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3D Cine Phase-Contrast MRI at 3T in Intracranial Aneurysms
Compared with Patient-Specific Computational Fluid Dynamics

P. van Ooij, JJ. Schneiders, H.A. Marquering, C.B. Majoie, E. van Bavel, and AJ. Nederveen

ABSTRACT

BACKGROUND AND PURPOSE: CFD has been proved valuable for simulating blood flow in intracranial aneurysms, which may add to
better rupture risk assessment. However, CFD has drawbacks such as the sensitivity to assumptions needed for the model, which may
hinder its clinical implementation. 3D PC-MR imaging is a technique that enables measurements of blood flow. The purpose of this study
was to compare flow patterns on the basis of 3D PC-MR imaging with CFD estimates.

MATERIALS AND METHODS: 3D PC-MR imaging was performed in 8 intracranial aneurysms. Two sets of patient-specific inflow bound-
aries for CFD were obtained from a separate 2D PC-MR imaging sequence (2D CFD) and from the 3D PC-MR imaging (3D CFD) data. 3D
PC-MR imaging and CFD were compared by calculation of the differences between velocity vector magnitudes and angles. Differences in
flow patterns expressed as the presence and strengths of vortices were determined by calculation of singular flow energy.

RESULTS: In systole, flow features such as vortex patterns were similar. In diastole, 3D PC-MR imaging measurements appeared inconsis-
tent due to low velocity-to-noise ratios. The relative difference in velocity magnitude was 67.6 * 51.4% and 27.1 = 24.9% in systole and
33.7 = 21.5% and 17.7 £ 10.2% in diastole for 2D CFD and 3D CFD, respectively. For singular energy, this was reduced to 15.5 = 13.9% at systole
and 19.4 *+ 17.6% at diastole (2D CFD).

CONCLUSIONS: In systole, good agreement between 3D PC-MR imaging and CFD on flow-pattern visualization and singular-energy
calculation was found. In diastole, flow patterns of 3D PC-MR imaging differed from those obtained from CFD due to low velocity-to-noise
ratios.

ABBREVIATIONS: CFD = computational fluid dynamics; PC-MRI = cine phase-contrast MR imaging; RA = rotational angiography; VNR = velocity-to noise ratio

Despite a decrease in fatalities of subarachnoid hemorrhage
caused by intracranial aneurysm rupture in recent years,'
this devastating event is lethal in one-third* to 50%? of patients.
Treatment of incidentally found unruptured aneurysms consists
of endovascular coiling or surgical clipping, with procedure-re-
lated morbidity and mortality rates slightly in favor of the for-
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mer.* Because the risk of treatment potentially outweighs the risk
of rupture,5 treatment decisions should be based on as much
available information on the individual aneurysm as possible. It is
widely believed that intra-aneurysmal hemodynamics contrib-
utes substantially to rupture risk assessment and treatment-plan-
ning assistance.®”® Many studies showed promising results when
conducting assessment of risk factors such as intra-aneurysmal
flow patterns and wall shear stress by using patient-specific
CFD."*"'? A drawback of performing CFD is the difficulty in con-
verting large amounts of patient-specific data into workable mod-
els.” Without patient-specific data for inflow and outflow bound-
ary conditions, assumptions have to be made regarding heart rate
and blood flow, the shape of the inlet-velocity profile, and flow-
division ratios in the outflow branches.'* Further drawbacks are
the need for large computational power and extensive calculation
time. Despite these drawbacks, CFD has recently been used to
associate intra-aneurysmal hemodynamics with rupture.'”

The enormous advancements in MR imaging technology in

the past decade now allow direct measurement of intra-aneurys-
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mal flow by using 3D PC-MR imaging.'® Moreover, the technique
was validated against CFD in a real-size phantom.'® However,
clinical application of 3D PC-MR imaging in intracranial aneu-
rysms is complicated by the requirements for high-resolution,
high SNR, and patient-tolerable scanning times. In this study, a
3D PC-MR imaging sequence with a scanning duration of ap-
proximately 10 minutes, therefore clinically feasible, was applied
to 8 intracranial aneurysms. The results were compared with pa-
tient-specific CFD simulations in which spatial and temporal
boundary conditions obtained from a separate 2D PC-MR imag-
ing and from the 3D PC-MR imaging acquisition were applied.
Comparison was performed on a voxel-by-voxel basis by calcu-
lating the mean and SD of the paired differences of velocity mag-
nitude and singular energy. The purpose of this study was to assess
whether the results of 3D PC-MR imaging and patient-specific
CFD are comparable and whether 3D PC-MR imaging can mea-
sure important quantitative and qualitative features of intra-an-
eurysmal flow.

MATERIALS AND METHODS

Population

The patients were included in a larger study on intra-aneurysmal
hemodynamics. Inclusion criteria for that study were a minimal
aneurysm size of approximately 3 mm, adult age (1875 years),
and a requirement that patients be enrolled in a diagnostic aneu-
rysm work-up with at least 3D rotational angiography. The pa-
tients met a Glasgow Outcome Scale score of =4.'7 Patients were
excluded if they had contraindications for either 3D-RA or MR
imaging. Further inclusion requirement for this study was a suc-
cessful 3D PC-MR imaging measurement in an unruptured intra-
cranial aneurysm. The local ethics committee approved the study
protocol, and written informed consent was obtained from all
participating patients. The age of the patients ranged between 44
and 65 years with a mean of 51 * 7.7 years. Five patients were
female; 3 patients were male. The dimensions of the aneurysms
were determined on the 3D-RA data by using 3D Slicer
(www.slicer.org) and are listed in On-line Table 1.

MR Imaging

The protocol consisted of 3 MR imaging sequences that were con-
ducted on a 3T scanner (Intera; Philips Healthcare, Best, the
Netherlands) by using an 8-channel head coil.

First, a high-resolution time-of-flight sequence was per-
formed with a scan resolution 0f 0.39 X 0.6 X 1 mm, interpolated
t00.39 X 0.39 X 0.5 mm. Imaging parameters were the following:
TE/TR/flip angle, 4.2/21.4 ms/20° receiver bandwidth, 32 kHz;
imaging volume, 200 X 200 X 92 mm; parallel imaging factor, 2.5;
scanning time, 6.16 minutes.

Second, to acquire 2D PC-MR imaging data that served as
inflow boundary conditions for CFD, we placed a section perpen-
dicular to the parent artery proximal to the aneurysm. The acqui-
sition was retrospectively gated by using either an electrocardio-
gram or peripheral pulse unit. Scan resolution was 0.64 X 0.65 X
3 mm. Further imaging parameters were the following: TE/TR/
flip angle, 5.7/8.5 ms/10° receiver bandwidth, 172 kHz; imaging
volume, 200 X 200 X 3 mm in 1 section; parallel imaging factor,
2. For aneurysm 5, the velocity encoding was 70 cm/s in all direc-
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tions; for the others, 100 cm/s in all directions. The number of
measured cardiac phases (ie, temporal resolution) depended on
the heart rate and ranged between 23 and 36 cardiac phases, to
keep the scanning time close to 3 minutes and 30 seconds. The
view-sharing factor for the retrospective sorting of acquired k-
lines was set to 1.8.'®

Third, the 3D PC-MR imaging acquisition was retrospectively
gated by using either an electrocardiogram or peripheral pulse
unit at an acquired resolution of 0.8 X 0.8 X 0.8 mm. Further
imaging parameters were the following: TE/TR/flip angle: 3.0/5.8
ms/15° receiver bandwidth, 54 kHz; imaging volume, 200 X 200 X
20 mm in 25 transversal sections; parallel imaging factor, 3. The ve-
locity encoding was 70 cm/s in all directions for aneurysm 5 and 100
cm/s in all directions for the others; scanning time was 10.22 minutes
at 60 beats/min. The number of acquired cardiac phases was 10.

MR Imaging Postprocessing

Phase images were corrected for background phase offset errors
by subtracting the average phase in a static region of interest near
the aneurysm for every velocity-encoding direction and cardiac
phase individually.'” The segmentation of the vessel and aneu-
rysms was performed with the use of a level set evolution algo-

2% applied in the phase-contrast magnitude images. This was

rithm
done for every cardiac phase separately. Velocity values in pixels
that were located outside the segmentation or had partial volum-
ing were set to zero. Pixels in the regions of interest that had
velocity aliasing were manually corrected in all 3 directions. The
cardiac cycles were reordered so that the systolic phase occurred at
the end of the cardiac cycle. These postprocessing steps were per-
formed with custom-built software in Matlab (MathWorks,
Natick, Massachusetts) and took approximately 4 hours to con-
duct. To calculate the flow ratios of the outflow branches, we
imported the data into GTFlow (Gyrotools, Ziirich, Switzerland).

CFD Setup
The geometric vascular models used for CFD simulations were

created from 3D rotational angiography. Images were acquired
with a single-plane angiographic unit (Integris Allura and Neuro;
Philips Healthcare). For more detail see Geers et al.® The voxel size
of the measurement is given in On-line Table 1. There was no
difference in the 3D rotational angiography acquisition for the
patients. All imaging parameters were constant with an image
intensifier FOV of 22 c¢m for all cases. 3D-RA images were im-
ported into the Vascular Modeling Tool Kit (http://www.
vmtk.org/).>" With the use of a level set algorithm, isosurfaces
were created that were subsequently meshed by using an average
edge length of 0.1 mm, with a minimum of 0.1 wm and a maxi-
mum 0.4 mm.

Meshes were created consisting of 1,168,002 to 2,608,270 tet-
rahedral elements with a mesh density of at least 3000 elements
per cubic millimeter. The sizes of the meshes are listed in On-line
Table 1. All CFD simulations were performed in FLUENT 6.3
(ANSYS, Canonsburg, Pennsylvania). Blood density was set to
1060 kg/m?; and dynamic viscosity, to 0.004 kg/ms.

To study the influence of inflow boundary conditions, we per-
formed 2 different series of simulations: 1) CFD with spatial and
temporal inflow boundary conditions obtained from 2D PC-MR



imaging and 2) CFD with spatial and temporal inflow boundary
conditions obtained from 3D PC-MR imaging.

The pipeline for imposing velocity-inlet boundary conditions
in the CFD simulations obtained from 2D PC-MR imaging was as
follows: First, the aneurysm in the time-of-flight measurement
and the proximal vessel in the 2D PC-MR imaging section were
manually selected. Subsequently, the 2D PC-MR imaging data
were positioned on the time-of-flight data by using rotation and
translation matrices extracted from DICOM headers. The CFD
mesh was constructed, and a rigid registration of the time-of-
flight measurement on the CFD mesh was conducted with the
fMRI of the Brain Linear Image Registration Tool (http://www.
fmrib.ox.ac.uk/analysis/research/flirt/).>*> The velocities mea-
sured with 2D PC-MR imaging were rotated and translated like-
wise and interpolated onto the nodes of the CFD inflow
boundary. The velocity at the nodes at the edge of the vessel was
set to zero. These last steps were performed for every measured
cardiac phase in 2D PC-MR imaging.

Imposing inflow boundary conditions obtained from 3D
PC-MR imaging were realized by rigid registration of the 3D
PC-MR imaging segmentation to the CFD geometry and subse-
quent interpolation of the velocity values of the 3D PC-MR im-
aging measurement found at the CFD inflow boundary to the
nodes at this location. These steps were performed with custom-
built software in Matlab.

CEFD iterations were continued until the residual of the conti-
nuity equation was below 0.001. The CFD estimates were resolved
at fixed time intervals equal to the measured RR interval divided
by the number of cardiac phases used for the 2D PC-MR imaging.
Three heart cycles were simulated to eliminate transient effects.
The third of these cycles was used in the comparison with the
PC-MR imaging results.

Flow through the outflow vessels of the CFD model was pre-
scribed according to outflow measurements at every cardiac phase
of the 3D PC-MR imaging data averaged with time. If an outflow
vessel was too small to quantify flow, a combination of measured
flow and Murray’s law>* was applied. The average simulation time
was 36 hours per aneurysm.

Data Quantification and Visualization

Calculations of the SNR of the phase-contrast magnitude images
at peak systole and end diastole of the 3D PC-MR imaging mea-
surements were performed as described by Price etal.** §, and S,
represent phase-contrast magnitude signals in a region of interest
during different cardiac phases of similar mean velocity magni-
tude. By subtracting these images, an image containing minimum
signal and maximum noise is obtained. SNR is then calculated by

1 SNR — mean(S, + SZ)HROI.
\/ESD(& - SZ)HRO[

As the region of interest for the SNR calculation, the total aneu-
rysm with inflow and outflow vessels was taken. VNR equals the
product of SNR and velocity divided by the velocity encoding.
VNR is not calculated separately.

During postprocessing, the number of cardiac phases of CFD
was reduced to equal the number of cardiac phases of the 3D
PC-MR imaging measurement.

To quantify differences between 3D PC-MR imaging and
CFD, we registered the CFD data and linearly interpolated them
to the 3D PC-MR imaging data. To take aneurysm pulsatility
in the 3D PC-MR imaging data into account, we conducted reg-
istration for every cardiac phase separately. Peak systole and end
diastole were defined as the cardiac phase in which the spatially
averaged velocity magnitude was maximal and minimal,
respectively.

Further comparison consisted of quantification of the loca-
tion and magnitude of vortices, by calculation of singular en-
ergy, as developed by Liu and Ribeiro,** of the intra-aneurys-
mal flow.>® Multiple vortices or vortices fluctuating with time
are thought to be an indicator of rupture.?” Quantification of
vortices by calculating singular energy may therefore be useful
in rupture-risk assessment in aneurysms. In this study, the
magnitude and location of singular energy was used for com-
parison of the velocity fields between 3D PC-MR imaging and
CFD.

The technique used in the current study extended the orig-
inal 2D approach to 3D by including the singular energy for the
transverse, sagittal, and coronal 2D sections. For further de-
tails, see Marquering et al.>® A scale o of 4 voxels (3.2 mm) was
used.

All quantification and visualization were performed with
custom-built software in Matlab. Pathline images were cre-
ated, and flow quantification in the inflow vessel of the 2D and
3D PC-MR imaging was performed in GTFlow. The input flow,
inflow vessel area, mean velocity magnitude, and peak systolic
velocity magnitude values for the aneurysms are given in On-
line Table 1.

For both CFD with inflow boundaries from 2D and 3D
PC-MR imaging, Bland-Altman plots analyzing velocity magni-
tude and singular energy differences over the entire heart cycle on
a per-aneurysm level are shown in On-line Figs 1-4, as well as
Bland-Altman plots showing the spatially averaged differences in
velocity magnitude and singular energy at systole and diastole
(On-line Figs 5 and 6).

A supplemental analysis was performed for the differences be-
tween 3D PC-MR imaging and CFD, with inflow boundary con-
ditions obtained from 2D PC-MR imaging consisting of parti-
tioning the aneurysm in an inflow region and a dome region. The
results are shown in On-line Table 2.

Statistics

The difference in velocity magnitude and singular energy between
CFD and 3D PC-MR imaging was determined for every voxel and
subsequently averaged over space to yield a mean paired differ-
ence (MDif) at every cardiac phase:

>N MRI, — CFD,
n=1

2 MDif = s
) if N
where N is the number of voxels. Its significance was tested with a

paired t test; P < .05 was considered statistically significantly dif-
ferent. The SD of the paired difference (SDif) was calculated as
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FIG 1. Velocity vector images in a characteristic section depicting the main vortex in 4 aneurysms and the inflow jet in 3 of the aneurysms. The
images depict the aneurysms at peak systole and diastole in isosurfaces (gray) for 3D PC-MR imaging, CFD with inflow boundary conditions
obtained from 2D PC-MR imaging, and CFD with inflow boundary conditions obtained from 3D PC-MR imaging.

Ane 4

FIG 2. Pathlines over the entire cardiac cycle depicting similar complex flow in aneurysm volumes
(gray background) of aneurysms 1, 4, 5, and 7 for 3D PC-MR imaging; CFD with inflow boundary
conditions obtained from 2D PC-MR imaging; and CFD with inflow boundary conditions obtained

from 3D PC-MR imaging.

well A relative difference in velocity magnitude between both
methods was based on the mean CFD velocity magnitude per

subject:
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MDif

N

3)  RDif=

Differences in flow direction were calcu-
lated from the angle difference between
corresponding velocity vectors. Because
the distribution of the angle difference
was not normal, median rather than
mean values were calculated.

RESULTS
The SNR of the 3D PC-MR imaging ve-
locity measurements was 19.5 = 3.4.
Figure 1 shows intra-aneurysmal
flow patterns in 4 aneurysms. In systole,
the circular motion in the vortices and
the direction of inflow jets were qualita-
tively similar for the 3 methods. This
finding can further be appreciated from
the pathlines in Fig 2. In Fig 1 for dias-
tole, the vortices of the 3D PC-MR im-
aging measurement appeared disrupted

and irregular in most aneurysms.
For most aneurysms, the 3D PC-MR imaging measurements
resulted in higher velocity magnitude values than CFD with in-
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FIG 3. Singular-energy magnitude and location at peak systole in aneurysm volumes (gray) of aneu-
rysm 1, 2, 3, and 5 for 3D PC-MR imaging; CFD with inflow boundary conditions obtained from 2D
PC-MR imaging; and CFD with inflow boundary conditions obtained from 3D PC-MR imaging. For
visualization purposes, only the areas with singular energy above half the maximum value are

indicated.

flow boundary conditions obtained from 2D PC-MR imaging
(On-line Table 3). When inflow boundary conditions from 3D
PC-MR imaging were used, the velocity magnitude values were
higher for CFD than for 3D PC-MR imaging in a few simulations.
For both CFD methods, the SDif and the RDif were higher in
systole than in diastole and differences in estimated local flow
direction were found primarily in diastole.

The Bland-Altman plots in On-line Figs 1-4 show similar be-
havior for the difference in velocity magnitude and singular en-
ergy between 3D PC-MR imaging and both CFD methods

In Fig 3, the locations with singular energy magnitude higher
than half the maximum are displayed for 4 aneurysms. For aneu-
rysms 1, 2, and 3, the locations and magnitudes of the maximum
singular energy were similar. For aneurysm 5, the magnitude of
the singular energy was approximately twice as low for both CFD
methods. RDif averaged over all aneurysms in systole was a factor
of 3 smaller for singular energy than for velocity magnitude (On-
line Table 4). .

On-line Fig 5A shows that in systole an offset in velocity mag-
nitude was found for the difference between 3D PC-MR imaging
and CFD with 2D PC-MR imaging inflow boundary conditions.
For velocity magnitude at diastole and singular energy at both
systole and diastole, the Bland-Altman plots (On-line Figs 5 and
6) were similar for the difference between 3D PC-MR imaging
and CFD with 2D PC-MR imaging and 3D PC-MR imaging in-
flow boundary conditions.

In On-line Table 2, MDif, SDif, and RDif are given for the
separated inflow vessel and dome of the aneurysms. At systole,
MDif was generally higher for the inflow region than for the
dome, while RDif was lower for the inflow region than the dome.
Further differences were similar to the analysis of the total
geometry.

DISCUSSION

Studies comparing 3D PC-MR imaging with CFD on a voxel-by-
voxel basis in human aneurysms at 3T are not available in the
literature, to our knowledge. One study compared 3D PC-MR
imaging with CFD in the aorta,”® and 1 study in 5 intracranial
aneurysms at 1.5T at relatively low spatial resolution.”” Another

0

Ane 5

study compared 3D PC-MR imaging

with CFD in canine aneurysm models.*®

All studies found a good qualitative

S
- agreement between both techniques and
3 a moderate quantitative agreement.

Note that the purpose of the CFD simu-

lations in this study was to compare the
s 2 results with the 3D PC-MR imaging
measurements. To compare the modal-

1 ities on a voxel basis, we downsized the

flow fields obtained from CFD simula-

0 tions to the voxel size of 3D PC-MR im-
aging. The original CFD data were there-
fore not displayed.

The need for reliable patient-specific
CFD simulations has been described by
many authors. However, the prescrip-
tion of inflow boundary conditions that
produce accurate CFD results is still a
matter of debate. Several studies used flow rates that were mea-
sured with 2D PC-MR imaging in separate healthy volunteers.”'
Patient-specific spatial and temporal velocity vector values as
measured with 3D PC-MR imaging at each node of the inflow
boundary and subsequent comparison with 3D PC-MR imaging
have been applied at relatively low resolution in only 2 stud-
ies.”®*? This is the first study to perform this comparison in in-
tracranial aneurysms at 3T, to our knowledge.

To be able to prescribe boundary conditions with high spatial
and temporal resolution, we performed a 2D PC-MR imaging
measurement to obtain inflow profiles. Furthermore, the differ-
ence with inflow boundary conditions obtained at lower spatial
and temporal resolution was investigated by prescribing inflow
boundary conditions obtained from 3D PC-MR imaging. It was
shown that different inflow boundary conditions produce differ-
ent results in terms of velocity magnitude. However, the differ-
ences in the direction of the velocity vectors, expressed as the
angle between vortices or as locations of vortices by singular en-
ergy, were found to be small when using inflow boundary condi-
tions obtained from different techniques.

On average, the 3D PC-MR imaging measurements resulted in
30% higher flow estimates than the 2D PC-MR imaging ones.
Discrepancies between flow measurements from 2D and 3D
PC-MR imaging (*+18%)>* or 2D and endovascular sonography
(£15%)* have been reported in the literature earlier. Wentland
etal®* concluded that flow measurements in healthy volunteers in
the renal vasculature revealed that 3D measurements tended to be
more internally consistent than 2D measurements.

In On-line Table 1, it can be seen that segmentation of the
sections obtained by 3D PC-MR imaging resulted in larger areas
than for the 2D PC-MR imaging sections. A slightly smaller seg-
mentation can result in the discarding of many voxels around the
circumference of the vessel and therefore in severe area underes-
timation. Despite the lower mean velocities in the 3D PC-MR
imaging measurement, the larger vessel area resulted in larger
flow values than 2D PC-MR imaging.

A consequence of the smaller vessel segmentation in 2D
PC-MR imaging was that velocities at nodes at the edges of the
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inflow boundary in CFD were interpolated toward zero. The
wider segmentation in 3D PC-MR imaging led to higher input
velocities at the edges of the inflow boundary in the CFD simula-
tion. Therefore 3D PC-MR imaging corresponded better with
CFD simulations with inflow boundary conditions obtained from
3D PC-MR imaging than the simulations by using inflow bound-
ary conditions obtained from 2D PC-MR imaging.

Six simulations with boundary conditions obtained from 3D
PC-MR imaging were performed; in 2 cases, the inflow of the CFD
was located outside the imaging volume of the PC-MR imaging
sequence.

The systematic differences in local velocity were reduced 5-fold
for MDif and 2-fold for RDif by using inflow boundary conditions
from 3D PC-MR imaging instead of 2D PC-MR imaging. The fan-
shaped profiles of the Bland-Altman plots in On-line Figs 1—4 reveal
that the discrepancies between 3D-PC-MR imaging and both CFD
methods are proportional with the mean of 3D PC-MR imaging and
CFD. Random differences (SDif) were similar for both inflow
boundary conditions. The results for the singular energy and the me-
dian angle were similar. We therefore conclude that different inflow
boundary conditions have a large influence on magnitude of velocity
values. However, velocity vector directions and locations and magnitude
of vortices are fairly independent of inflow boundary conditions.

The singular energy measure as presented in this study is in-
troduced to facilitate the comparison between 3D PC-MR imag-
ing and CFD. Singular energy provides a quantitative measure of
flow patterns. It is unclear whether it may lead to more insight
into the nature of the aneurysm with respect to rupture, as has
been discussed in the literature recently.’>*® While this is an in-
triguing possibility, it was not the purpose of the current work to
address the predictive value of this quantity.

Another limitation is the semiautomatic segmentation of the
3D rotational angiography dataset, resulting in possible under- or
overestimation of neck width.>” Also limitations with regard to
the 3D PC-MR imaging setup may contribute to the found dis-
crepancies between both techniques. In our study, SNR values
within aneurysms were relatively low due to small voxel sizes and
the use of parallel imaging.”® Therefore, at low velocities during
diastole, the velocity may be overestimated due to noise. Further-
more, the temporal resolution of the 3D PC-MR imaging was
relatively low, resulting in temporal low-pass filtering (ie, under-
estimation of velocities in the systolic phase).

It is clear that more accurate estimation of intracranial aneu-
rysm hemodynamics from PC-MR imaging requires improved
technology. Higher field strengths can improve SNR.*® One re-
cently developed promising technique to improve PC-MR imag-
ing measurement is divergence-reduction processing.*’

CONCLUSIONS

In this study, high-resolution 3D PC-MR imaging was compared
with patient-specific CFD on a voxel-by-voxel basis in 8 aneu-
rysms. In peak systole, qualitative similarities in flow features such
as vortical flow patterns and inflow behavior were evident. In end
diastole, the flow patterns of the 3D PC-MR imaging measure-
ments were different compared with those generated with CFD
due to the low velocity-to-noise ratio of the 3D PC-MR imaging
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measurements. Singular energy calculation revealed quantitative
agreement between 3D PC-MR imaging and CFD in systole.
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