previously shown that velocity measurements
obtained by 3D PC-MRA velocity mapping are in good agreement
with laser Doppler velocimetry (LDV)measurements for steady flow
in a realistic (in geometry and size) arterial aneurysmmodel under
certain conditions (15).
For describing the hemodynamic effects of the flow within an

aneurysm, apart from the velocity field itself, other properties
such as the wall shear stresses and pressure also constitute very
important clinical information. At present, it is impossible to
measure these characteristics non-invasively. Two possibilities
exist for obtaining these descriptors of the hemodynamic forces
in a specific arterial segment of an individual patient based on
non-invasive measurements: either deriving them directly from
the measured velocity field (16–18), or to use the velocity field
measurements as patient-specific inlet and outlet conditions in a
numerical simulation (CFD) of the flow field and derive the flow
characteristics from this field (19–24). In either approach, the
quality of the derived parameters relies on the accuracy of
the PC-MRA as a source of the velocity field data. The sensitivity of
the two approaches to imperfections in the PC-MRA data is likely to
be different, and each must be validated against an independent
Figure 1. Model. (a) Siliconemodel andmeasurement positions within themod

(2)) were performed with the model laying flat and three measurements (post

performedwith themodel in vertical position due to the limited accessibility of the
to the model. (b) Coarse mesh with 185,170 hexahedral cells over the entire geom

(c) Fine mesh with 851,330 hexahedral cells over the entire geometry. The size
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method. To achieve this goal, in the present work, the transient
velocity field was measured in a well-defined realistic silicone
phantom with 3D PC-MRA and with an alternative spatially and
temporally resolved velocimetry technique, LDV. Subsequently, both
measurements were compared to each other and to the
velocities obtained through numerical simulations.
To our knowledge, direct comparison of both, PC-MRA and CFD

with a reference method (LDV) in the same model of a small
realistic artery setting has not been reported so far.
EXPERIMENTAL
Model and setup

The measurements and numerical simulations were performed
in a realistic intracranial aneurysm model with transient flow. The
preparation and construction of the silicone model for the LDV
and PC-MRA measurements has been described in detail in
Reference (15). The inlet of the model is the temporal segment
of the internal carotid artery at the skull base and has a diameter
of 3.7–4mm. A saccular aneurysm is located at the origin of the
posterior communicating artery. The posterior communicating
artery and the posterior cerebral artery are included in themodel,
as are the bifurcation of the internal carotid artery distal to the
aneurysm and the ensuing anterior cerebral and middle cerebral
arteries. The very small ophthalmic artery is not included in the
model. The outlets of the model are therefore the anterior,
middle, and posterior cerebral arteries (Fig. 1a).
el. Twomeasurements (internal cerebral artery (1) and anterior cerebral artery

erior cerebral artery (3), middle cerebral artery (4) and aneurysm (5)) were

flow regions using the laser. Therefore, the coordinate system changes relative
etry. The size of the cells is between 2.86� 10-4 mm3 and 1.09� 10-2 mm3.

of the cells is between 7.43� 10-5 mm3 and 2.38� 10-3 mm3.
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Figure 2. Applied flow curves. The dark curve with the circles is applied

by the computer controlled pump. The gray curve with the triangles is

applied in the numerical simulations. These curves differ due to the

damping caused by the long elastic tube leading to the model, which
causes the flow reaching the silicone model to change. Therefore, the

transient mass flow curve was calculated from the LDV velocities measured

at the internal carotid artery position (1) and is then applied as a bulk mass

flow to the extended inlet of the virtual model. While passing through the
extension the flow develops thus resulting in comparable velocity con-

ditions at all measurement positions and for all measurement methods.

VELOCITY INVESTIGATIONS IN CEREBRAL ANEURYSMS
The blood mimicking fluid used for the measurements
consisted of a mixture of 59.4% by weight of glycerol in water
with hollow glass spheres (Ø 10mm) added as seeding particles
for the LDV. The fluid had the same refraction index (n¼ 1.412) as
the silicone model to minimize the errors due to refraction in the
LDV measurements. The T1 and T2 values of the fluid were 500
and 45ms, respectively. Its density was 1151.5 kg/m3 and
viscosity 10.3mPa � s. The density of blood is 1048 kg/m3 (25)
and for an assumed constant viscosity under the specific flow
Figure 3. Illustration of the experimental setup. (a) Laser Doppler velocime
vertical velocity measurements) intersect in the flow region of the silicone mo

(40� tube diameter) to ensure that the flow entering themodel is fully develop

same silicone model setup, covered with agar gel, was placed in the MR sc

mapping. Also here, the tube leads straight to the model and the outlet tube
(dark blue) to allow the application of a bulk mass flow and still assure a fully

position 1). The connection of the outlets was simulated by applying a zero
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condition of 4mPa � s (26–28), the flow was adjusted to in vivo
blood properties by matching the Reynolds and Womersley
numbers. An in vivo pulse rate of 60 per minute was assumed and
the resulting frequency from the Womersley number was 2Hz.
The peak flow for the pulsating flow was 11.4mL/s and the
average flow was 3.494mL/s. These values correspond to obser-
vations from the literature (29–33). To maintain an accurate and
reproducible flow through themodel, a computer controlled pump
suitable for MR environments (CompuFlow 1000MR, Shelley
Medical Imaging Technologies, Mississauga, Canada) was used for
generating transient flow curves with less than 1% variance (34,35).
A pre-installed carotid artery flow curve was used after adjustment
to the above-mentioned values (Fig. 2). The vascular model was
connected to the pump system via 6mmdiameter silicone tubes. A
fluid showing the same parameters was modeled in the Ansys CFX
simulation software. Due to the damping caused by the long elastic
tubing leading to the model, the flow curve that actually reached
the model had changed. Therefore, the flow curve applied in the
numerical simulation had to be adjusted. This was done by
calculating the mass flow from the LDV measured values at the
internal carotid artery (measurement position 1) and applying
this mass flow as inlet condition in the virtual model (Fig. 3).

Velocity investigations

The velocity field in the model was investigated by using the
following tools: (a) an LDV system (Dantec, Skovlunde, Denmark),
(b) a retrospectively gated 3D PC-MRA sequence obtained in an
Achieva 3 TMR scanner (Philips Medical Systems, Best, The
Netherlands) using an 8-channel head coil, and (c) computational
fluid dynamics (CFD) using CFX (Ansys Europe, Inc.) (Fig. 3).
Considering the impracticality of performing LDV throughout the
try: four laser beams (two green for the horizontal and two blue for the
del. The tube leading to the model is fixed rectilinear for more than 24 cm

ed. The outlet tubes are converging before returning to the pump. (b) This

anner to achieve similar conditions for the phase-contrast MRA velocity

s were connected. (c) Virtual model: the proximal portion was extended
developed flow at the level of the ‘‘internal carotid artery’’ (measurement

pressure difference between them. 7
9
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entire model, comparisons are limited to five cross-sectional
locations in the model, which are indicated in Figs 1a and 3.
The measurement planes were perpendicular to the flow

direction for the relatively straight artery segments at the internal
carotid artery (measurement position 1) and the middle cerebral
artery (measurement position 4). Thus, very low in-plane veloci-
ties are expected at these positions. However, at the anterior and
posterior cerebral arteries (measurement positions 2 and 3), the
curvature of the vessels resulted in the imaging planes intersect-
ing the flow at significant angles during the cross-sectional
measurements (228 in the xz-plane and 188 in the xy-plane for the
anterior cerebral artery and 98 in the xz-plane for the posterior
cerebral artery), whichmay lead to in-plane velocity components.
At the average flow velocity, the length of the tubing on
the straight path from the opening of the scanner bore to the
phantom provided 5.4 s (equal to 10.8� T1 of the fluid) of exposure
to the magnetic field, sufficient to provide full polarization for all
spins assuming fully developed flow. In CFD, the flow was
simulated in the entire geometry under the same conditions as
the PC-MRA and LDV measurements. For the comparative
analysis, the same planes as in the measurements were extracted
from the calculated flow field.

LDV measurements

LDV is a non-contact optical measurement method to obtain
velocity components in fluids (36). The principle of the LDV is the
Doppler effect: the laser acts as a non-moving transmitter
and particles in the fluid (added glass spheres, Ø 10mm) act
first as moving receivers and then as moving transmitters of
the reflected light being detected by a non-moving receiver. The
detected light is frequency-shifted relative to that sent from
the laser, allowing the velocity of the reflecting particle to be
calculated. In practice, this frequency shift is too small to
be detected. Instead, a two laser-beam set up is used, allowing
the velocity component of the reflecting particle in the plane of
the beams and perpendicular to the line bisecting the angle
between the beams to be calculated (36,37). For our measure-
ments, two argon-ion lasers with wavelengths of 514.5 nm
(green) and 488 nm (blue) were used to simultaneously record
the two velocity components.
Velocity distributions (arising from a sensitive ellipsoidal

volume of approximately 2.5� 10�3mm3) were measured at
points along radial lines passing through the maximum velocity
in each cross-section. The spacing of the points varied between
0.05 and 0.15mm and 200 000 signals were recorded per point.
For each point, separate distributions of the measured velocities
were formed for 40 time intervals on the basis of binning
the arrival time of the measured signal relative to the pump
trigger signal. This resulted in about 5000 signals per interval.
Within each of these intervals themean value was taken to be the
velocity at this specific point and interval of time. Each
measurement of a temporal velocity profile at a spatial point
required 150–700 s, depending on the rate of scatter detection.

PC-MRA measurements

A standard 3D PC-MRA sequence was used with parameters
optimized to provide the maximum spatial resolution within a
reasonable acquisition time. For the artery regions the imaging
volume consisted of 15 slices with a thickness of 1mm each at the
internal carotid, posterior, and middle cerebral arteries and
www.interscience.wiley.com/journal/nbm Copyright � 200www.interscience.wiley.com/journal/nbm Copyright � 200
0.7mm at the anterior cerebral artery, while 19 slices with a
thickness of 0.7mm each were obtained when imaging the
aneurysm in order to improve the signal to noise ratio (SNR). The
middle slice of the volume was placed at the cross-sectional
plane of interest and is the only slice to undergo analysis. The
additional slices allow, compared to a 2D slice, a lower acquisition
bandwidth of 618.7 Hz for the minimum available echo time (TE)
of 4.2–5.5ms, while also imparting an averaging benefit for SNR
improvement. The repetition time (TR) was chosen to be 25ms
and the flip angle 88. The matrix contained 320� 224 pixels in a
field of view (FOV) of 250� 105mm. The velocity encoding
(VENC) was set to slightly exceed the maximum expected
velocity, in order to maximize the velocity to noise ratio (VNR).
Correspondingly, the VENC used when measuring in-plane
components was lower than that used when acquiring the
through-plane component. Signal averaging (NSA, NEX, ACQ) was
used for the anterior, middle, and posterior arteries (NSA¼ 2) and
for the aneurysm (NSA¼ 3). Retrospective triggering with bilinear
interpolation was used to generate a total of 40 temporally
resolved velocity maps for each of the 15 slices in the 3D PC-MRA
volume for a spatial resolution of 0.469mm in a 14–30min scan
time. The MR velocity data were exported from the scanner in
DICOM format and the 40 time instant files from the central slice
of each 3D PC-MRA dataset were used for comparison with LDV
and CFD.
To minimize the Maxwell terms in the background due to eddy

currents, all measurements were performed within 2 cm of the
isocenter without the manufacturer’s background correction. The
mean and standard deviation of differences from zero in ROIs
defined in the surrounding static gel were less than 1.5 and 3.5%
of the VENC, respectively. As these ROIs were farther from the
isocenter than the vessels, they can be expected to overestimate
the severity of the errors at the vessel sites. Therefore no further
steps were taken to correct the background.

Numerical simulations

For the virtual geometry, the silicone model was measured with
high resolution CT scans (0.2� 0.2� 1mm3) in two spatial
directions and segmented manually using the Amira software
(Mercury Computer Systems, Bordeaux, France). The images were
transferred to Geomagic Studio (Geomagic, Research Triangle
Park, North Carolina, USA) as virtual reality modeling language
(VRML) files. In Geomagic Studio they were merged, patched and
rendered into a non-uniform rational B-spline (NURBS) surface.
This was transferred into the Ansys ICEM-CFD grid generation
software (Ansys Inc., Canonsburg, PA, USA) as an initial graphics
exchange specification (IGES) file. With ICEM-CFD, the inlet was
extended with a straight tube to enable virtual application of a
pulsating bulk mass flow as the inlet condition and also allow the
flow to develop until it reaches the modeled arteries. Three block
structured hexahedral meshes with 385 blocks and 185 170
(coarse), 407 429 (medium), and 851 330 (fine) hexahedrons were
generated for this geometry (Fig. 1b,c).
The velocity field in this model was calculated using the Ansys

CFX 11 software with a transient mass flow curve as the inlet
condition as shown in Fig. 2. A multigrid method was used and
the order of residuals decreased by more than four orders of
magnitude to 10�8. The simulations were run on three different
sized grids as described above for four periods with three time step
sizes (t1¼ T/80¼ 6.325� 10�3 s, t2¼ T/160¼ 3.1625� 10�3 s, and
t3¼ T/200¼ 2.53� 10�3 s, with T¼ 0.506 s being the time of one
9 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–8089 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–808



Table 1. Simulation times and numbers of processors used on the three grids for the different time step sizes

Coarse (185 170 hexahedrons)

Time step size (s) 6.325� 10�3 3.1625� 10�3 2.53� 10�3

Processors 12 16 20
Total CPU time (s) 257 150 463 490 532 890
Total wall clock Time (s) 31 320 44 610 47 910

Medium (407 429 hexahedrons)
Time step size (s) 6.325� 10�3 3.1625� 10�3 2.53� 10�3

Processors 16 16 20
Total CPU time 533 040 958 210 1 177 410
Total wall clock Time (s) 50 340 82 530 84 440

Fine (851 330 hexahedrons)
Time step size (s) 6.325� 10�3 3.1625� 10�3 2.53� 10�3

Processors 16 16 20
Total CPU time 1 035 130 1 841 980 2 255 600
Total wall clock Time (s) 89 840 112 300 113 000

VELOCITY INVESTIGATIONS IN CEREBRAL ANEURYSMS
period) on up to 20 processors. The CPU times were between
257 150 s and 2 255 600 s, which resulted in total wall clock times
between 31 320 s and 113 000 s (Table 1).
Independence studies showed that the different grids, time

step sizes, and periods give similar results and therefore are valid.
The differences between the time step sizes and periods were
less than 1% and the differences on critical positions, like within
the aneurysm, were less than 5%. Therefore, the results of the fine
grid simulations were assumed to be correct and were further
used for comparisons with the measurements.

Analysis

Prior to comparison of the measurement and simulation data,
cubic interpolation was used to fit surfaces to the acquired
velocities in each cross-section of interest (Matlab, Version
7.0.1.24704 (R14) Service Pack 1, The MathWorks, Inc., Natick, MA,
USA). The velocity component maps were qualitatively compared
at two specific instants of the pump cycle (190ms, just before the
increase of the flow, and 266ms, at the peak flow) using surface
plots, contour lines, and profiles along cardinal directions in each
cross-section. The interpolated velocity components were indivi-
dually subjected to correlation analysis between themeasurements
and simulation for the cross-sections at specific time instants as a
whole. The main flow direction describes the through-plane
velocity component and the secondary flow direction describes
one in-plane velocity component. The instantaneous mean
velocities for the through-plane flow direction in each modality
were calculated, plotted over time, and the correlation coefficient
between the two curves determined. The two time instants
examined are indicated in the respective figures relative to these
curves.
To quantitatively compare the different methods, we made use

of several characteristic numbers calculated for each cross-
sectional location, velocity direction, and time instant. The results
were then plotted over time. The characteristic numbers are the
following:
� c
NMNM
orrelation coefficient (R), ideal R¼ 1;

� r
7

oot mean squared error relative to maximum LDV velocity

(RMSE), ideal RMSE¼ 0;
R Biomed. 2009; 22: 795–808 Copyright � 2009 John WileyR Biomed. 2009; 22: 795–808 Copyright � 2009 John Wiley
� c
&&
oefficients (m, b), the slope and intercept of the normalized

regression line: PCMRA0 ¼m � LDV0 þ b, ideal m¼ 1, ideal b¼ 0

(with PCMRA0 ¼ PCMRA/LDVmax and LDV0 ¼ LDV/LDVmax).

For the through-plane velocity direction some more charac-

teristic numbers are included:
� p
eak velocity difference relative to maximum LDV velocity

(PVD), ideal PVD¼ 0;

� m
ean velocity difference relative to mean LDV velocity (MVD),

ideal MVD¼ 0;

� c
orrelation coefficients of the mean and peak flow curves.

For each anatomical location and velocity direction, the means
of the characteristic numbers are determined. Taking the LDV
measurements as the standard for reference, we consider diffe-
rences from these measurements to represent errors in the CFD
or PC-MRA values. The errors (E) of the characteristic numbers
related to the maximum or mean velocities, respectively, are
rated as follows: E� 5%: very good (þþ), 5%< E� 10%: good (þ),
10%< E� 15%: weak (�), E> 15%: poor (��).

RESULTS

Internal carotid and middle cerebral artery

The measurement planes at the internal carotid artery (measure-
ment position 1) and the middle cerebral artery (measurement
position 4) were perpendicular to the flow axis and resulted in
high through-plane and small in-plane velocities. The through-
plane velocities at the internal carotid artery are shown in
Figs 4–7. The contour plots (Fig. 4a) were qualitatively similar and
showed the same patterns at all times, with backflow regions
being reproducible with all three methods. Slight differences
occurred near the boundaries and the noise in the PC-MRA data
could be observed. From the contour plots, it was obvious that
CFD and LDV velocity patterns were in better agreement with
each other than with PC-MRA. The CFD simulation calculated a
lower peak velocity than measured with LDV and PC-MRA for the
internal carotid artery (Fig. 5), but slightly overestimated the
velocities for the middle cerebral artery. The mean and peak
velocity curves were in very good agreement, with very high
9
9

Sons, Ltd. www.interscience.wiley.com/journal/nbmSons, Ltd. www.interscience.wiley.com/journal/nbm



Figure 5. The profile lines of the through-plane velocities at the internal
carotid artery show good agreement between the methods, except for

slight differences at the peak.

Figure 4. (a) Through-plane velocities at the internal carotid artery demonstrate similar patterns in the contour plots. Note also slightly lower values in

the CFD and noise in the PC-MRA plots. (b) The regression analysis shows low dispersion and regression lines very close to identity.

8
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correlation coefficients, but with some absolute differences
(Fig. 6), especially around the time of peak flow for the middle
cerebral artery. This was reflected in the regression analysis
(Fig. 4b) which, despite showing high correlation coefficients (R)
throughout the whole cycle (Fig. 7), revealed a tendency for lower
CFD velocities, where the PC-MRA versus LDV regression lines
were close to identity at the internal carotid artery (Fig. 4b). The
variance per time instant was highest for the low velocities at
the boundaries. The RMSEs in all method comparisons are of the
same order and showerrors of less than 10% for the internal carotid
artery and for themiddle cerebral artery, being especially lowbetween
CFD and LDV at time instants other than peak flow (Table 2).
In the analysis of the in-plane velocity components for the

internal carotid artery and middle cerebral artery the contour
plots also showed good qualitative agreement despite the very
low absolute velocities. The velocities obtained with CFD are
strongly underestimated at the internal carotid artery, although
the patterns are similar. At the middle cerebral artery, the
contours of the CFD and LDV data were very similar, while the
PC-MRA data did not reproduce the specific flow patterns.
Notably however, the in-plane velocities observed here were very
low, at about 5% of the maximum through-plane velocity. The
correlation between the methods was very high for all time
points, except for the comparisons against CFD at the internal
carotid artery (Table 2). The regression plots showed low
dispersion of the measurements, which was again highest at
velocities near zero and resulted in mean RMSEs that were
consistent over the whole cycle. The slope of the regression lines
for lower mean velocities was closer to unity than for velocities at
the time of peak flow. For the comparisons against CFD at the
internal carotid artery, the regression lines were offset and
rotated, because of the very low CFD velocities.
9 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–8089 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–808



Figure 6. Mean through-plane velocities (above) and through-plane velocities at the point of maximumvelocity (below) at the internal carotid artery are
plotted against time. The differences between the curves are shown as bar plot. The comparisons of the curves show very high correlation coefficients

(Table 1).

VELOCITY INVESTIGATIONS IN CEREBRAL ANEURYSMS
Anterior and posterior cerebral arteries

The measurement planes at the anterior (measurement position
2) and posterior (measurement position 3) cerebral arteries were
not perpendicular to the flow axis and resulted in through-plane
Figure 7. The results between the methods are plotted over time. The plot

squared error (RMSE) and the intercept of the regression line (B). The slope of th

NMR Biomed. 2009; 22: 795–808 Copyright � 2009 John WileyNMR Biomed. 2009; 22: 795–808 Copyright � 2009 John Wiley
and in-plane velocities of the same order (Figs 8 and 10). For the
through-plane velocity measurements the methods gave
generally comparable impressions of the velocities, but differed
substantially in the detailed flow patterns (Fig. 8a). Similarities
were greatest between CFD and LDV while rather weak
shows very low errors for the correlation coefficient (R), the root mean

e regression line (M) shows slightly larger errors for comparisons with CFD. 8
0
1
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Table 2. Comparative results of the three different measurement methods in the arteries. Percentage differences from the ideal
value and rating as described in the Section ‘Analysis’

Internal cerebral artery Anterior cerebral artery

PC-MRA–LDV PC-MRA–CFD CFD–LDV PC-MRA–LDV PC-MRA–CFD CFD–LDV

% Rating % Rating % Rating % Rating % Rating % Rating

Through-plane
R 2.21 þ þ 3.34 þ þ 0.97 þ þ 17.08 � � 21.19 � � 8.62 þ
RMSE �6.55 þ �8.02 þ �3.66 þ þ �9.34 þ �10.35 � �9.28 þ
m 2.37 þ þ 13.78 � 11.91 � 32.07 � � 41.13 � � 0.29 þ þ
b 0.68 þ þ �1.83 þ þ 2.69 þ þ 16.54 � � 37.53 � � �24.93 � �
PVD 5.74 þ 17.53 � � �11.79 � �20.63 � � �2.54 þ þ �18.09 � �
MVD 4.94 þ þ 6.68 þ �1.74 þ þ �8.57 þ 26.35 � � �34.92 � �
RMFC 0.71 þ þ 0.72 þ þ 0 þ þ 8.39 þ 8.55 þ 1.95 þ þ
RPFC 2.31 þ þ 2.61 þ þ 0.1 þ þ 10.01 � 10.89 � 1.13 þ þ
Average þ 1.75 þ 0.875 þ 1.25 � 0.75 � 0.875 þ 0.25

In-plane
R 4.68 þ þ 22.9 � � 23.62 � � 18.36 � � 14.32 � 9.28 þ
RMSE �8.49 þ �18.02 � � �6.29 þ �8.06 þ �7.15 þ �11.63 �
m 18.72 � � 124.78 � � 77.65 � � 54.15 � � 56.08 � � 0.31 þ þ
b 10.8 � 16.86 � � �0.24 þ þ 31.82 � � 38.52 � � �12.11 �
Average 0 �2 �0.25 �1.25 �1 þ 0.25

Through-plane and in-plane
Average þ 1.167 �0.833 þ 0.75 �0.917 �0.917 þ 0.25

Posterior cerebral artery Middle cerebral artery

PC-MRA–LDV PC-MRA–CFD CFD–LDV PC-MRA–LDV PC-MRA–CFD CFD–LDV

% Rating % Rating % Rating % Rating % Rating % Rating

Through-plane
R 21.37 � � 9.34 þ 5.92 þ 10.55 � 8.15 þ 2.83 þ þ
RMSE �11.84 � �7.91 þ �8.65 þ �9.33 þ �8.22 þ �7.61 þ
M 33.23 � � 31.8 � � 6.45 þ 25.23 � � 40 � � 24.54 � �
B 13.79 � 25.49 � � �22.14 � � 9.05 þ 15.95 � � �11.45 �
PVD �12.2 � �0.69 þ þ �11.51 � �0.4 þ þ �12.52 � 12.12 �
MVD �9.57 þ 21.8 � � �31.37 � � �8.09 þ �10.93 � 2.84 þ þ
RMFC 9.51 þ 9.56 þ 0.44 þ þ 2.61 þ þ 3.83 þ þ 0.73 þ þ
RPFC 6.74 þ 7.04 þ 0.63 þ þ 1.42 þ þ 2.8 þ þ 0.92 þ þ
Average �0.5 0 þ 0.25 þ 0.75 0 þ 0.625

In-plane
R 38.34 � � 35.2 � � 7.83 þ 7.03 þ 7.27 þ 2.64 þ þ
RMSE �32.3 � � �31.24 � � �14.8 � 9.76 þ 9.95 þ 8.1 þ
m 40.91 � � 30.28 � � 17.45 � � 9.2 þ 30.54 � � 27.01 � �
b �6.93 þ �4.21 þ þ �3.62 þ þ �7.68 þ 12.94 � �27.85 � �
Average �1.25 �1 0 þ 1 �0.25 �0.25

Through-plane and in-plane
Average �0.75 �0.33 þ 0.167 þ 0.83 �0.083 þ 0.33

RPFC, correlation coefficient of the peak velocity curves; RMFC, correlation coefficient of the mean flow curves.
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correlation coefficients were obtained for the comparisons with
PC-MRA (Table 2). The CFD simulations underestimated the
velocities (Fig. 9), and the regression analysis showed that
the differences between the velocities were larger than for the
internal carotid artery (Fig. 8b). The variations between the
techniques were greatest at lower velocities (i.e. at the boundary
www.interscience.wiley.com/journal/nbm Copyright � 200www.interscience.wiley.com/journal/nbm Copyright � 200
of the flow region) throughout the pump cycle and lower for
faster flow regions. The cross-line plots showed the same
patterns for CFD and LDV as opposed to the PC-MRA. The profile
lines also showed that the PC-MRA measurements under-
estimated the peak velocity at the posterior cerebral artery,
and the CFD simulations showed slightly reduced values at the
9 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–8089 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–808



Figure 8. (a) Through-plane velocities at the anterior cerebral artery demonstrate contour plots with similar patterns, though finer flow features are not
reproduced with PC-MRA. (b) The regression analysis shows higher dispersion of velocities than in the internal carotid artery, with the slopes and

intercepts of the regression lines varying over the cycle.

Figure 9. The profile lines of the through-plane velocities at the anterior

cerebral artery show similar patterns, except in the peak flow region. 8
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other time instants. In the plots of the characteristic numbers for
the comparisons with PC-MRA, the differences between the
characteristic numbers and their ideal values were seen to be
consistently around or greater than 10%, while those between
CFD and LDA were less than 10%, except for the regression line
intercept, which shows errors of more than 20%. The slopes of the
normalized regression lines were reduced more than 30% below
unity in the PC-MRA comparisons, whereas these errors average
below 10% for the CFD–LDV comparison (Table 2). The velocity
curves were highly correlated for the CFD–LDA comparison,
despite the underestimation of the absolute values by the CFD
simulation. The peak velocity curve for the anterior cerebral
artery was similar for the CFD and PC-MRA measurements, while
for the LDV measurements it was higher. The peak velocity curve
for the posterior cerebral artery was very close for the CFD and
LDV and lower for the PC-MRA (Table 2).
The flow patterns of the in-plane velocity components from

the LDV and CFD were very similar (Fig. 10a) also for the reversed
flow regions at the posterior cerebral artery, while the PC-MRA
patterns showed distinct differences. These observations were
supported by the cross-line plots, which demonstrate that the
CFD and LDV data overlaid each other but the PC-MRA showed
rather dissimilar patterns (Fig. 11). While the absolute values
matched very well between LDV and CFD, the PC-MRA velocities
were notably lower, most prominently around the time instant of
the through-plane peak flow. The observed differences were
clarified in the regression analysis (Fig. 10b). The scatter plots
showed a rather low dispersion and regression lines close to unity
for the CFD–LDV comparisons and RMSEs of around 10%, but in
the comparisons with PC-MRA, both the slope and the intercept
showed high errors (Table 2).
0
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Figure 10. (a) The contours of the in-plane velocities at the anterior cerebral artery demonstrate that PC-MRA underestimates and poorly reproduces

the flow patterns. (b) The regression analysis shows that slope and intercept differ significantly from unity for comparisons with PC-MRA.

Figure 11. (a) The profile lines of the in-plane velocities at the anterior

cerebral artery indicate clear differences in the flow patterns in compari-

son with PC-MRA.8
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Aneurysm

Measurements within the aneurysm (measurement position 5)
with LDV were only performed along two lines and therefore no
surface could be fitted. A comparison was made with the
corresponding lines in the slices from the PC-MRA and CFD data.
The contour plots with the LDV lines and the profile lines are
shown in Figs 12 and 13 for the through-plane and in-plane
velocities, respectively. They showed pronounced differences
that were also reflected in the extremely high differences of the
characteristic parameters (Table 3). The same tendencies in the
velocity patterns can be observed, but the characteristic numbers
always show errors of over 15% in comparison with the PC-MRA
measured data.
DISCUSSION

An important question for the preparation of patient-specific
velocity field analyses is to establish whether non-invasive
PC-MRA measurements alone, or combined with CFD modeling
can be reliably used for determining the likely hemodynamic risk
factors for aneurysm growth, including shear stress, pressure, and
residence time. The specifics of the cross-sectional velocity
profiles are important for the calculation of these secondary
parameters and the spatially resolved accuracy of the velocity
field must be adequate to support the calculations.
The spatial resolution available with CFD and LDV offers a

distinct advantage over PC-MRA for depicting the dynamics of
the flow. In the present study, we have used interpolation from
the acquisition resolution of the PC-MRA to match that of LDV. To
avoid artifacts in the interpolation, it is necessary that the velocity
9 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–8089 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–808



Figure 12. The contour plots (a) of the through-plane velocities in the

aneurysm show the PC-MRA and CFD data in the entire cross-section and

the lines measured with LDV. In the line plots (b) the extracted data from

the PC-MRA and CFD are shown with the lines measured with LDV. It is
demonstrated that the LDV and CFD velocity values and patterns are

similar, while the PC-MRA data differ significantly.

Figure 13. The contour plots (a) of the in-plane velocities in the aneur-

ysm show the PC-MRA and CFD data in the entire cross-section and the

lines measured with LDV. In the line plots (b) the extracted data from the

PC-MRA and CFD are shown with the lines measured with LDV. It is
demonstrated that the velocity values and patterns are similar between all

methods, although the PC-MRA values show some differences.
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field be sufficiently resolved to capture the salient flow features.
Tang et al. (38), have recommended obtaining at least 16 isotropic
voxels for this purpose. Based on the imaging resolution of
0.49mm� 0.49mm provided by PC-MRA acquisition used in our
study, a minimum vessel diameter of 2mm is required for
obtaining detailed and reliable results using this method. Indeed,
we found the accuracy of PC-MRA to be best in larger vessels (i.e.
NMR Biomed. 2009; 22: 795–808 Copyright � 2009 John WileyNMR Biomed. 2009; 22: 795–808 Copyright � 2009 John Wiley
the internal carotid artery, comprising 50 voxels, and the middle
cerebral artery comprising 18 voxels).
Resolution and vessel size are not the only factors that may

affect the accuracy of PC-MRA measurements. The obliquity
between the long axis of the vessel and the measurement plane
is a recognized source of partial volume effects (38), which may
be quite severe depending also on the vessel size and the
0
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Table 3. Comparative results of the three different measurement methods on two specific lines within the aneurysm.
Percentage-differences from the ideal value and rating as described in the Section ‘Analysis’

Aneurysm

PC-MRA–LDV PC-MRA–CFD CFD–LDV

% Rating % Rating % Rating

Through-plane
R 19.39 � � 16.82 � � 4.37 þ þ
RMSE 17.81 � � 16.67 � � 15.57 � �
m 57.41 � � 53.6 � � 9.45 þ
B �19.15 � � �19.34 � � 0.85 þ þ
PVD �62.86 � � �55.12 � � �7.74 þ
MVD �107.61 � � �100.54 � � �7.08 þ
Average �2 �2 þ 0.83

In-plane
R 31.63 � � 17.06 � � 16.49 � �
RMSE 17.81 � � 13.64 � 16.47 � �
m 48.96 � � 31.83 � � 23.8 � �
b 59.11 � � 49.14 � � 14.16 �
Average �2 �1.75 �1.75

Through-plane and in-plane
Average �2 �1.9 �0.2
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dimensions of the imaging voxel. The internal carotid artery and
middle cerebral artery measurements were performed in regions
of an almost straight vessel, whereas the anterior and posterior
cerebral arteries had a significant obliquity between the imaging
plane and the main flow axis. Moreover, these flow areas could
only be covered with 11 and 9 imaging voxels, respectively.
Presumably for these reasons the results at these sites were rather
poor, despite the diameter of the anterior cerebral artery being of
the same order than for the middle cerebral artery. This partial
volume effect is reflected in the dispersion of PC-MRA values
around the zero velocity, which can be observed at all
measurement sites. For the dispersion of the LDV velocities,
which is also present, refraction errors of the LDV at places near
the arterial wall might play a role. These errors near the wall are
less pronounced in CFD, provided that the mesh is adequately
fine to resolve the boundary layer, which is an important factor
for the accurate calculation of wall shear stresses.
The curvature of natural vessels enforces a degree of

secondary flow throughout the circulatory system. An imaging
slice not perpendicular to the main velocity direction results in
high in-plane velocities, which introduces displacement artifacts
due to the non-simultaneity of spatial encoding in PC-MRA, as
described by Steinman et al. (39). Due to this effect, the
measurements of both through-plane and in-plane flow com-
ponents can be significantly affected. Small in-plane velocities
(less than 5% of the through-plane velocities) were present in
the internal carotid artery and in the middle cerebral artery, while
velocity components of the same order were present in the
anterior and posterior cerebral arteries. Our results showed that
when the in-plane velocities were small, the through-plane
velocities were in better agreement than in the case when
in-plane and through-plane velocities were of the same order.
The results also showed that in-plane velocity comparisons were
always rather poor. Thus, in the cases of the internal carotid and
www.interscience.wiley.com/journal/nbm Copyright � 200www.interscience.wiley.com/journal/nbm Copyright � 200
the middle cerebral arteries the very low values of the in-plane
velocities, as compared to the through-plane velocities, suggest
that they could be neglected. CFD on the other hand
corresponded well with LDV measurements for through-plane
and higher in-plane velocities, but failed to reproduce very low
in-plane velocities.
Within the aneurysm, despite poor quantitative agreement of

the measurements obtained with the various methods, a good
qualitative agreement was observed related to the conformation
of the velocity patterns. Since the aneurysm sac is a region with
relatively equivalent velocity components in all three directions,
the imaging plane cannot be placed perpendicular to a main flow
axis. Partial volume effects and displacement artifacts from the
in-plane velocity components are expected to limit the accuracy
of velocity measurements. A further consideration is that the size
of the voxel volume, in which the PC-MRA obtains its data, is
not negligible relative to the scale of the flow features within an
aneurysm. This will tend to low-pass filter the spatial depiction of
velocity and lead to lower estimates of spatial peak velocity than
those obtained with LDV or CFD. In consequence, even with the
minimum possible slice thickness of 0.7mm used here, it seems
to be challenging with PC-MRA to obtain detailed 3D velocity
data for making precise statements on the velocity patterns
within small to middle sized aneurysms as in our model
(dimensions of 7� 5� 5mm3).
An important factor in maximizing the VNR is the choice of

VENC. The VENC was individually chosen for each measured
direction to be high enough for avoiding phase wrapping. To
improve the VNR, an alternative would have been to use smaller
VENCs and to unwrap the phases as a post-processing step.
However, in an aneurysm and for the secondary velocity components
in general, the directions of the components are not known
beforehand, and may be sufficiently complex, thus leading to an
intractable phase unwrapping problem. Multiple measurements
9 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–8089 John Wiley & Sons, Ltd. NMR Biomed. 2009; 22: 795–808
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performedwith a higher VENC to determine the general direction
and a subsequent lower VENC may have reduced the noise, but
would have extended the already long measurement times.
In our study, the data were acquired with a k-space temporal

resolution of 25ms and interpolated to produce 40 phases over
the 500ms cycle of the pump (reconstructed temporal resolution
12.5ms). The bilinear interpolation used in this reconstruction
can be expected to smoothen the resulting temporal profile for
each voxel (40). Based on a Fourier transform of the driving
waveform, the power at frequencies above those captured at the
acquisition’s temporal resolution is expected to be negligible for
the specific waveform. Thus, we do not expect significant errors in
the net flow. Retrospective triggering is routinely used in vivo for
flow measurement as it does not introduce transients in the
magnetization and eddy currents that can be introduced in
prospective sampling by gaps in the excitation train to allow
capture of the physiological trigger signal and consistent
sampling of each cardiac cycle. The smoothening of the MRA
data could be reduced by the use of a prospectively triggered
acquisition with sampling extending over more than one cardiac
cycle to ensure an entire cardiac cycle can be reconstructed and
that a section of the waveform is acquired twice to allow the
period affected by transients to be discarded. Such measures
would however almost double the scan time required and reduce
the SNR of the reconstructed data.
The LDV and CFD measurements are more accurate than the

PC-MRA measurements as the spatial and temporal resolution of
these methods is much higher than is currently possible with
PC-MRA. However, the simulations are sensitive to the geometry
and therefore diameter differences between the silicone and the
virtual model play a role (41). Since the virtual model was
manually segmented from CT measurements of the silicone
model, errors due to the CT scan resolution and segmentation
could not be avoided. A given mass flow rate in a vessel with a
slightly over- or underestimated diameter, would result in lower
or higher velocities, respectively. This can be a significant issue for
clinical applications where similar or larger errors can be
expected during segmentation from clinical MR or CT imaging
data obtained from patients, where the scan resolution will be
comparable or poorer, or even in DSA, despite the higher
resolution of this technique.
In this work, one case of a specific saccular aneurysm was

examined. Saccular aneurysms are the most common aneurysms
in the circle of Willis. The principles and understandings gained
from this case study can be applied also to cases of other
aneurysms with different morphology, i.e. a fusiform. The findings
showed that the measurements in the feeding arteries provide
accurate results. The accuracy should not be influenced by the
form of the aneurysm in between. Measurements within
the aneurysm however, showed a rather poor depiction of the
complex flow patterns, which are likely to be more or less
distinctive for different aneurysm geometries.
In general, the flow patterns obtained with PC-MRA, LDV, and

CFDwere quantitatively in very good concordance. Discrepancies
between the methods were most evident in the absolute values
of the velocities, in which the CFD simulation tended to over- or
underestimate the measured values. The PC-MRA values deviated
most from the LDV values close to the time point of peak flow, in
the secondary flow component, and in the measurements of low
velocities near the vessel wall. Within the aneurysm, the ubiquity
of secondary flows, and the presence of low velocities were not
well captured by PC-MRA such that at best only a qualitative
NMR Biomed. 2009; 22: 795–808 Copyright � 2009 John WileyNMR Biomed. 2009; 22: 795–808 Copyright � 2009 John Wiley
depiction of the velocity field could be provided with this
method. In moderately large, straight vessel segments on the
other hand, PC-MRA provided measurements comparable to CFD
and in agreement with LDV.
Due to the limitations of PC-MRA in resolving intra-aneurismal

flow features and provide reliable estimates of derived quantities,
virtual models are needed in small cerebral arteries with
aneurysms. Recently, numerical simulations with CFD on realistic
arteries and aneurysms became more feasible and offer the
possibility to calculate various parameters of the flow field, like
velocities, wall shear stresses, and pressure. To take advantage of
the benefits of both methods – the patient specific possibilities
from the PC-MRA velocity measurements and the possibility to
calculate complex flow and pressure parameters in large regions
with CFD – a combination seems to be necessary. Thus, accurate,
patient specific inlet velocity data are of particular importance as
modeling results depend on the inlet flow values. The feeding
arteries in the majority of aneurysms located at the circle of Willis
are sufficiently large for PC-MRA to provide acceptable levels of
measurement accuracy, provided that this technique is applied at
a high spatial resolution. Therefore, these values can be used as
inlet and outlet conditions for numerical simulations. In smaller
arteries and within the aneurysm however, PC-MRA with the
present spatial and temporal resolution and SNR constraints can
provide at best a qualitative indication of the flow patterns.
Further improvement should avoid prolonging the scan time as
patient motion is likely to become a limiting factor with longer
acquisitions.
In conclusion, time-resolved, retrospectively triggered 3D

PC-MRA can provide spatial maps of time dependent velocity
components in small arteries with a higher accuracy for rather
straight parts of the artery and low in-plane velocities present. As
evidenced by our measurements and statistical analyses, the
velocity profiles at different sites in the model and at different
time instants show a good correspondence between 3D PC-MRA,
CFD, and the reference LDV method under these conditions. The
achieved results support the use of PC-MRA in providing accurate
hemodynamic information for potential use as inlet and outlet
conditions in numerical simulations for predicting future
aneurismal behavior and treatment planning.
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