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Abstract
Purpose—To employ 4D-flow MRI for the comprehensive in-vivo analysis of hemodynamics
and its relationship to size and morphology of different intracranial aneurysms (IA). We
hypothesize that different IA groups, defined by size and morphology, exhibit different velocity
fields, wall shear stress and vorticity.

Materials and Methods—4D-flow MRI (spatial resolution=0.99–1.8×0.78–1.46×1.2–1.4mm3,
temporal resolution=44–48ms) was performed in 19 IAs (18 patients, age=55.4 ± 13.8 years) with
saccular (n=16) and fusiform (n=3) morphology and different sizes ranging from small (n=8,
largest dimension=6.2 ± 0.4mm) to large and giant (n=11, 25 ± 7mm). Analysis included
quantification of volumetric spatial-temporal velocity distribution, vorticity, and wall shear stress
(WSS) along the aneurysms 3D surface.

Results—4D-flow MRI revealed distinct hemodynamic patterns for large/giant saccular
aneurysms (Group 1), small saccular aneurysms (Group 2) and large/giant fusiform aneurysms
(Group 3). Saccular IA (Groups 1, 2) demonstrated significantly higher peak velocities (p<0.002)
and WSS (p<0.001) compared to fusiform aneurysms. Although intra-aneurysmal 3D velocity
distributions were similar for Group 1 and 2, vorticity and WSS was significantly (p<0.001)
different (increased in Group 1 by 54%) indicating a relationship between IA size and
hemodynamics. Group 3 showed reduced velocities (p<0.001) and WSS (p<0.001).

Conclusion—4D flow MRI demonstrated the influence of lesion size and morphology on
aneurysm hemodynamics suggesting the potential of 4D-flow MRI to assist in the classification of
individual aneurysms.
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INTRODUCTION
Intracranial aneurysms (IA) are diverse and life threatening conditions, occurring in 3–6% of
the population (1,2). Although the annual rupture rate is fairly low, approximately 2% (3)
presenting with subarachnoid hemorrhage, there is significant associated morbidity and
mortality. Current standard diagnostic methods for risk stratification and therapy planning
(surgical intervention versus medical treatment) are based purely on empirical parameters
(e.g. patient age, aneurysm anatomy, size, morphology, and location), ruptured or
unruptured status, or systemic risk factors for rupture (hypertension, smoking/alcohol abuse
or family history) (4,5). These measures provide an incomplete assessment of a complex
disease, since aneurysm geometries, flow characteristics, and vessel wall properties can be
substantially different for individual aneurysms of similar size and/or risk factors. In
addition, intracranial aneurysms typically develop at major bifurcation sites of intracranial
vessels suggesting that hemodynamic stress and hence flow patterns in these regions may
have influence on pathogenesis.

Identification of new predictive biomarkers regarding risk of aneurysm rupture or disease
progression is of interest for risk stratification, improved patient selection and treatment
planning. Irregular flow patterns (vortical and helical flow) have been shown to be
associated with vascular alterations and may potentially constitute new risk factors (6). Such
flow disturbances can induce shear force alterations at the vessel wall, endothelial
dysfunction, and thus promote disease progression by creating areas at increased risk for
vascular remodeling (6). Therefore, developing new methods to identify these hemodynamic
factors may assist in improving the individual characterization of IAs beyond traditional risk
factors.

Most studies investigating flow patterns in intracranial aneurysms used computational fluid
dynamics (CFD) (6–16) techniques in conjunction with subject-specific geometries
extracted from medical images (8,13,17,18). Previous studies on hemodynamics in IA based
on CFD simulations have demonstrated the potentials of the methods for the detailed
investigation of patient specific flow patterns. All CFD investigations of intracranial
aneurysms revealed a wide variety of complex intra-aneurysmal flow patterns that are
strongly dependent on patient-specific vascular geometry and thus are not easily predictable
by a simple inspection or by extrapolation from idealized models. For example, Cebral et al.
(19) investigated 210 aneurysms by using patient specific CFD simulations under pulsatile
flow conditions and found that ruptured aneurysms were more likely to have complex and
stable flow patterns, concentrated inflow, and small impingement regions compared with
unruptured aneurysms. Intra-aneurysmal flow patterns ranged from those that are simple and
stable to those that are complex and turbulent.

However, CFD has limitations such as simplification of assumptions concerning blood
properties, boundary conditions and vessel properties resulting in an incomplete description
of hemodynamics and making CFD a very user dependent method (20) (8,21). In addition,
CFD-based WSS estimations remain difficult and may require extremely small mesh sizes at
the boundary layer of the CFD geometries (22). Nevertheless, CFD has proved to be a useful
tool in a number of previous studies (6–16).

4D flow MR imaging has recently been introduced and combines ECG-synchronized 3D
phase-contrast MRI with advanced post-processing strategies for the in vivo assessment of
3D blood flow with full volumetric coverage of the vascular region of interest. 4D flow MRI
has been extensively validated in the aorta (23–25) and carotid arteries (26–28). Several
groups reported on the successful measurement and analysis of 3D flow patterns in IA
phantoms compared to reference methods such as particle image velocimetry measurements
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and CFD (29–31). Recently, we and others (12,14,32–37) have presented the application of
4D flow MRI for the in vivo evaluation of intra-aneurysmal flow and wall shear stress
(WSS) in patient feasibility studies. To date, however, no study has provided a quantitative
evaluation of intra-aneurysmal 3D velocity distribution and WSS in a cohort of IA patients
to correlate hemodynamics factors with aneurysm size, shape and type.

In this study, we evaluated in-vivo intra-aneurysmal hemodynamics in a cohort of 18
patients with 19 small versus large/giant IAs and saccular versus fusiform morphologies
using 4D-flow MRI in order to investigate how differences in hemodynamics depend on
shape or size of the aneurysms. We hypothesized that different IA groups, as defined by size
(small, large giant) and morphology (saccular, fusiform) inherently exhibit different intra-
aneurysmal hemodynamics as quantified by intra-aneurysmal 3D velocity distribution,
vorticity, and wall shear stress.

MATERIALS AND METHODS
Study cohort

The study was approved by our Institutional Review Board, and informed consent was
obtained from all prospectively recruited patients; five (patients 3, 5, 6, 7, 10) were included
by retrospective data analysis and chart review, which was also approved by the IRB.
Patient demographics and aneurysm characteristics were recorded and studied using our
institution’s electronic medical records and PACS database. An experienced interventional
neuroradiologist analyzed aneurysm size, locations, morphologies, ruptured/unruptured
status, and thrombus burden utilizing all available cross-sectional CT/MR imaging and DSA
(digital subtraction angiography). Intracranial aneurysms were assigned to three groups
based on aneurysm size and morphology (Group 1, Group 2 and Group 3) as summarized in
Figure 1. Group 1 and Group 2 are different in aneurysm size, Group 1 being the large and
giant (largest dimension >10 mm) saccular aneurysms and Group 2 the small (largest
dimension <= 10 mm) saccular aneurysms. Group 3 consists of only fusiform aneurysms
and could not be further subdivided into small and large/giant, as there were no patients with
small fusiform aneurysms.

MR Imaging
All measurements were performed on 1.5T and 3T MR systems (3T TRIO & 1.5T Avanto,
Siemens, Germany) using time-resolved (CINE) 3D PC MRI with three-directional velocity
encoding (4D flow MRI) with the following pulse sequence parameters: spatial resolution =
0.99 – 1.8 mm × 0.78 – 1.46 mm × 1.2 – 1.4 mm, TE = 2.9 – 3.3 ms, flip angle = 15°, TR =
5.5 – 6 ms, temporal resolution = 44 – 48 ms, 3-directional velocity encoding with venc = 70
– 80 cm/s. The acquisition time varied between 12 – 15 min.

Data acquisition was synchronized with the cardiac cycle by prospective ECG gating. The
total scan time for the 4D flow MRI was 15–20 minutes. 4D flow data were acquired in an
axial oblique 3D volume, which included the IA in the center of the 3D volume. Prior to 4D
flow MRI, 3D multi slab TOF imaging (TR = 21 ms, TE = 3.8 ms, flip angle = 25°, spatial
resolution = 0.6 × 0.6 × 0.6 mm3) and T1-weighted sagittal MPrage (TR = 1900 ms, TE =
2.52 ms, TI = 900 ms, flip angle = 9°, spatial resolution 1 × 1 × 1 mm3) was performed to
localize the IA for the 4D flow scan.

Data Analysis
All data analysis was performed with self-written Matlab (The Mathworks, USA) code
based on methods by Bock et al. (38) for data preprocessing or Stalder et al. (23) for the
calculation of WSS. For the visualization of the 3D blood flow commercial software
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(EnSight, CEI, USA) was used as illustrated in the workflow graph in Figure 2. Statistical
analysis was performed in Matlab and MS Excel (Microsoft Office Professional Plus 2010,
Microsoft Corporation, USA).

Pre-Processing and 3D Blood Flow Visualization—4D Flow MRI data was
preprocessed to correct for aliasing, eddy currents and background noise as described
previously (38). Next, an MR angiogram was calculated by taking the piecewise pseudo
complex differences of the individual 3D PC-MR images using the following equation (39).

[1]

with

[2]

IPCMRA represents the resulting MR angiogram, M the anatomical image and V the absolute
velocity. The variable threshvelo is a user defined threshold allowing the combinatory usage
of phase and magnitude images for the calculation of the PC-MR angiogram. Next, the
preprocessed 4D flow data were imported into the 3D visualization software. Intracranial 3D
blood flow was visualized using time-resolved pathlines (see Figure 3) with emitter planes
in the left and right internal carotid arteries, basilar arteries and at the in-and outflow of the
aneurysms. The resulting traces were color-coded according to the local blood flow velocity
magnitude. In addition, one 2D plane was positioned through the center of the aneurysm to
visualize intra-aneurysmal in-flow pathways by velocity magnitude color coding (see Figure
4) and for vorticity quantification.

Intra-aneurysmal velocity distribution—For all patients, the aneurysm volume was
manually segmented based on the 4D flow magnitude and velocity data. For each voxel
within the segmented aneurysm and for all time frames, the blood flow velocities were
arranged in a histogram and normalized by the total number of voxels in the segmented
volume to allow comparison across subjects. Mean (averaged over aneurysm volume and
time in the cardiac cycle), median, and mean peak velocities within the cardiac cycle were
determined for each patient.

Wall Shear Stress—The WSS pattern along the segmented aneurysm surface was
calculated by cubic spline interpolation of the velocity gradient along the segmented
aneurysm contour as described previously (23,35). Briefly, a b-spline interpolation of the
measured discrete velocity data was used to directly map the local velocity derivatives (i.e.
local velocity gradient) onto the vessel lumen segmentation contour. As a result, regional
time-resolved WSS vectors were obtained, which were used to calculate the WSS magnitude
along the aneurysm surface. The calculation of WSS and the manual segmentation of the
vessel wall were performed using home built software programmed in Matlab. For each
cardiac time frame, WSS was averaged over the aneurysm surface and the time-averaged
WSS was determined for each patient.

Vorticity—Vort = abs(ζx,ζy,ζz) (with ζx = δw/δy − δv/δz, ζy = δu/δz − δw/δx, ζz = δv/δx −
δu/δy and u,v,w being the vector components of the velocity was calculated for 48×48 points
within the 2D plane transecting the aneurysm (EnSight, CEI, USA). Data points within the
aneurysms were median-filtered to reduce noise, but maintain edge information. Outlier
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points were defined to differ from the maximum vorticity by more than 25% and then
rejected.

Error Propagation Analysis—In order to estimate the accuracy of the velocity
measurements as well as the dependent parameter WSS for our specific setup we performed
error propagation analysis. The analysis is based on SNR and assumptions of segmentation
errors, not the spatial resolution. All following calculations and equations are based on
Stalder et al. (23). The SNR in the velocity images was estimated according to:

[3]

With the SNRmag measured in the magnitude images using the signal within the aneurysms
and the standard deviation in the background noise (venc velocity sensitivity)

The spatial and temporal averaging due to MR acquisition and vessel lumen size affects the
error propagation of the WSS calculations. When simplifying the B-spline interpolation to
one dimension, the error propagation for the WSS averaged over lumen contour and cardiac
cycle is given by:

[4]

With an assumed viscosity of blood η = 4.5 cP and inaccuracies associated with spatial

averaging with  (Δl = temporal sampling period, circumference =
median circumference of segmented aneurysm volume) and temporal averaging with

 over the cardiac cycle. We assumed that the 1D cubic B-
spline derivative kernel produced a similar error propagation as evaluated in Stalder et al.
and chose the upper limit to accommodate for worst conditions by choosing aB-spline = 1.8/
Δl. Further details about the underlying mathematics and the evaluation of the B-spline
propagation error can be found in the results and the appendix of Stalder et al. (23).

Statistical Analysis—All continuous variables are reported as mean ± standard deviation.
We performed a Lillifors test on the vorticity data, mean and peak velocity data and WSS
data to test for normal distribution. WSS numbers were normal distributed and one-way
ANOVA was performed for group comparisons followed by multiple comparisons between
individual groups using an unpaired t-test. The distributions of vorticity and mean and peak
velocities values were not normal and a non-parametric one-way ANOVA using chi-square
statistics (Kruskal-Wallis test) and a Mann-Whitney U-test were used to compare medians.
For both tests a P value < 0.05 was considered statistically significant.

All hemodynamic parameters were arranged in histograms to determine their mode (most
frequently occurring value) and kurtosis (measure of the combined weight of the tails in
relation to the rest of the distribution), skewness (measure of asymmetry), and range
(minimum value subtracted from the maximum). In addition, a descriptive graphical
approach was chosen to compare the histogram distributions for each parameter (mean
vorticity, mean WSS, peak velocity and mean velocity). For this the mode, kurtosis,
skewness and range was determined for each histogram and then plotted for all three groups
in spider web plots. The shapes of these plots provide a visual impression of differences in
intra-aneurysmal hemodynamics between the groups.
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Correlation analysis—To identify relationships between aneurysm geometry (largest
aneurysm dimension) and hemodynamics, (mean WSS, mean velocity) linear regression was
performed and Pearson’s correlation coefficient r was calculated; a correlation was
considered significant for p < 0.05.

RESULTS
4D flow MRI was successfully acquired to assess neurovascular blood flow velocities in 18
patients (12 females, 6 males, mean age 56 ± 12) with n=19 small, large or giant cerebral
aneurysms (mean largest dimension = 16.2 ± 11 mm, range = 6 – 42 mm). Patient
demographics and aneurysm characteristics are summarized in Table 1 and Table 2,
respectively. Ten patients (6 females, 4 males, mean age 57 ± 14) had large or giant
aneurysms (mean largest dimension = 23.1 ± 7.8 mm, range = 14 – 42 mm); the remaining 8
patients (6 females, 2 male, mean age 54 ± 12 aneurysm #9–16, Table 1) had aneurysms <
10 mm in all dimensions (mean largest dimension 7 ± 1 mm, range = 6 – 9 mm). Most
aneurysms (n=16) were saccular in geometry and were proximally arising from the anterior
circulation internal carotid artery (ICA) bifurcation or posterior circulation basilar artery
(BA) (Group 1: n = 8 large/giant aneurysms; Group 2: n = 8 small aneurysms). One of the
small saccular aneurysms (aneurysm #15) was multi-lobed with possible blebs, but below
spatial resolution of the 4D flow MRI acquisition. The remaining three fusiform aneurysms
(Group 3: n = 2 giant, n = 1 large) involved the vertebral arteries (VA) and BA (aneurysm
#17–19). One patient harbored two large aneurysms (aneurysm #8 and #19, Table 2), a
saccular left ICA and a fusiform VA-BA aneurysm. Two of the large/giant saccular
aneurysms (aneurysms 2 and 5) were heavily thrombosed changing the original rather
saccular morphology to a rather fusiform flow channel. For the segmentation of the vessel
wall in these two aneurysms extra care was taken to segment along the inner aneurysm flow
volume and not along the vessel wall.

3D Blood flow visualization
The combination of 3D spatial encoding and 3-directional velocity encoding allowed for the
3D visualization of complex intracranial flow patterns in all patients as exemplary illustrated
in Figure 3 for one patient of each aneurysm group (see also supplemental video).

Based on the visualization of intra-aneurysmal/in-flow pathlines by velocity magnitude
color coding, the 19 IAs could be classified into three distinct groups of aneurysm
hemodynamics as illustrated Figure 4. Six out of 8 patients in Group 1 demonstrated a
narrow high-flow channel along the aneurysm wall in combination with large central slow
flow regions in the saccular aneurysms of the anterior circulation. Aneurysms 5 and 7 also
had high-flow jet channels but expressed a more complicated flow pattern not following the
outline of the aneurysm wall. Aneurysms in Group 2 were more heterogeneous in their flow
patterns, but in general showed more prominent high-flow channels peripherally, with
smaller slow flow regions centrally in comparison to Group 1. In contrast, slow flow with
less defined flow channels was noted in the three fusiform aneurysms constituting Group 3.
Aneurysms 17 and 19 exhibited slow flow channels across the aneurysm center and along
the wall, whereas aneurysm 18 barely expressed a visible flow direction with very slow
swirling flow. Group 3 exhibited slower and more unidirectional flow compared to groups 1
and 2 with the faster and swirling flow along the vessel/aneurysm wall with slow central
flow regions.

Error Propagation Analysis
The results for the error propagation analysis for velocity and WSS are summarized in Table
3. Velocity, and WSS errors were in the range of 1.6 % (± 1.6 %), respectively. All errors
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were much smaller than the differences between the groups indicating the reliability of WSS
and velocity comparisons.

Aneurysm velocity distribution
The results of the analysis of the intra-aneurysmal 3D velocity distribution are summarized
in Figure 5. The individual histograms represent the velocity distribution within the
aneurysms averaged over all subjects in each group. Differences between groups can clearly
be appreciated and include increased mean and median velocities in groups 1 and 2
compared to Group 3 (Figure 5) as well as increased velocity range (range1 = 6.04 and
range2 = 4.91 versus range3 = 2.55). The Group 3 velocity histogram emphasizes the
presence of substantially reduced velocities in the entire aneurysm volume. All histogram
shapes were skewed while Group 3 showed the highest skewness (skewness1 = 1.78 and
skewness2 = 1.70 versus skewness3 = 5.65), the highest velocity distribution curve
(normalized number of voxels at mode Group 1 = 0.051, 2 = 0.056 and Group 3 = 0.136),
and lowest mode (mode1 = 0.4 and mode2 = 0.8 vs. mode3 = 0.35) emphasizing the higher
prevalence of slow velocities. Differences in skewness are also reflected by changes in the
fraction of velocities higher than the mode between groups (red text in the histogram graphs
in Figure 5).

Comparison of all groups (Kruskal-Wallis) demonstrated significant differences in velocities
(p ≪ 0.001). The Mann-Whitney U-test result showed that the highest median velocities
were found in both Group 1 and 2 (Figure 5), which were significantly different than Group
3 (Pmvelo,1–3 ≪ 0.001, Pmvelo,2–3 ≪ 0.001, Pmvelo,2–3 ≪ 0.001). Groups 1 and 2 had similar
median velocities. However, the highest peak velocities were observed in the large/giant
saccular aneurysms with significant differences between groups 1 and 3 and 2 and 3
(Ppvelo, 1–2 = 0.15, Ppvelo,1–3 ≪ 0.001, Ppvelo,2–3 < 0.002,).

Wall shear stress
The results of the quantification of the WSS along the aneurysm surface are summarized in
Figure 6. ANOVA revealed a significant difference between the groups (p ≪ 0.001).
Multiple comparisons showed that the WSS distribution was decreased for Group 3 versus
Group 1 and 2 (PWSS,1 – 2 ≪ 0.001, PWSS,1-3 ≪ 0.001, PWSS,2-3 ≪ 0.001,) as well as
Group 1 versus Group 2.

Vorticity
Vorticity was significantly different between groups (Kruskal-Wallis, p ≪ 0.001).
Aneurysms vorticity was significantly higher for Group 2 compared to Group 1 as well as
Group 1 versus Group 3 (Table 4, PVort,1-2 ≪ 0.001, PVort,1-3 ≪ 0.001, PVort,2-3 ≪ 0.001,).

Regression analysis
Correlation analysis revealed a significant inverse relationship (p = 0.02, r = −0.55) between
aneurysm size and WSS for all saccular aneurysms (16 observations) as well as for all
aneurysms in general (19 observations, p = 0.014, r = −0.55).

Multi-parametric characterization of aneurysm hemodynamics
Figure 7 shows spider web plots for IA hemodynamics as quantified by mean vorticity,
time-averaged mean WSS, peak velocity, and mean velocity. As evident from Figure 7A, C
and D velocity and vorticity distributions were similar for Groups 1 and 2 with only
moderate differences in mode, kurtosis, range, or skewness. In contrast, the distribution of
WSS along the aneurysm surface demonstrated clear differences between all three groups.

Schnell et al. Page 7

J Magn Reson Imaging. Author manuscript; available in PMC 2015 January 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Noticeably, the spider web plots for Group 3 showed a strongly divergent shape for all four
parameters with most pronounced differences for mean WSS and peak velocity.

DISCUSSION
Our findings in this feasibility study demonstrate the potential of 4D flow MRI to identify
differences in IA hemodynamics as shown by visualization of intra-aneurysmal flow
patterns and quantification of the 3D velocity distribution, vorticity and WSS patterns. Both
qualitative and quantitative hemodynamic parameters were clearly different between three
aneurysm size and morphology groups. Small saccular aneurysms showed fast velocities,
highest vorticity and highest WSS compared to large and giant aneurysms. Moreover, large
and giant saccular aneurysms showed high vorticity, high WSS and high peak velocities
within the aneurysm and were easy differentiated from fusiform aneurysms with respect to
these derived hemodynamic parameters. Within Group 1, thrombus was present in two
aneurysms (aneurysm 2 and 5) altering the original saccular aneurysm morphology to a
rather fusiform shape of the patent lumen. Further subdivision of morphology groups in
future studies might include single lobed versus multi lobed aneurysms, which may have
altered flow dynamics. In the present patient cohort only aneurysm #15 had a multi-
lobulated shape and demonstrated similar flow characteristics in concordance with Group 2
(saccular small aneurysms). Also, identifying blebs (usually < 1–2 mm in size) and their
influence on IA hemodynamics parameters was outside the resolution capability of our in
vivo MR 4D flow technique.

Various investigators have previously sought to characterize specific hemodynamic
parameters associated with IA rupture for improved risk stratification (8,13,18,40). In
general, the understanding of the aneurysm growth and rupture is that the interaction
between the hemodynamic forces and vessel wall biology impacts aneurysm wall
mechanics. However, hemodynamic studies have not found evidence of an explanatory
increase of peak pressure within aneurysms to explain wall failure on a purely mechanical
basis. Consequently, there must be an alteration of the aneurysm wall resulting in
mechanical weakening. Although the mechanism of aneurysm growth and rupture is still not
understood, there are two main theories: high-flow effects and low-flow effects. For both
theories, it is postulated that the hemodynamic environment within the aneurysm interacts
with the cellular elements of the aneurysm wall to cause weakening. Steiger et al. (41)
showed that aneurysm growth could be understood as a passive yield to blood pressure and
reactive healing and thickening of the wall with increasing aneurysm diameter. The
contradicting theories concentrate on the effects of WSS, with the high-flow theory
indicating WSS elevation results in aneurysm growth (42–45) and the low-flow theory with
low WSS at the aneurysm wall and its progressive thinning until rupture (46,47).

Our analysis suggests that IA size and morphology subgroups may harbor uniquely separate
and divergent hemodynamic characteristics, which may account for the discrepancy in the
literature of various hemodynamic parameters being associated with aneurysm rupture or
growth/instability. We hypothesize that different aneurysm sizes and morphologies
developing from various pathologies of aneurysm development (e.g. hemodynamics,
atherosclerosis/inflammation, and dissection) may be prone to different hemodynamic
profiles and that interval changes rather than absolute values could be as important for risk
stratification. In fact, reduced velocities and WSS in large saccular or fusiform aneurysms
may indicate an increased risk of aneurysm progression and thrombus formation (14,48)
predisposing to aneurysm rupture.

Both 3D PC MRI and CFD studies have characterized the complexities of blood flow
patterns and WSS distributions in the major intracranial arteries. In particular, it was shown
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that WSS has a nonuniform distribution along the vessels coinciding with the most common
locations for aneurysm development (49). In addition, the importance of helical or swirling
flows induced by the curving geometry of the intracranial arteries was shown to control the
local distribution of WSS forces. In a CFD study with 119 IA patients Xiang et al. (16)
could identify a relationship between morphological as well as hemodynamic parameters to
aneurysm rupture using a logistic regression model and receiver operating curve statistics.
Using statistical methods the significant parameters for the morphological model (size ratio)
and for the hemodynamic model (WSS and OSI) were determined. Also, the authors found
rupture in 71% of aneurysms with complex flow patterns with multiple vortices whereas
aneurysms with simple flow patterns with a single vortex did not rupture (75%). Those
results support the investigation of IA hemodynamic parameters as a contributing risk factor
for aneurysm rupture. In our study. a correlation analysis confirmed the relationship between
IA size and WSS (smaller aneurysm size resulted in higher velocities and thus increased
velocity gradients and thus WSS).

Boussel et al (48) investigated seven patients and demonstrated correlation between regions
of low WSS and aneurysm progression. In a study by Van Ooij et al 31) , the accuracy of
4D-flow MRI was compared with CFD to evaluate the feasibility of 4D-flow MRI analysis
of the velocity flow field in a small intracranial aneurysm. Furthermore, van Ooij et al (van
Ooij P, Potters WV, Guédon A, Schneiders JJ, Marquering HA, Majoie CB, vanBavel E,
Nederveen AJ. Wall shear stress estimated with phase contrast MRI in an in vitro and in
vivo intracranial aneurysm. J Magn Reson Imaging. 2013 Feb 15. doi: 10.1002/jmri.24051.
[Epub ahead of print]) showed that WSS direction and regions of high and low wall shear
stress can be similar for CFD and 3D PC-MRI in both an in vitro and in vivo aneurysm., the
accuracy of 4D-flow MRI was compared with CFD to evaluate the feasibility of 4D-flow
MRI analysis of the velocity flow field in a small intracranial aneurysm. Furthermore, van
Ooij et al (van Ooij P, Potters WV, Guédon A, Schneiders JJ, Marquering HA, Majoie CB,
vanBavel E, Nederveen AJ. Wall shear stress estimated with phase contrast MRI in an in
vitro and in vivo intracranial aneurysm. J Magn Reson Imaging. 2013 Feb 15. doi: 10.1002/
jmri.24051. [Epub ahead of print]) showed that WSS direction and regions of high and low
wall shear stress can be similar for CFD and 3D PC-MRI in both an in vitro and in vivo
aneurysm.

In a recent study by Meckel et al. (35), the feasibility of 4D flow MRI in five intracranial
aneurysms for the analysis of complex patterns of the intraaneurysmal flow was
investigated. Similar to our findings, it was stated that flow patterns, distribution of flow
velocity and WSS are determined by the geometry of the aneurysm. In addition, Kecskemeti
et al. (37) showed that measurements of small aneurysms obtained using 4D PC MRI
correlate well with those obtained with digital subtraction angiography. Also, several other
studies reported the feasibility of 4D flow MRI in the assessment of IAs (29,34).

To our knowledge, there is no 4D flow MRI study to date in which a systematic
investigation in an IA patient cohort has been performed. Despite still a relatively small
cohort of 19 IAs, we performed an in depth analysis of IA hemodynamics using 4D flow
MRI data not previously presented in the literature Cognizant of low temporal and spatial
resolution as an inherent limitation of the 4D flow MRI technique, only IAs with a size of at
least 4 times larger than image resolution were recruited.

The definition of aneurysm groups in our study was based on the prospectively chosen
classification scheme used in most of clinical trials including intracranial aneurysm (51,52)
(53,54). Our aim was to assess hemodynamics in the context of small versus large
aneurysms and saccular vs. fusiform morphology types based on typically used clinical
classification schemes. However, these size criteria and 10 mm aneurysm diameter threshold
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are arbitrary clinical classifications and could be further optimized, perhaps by
differentiation of bifurcation versus sidewall aneurysms though these aneurysms may still
have similar morphologies (both can be saccular types). To address all variables of size,
morphology (saccular vs. fusiform), and location (sidewall vs. bifurcation) future studies
with lather patient cohorts are warranted.

Limitations of this study using 4D flow MRI are clearly dependent on its inability to fully
capture the wide range of velocities inside IAs, the lack of quantitative markers describing
complex intra-aneurysmal flow patterns, and their correlation with any clinical outcome
measures (aneurysm rupture or progression). Current MRI protocols measure flow using a
defined velocity sensitivity (venc) and thus lack the dynamic range to reliably assess the full
velocity spectrum, typically found inside IAs (high flow jet, low unstable flow, vortex and
helix flow types). In addition, similar to other in-vivo studies, we relied on purely visual
analysis of aneurysm hemodynamics or a manual definition of regions for hemodynamic
analysis (10,11,55).

Limited spatial and temporal resolution can lead to underestimation of the WSS magnitude,
as shown previously in studies comparing MRI measurements and WSS derived from CFD.
The data analysis method is described and validated in detail in Stalder et al. and has been
subsequently applied in a number of studies (25,56) including a recent study demonstrating
low observer variability and good scan-rescan reliability (57) for application in the thoracic
aorta. The influence of spatial resolution on WSS calculations was performed in the original
paper using the same WSS analysis strategy as in our paper (23). Based on synthetic data as
well as in vivo experiments, Stalder et al. found that a limited resolution of 1mm as in our
study causes underestimation of WSS of 60% of the original value. Nevertheless, since all
data in our study were acquired with the same protocol, WSS distributions and differences
can still reliably be compared between patients from the same study. To relate differences in
hemodynamic parameters between groups as found in our study to potential sources if
inaccuracies we performed a detailed error propagation analysis. The analysis clearly
showed that all other potential sources of inaccuracies (noise, vessel lumen contours
segmentation) have only very limited effect on flow and WSS estimation (two orders of
magnitude smaller than the measured parameters).

Another drawback on our study is related to the small sample sizes in the three aneurysm
groups. Further investigations with larger cohorts in each aneurysm group are necessary to
confirm our initial findings in this feasibility study. In addition, future work is needed to
develop automated techniques for the detection and quantification of regions with irregular
flow that can be directly correlated with outcome measures such as aneurysm rupture or
growth/progression as well as distinct aneurysm sizes and morphologies (saccular/fusiform).
Longitudinal studies of IA flow patterns are needed to correlate disease progression and
patient outcome with regional hemodynamics to investigate the utility of the technique for
improved risk stratification and treatment planning.

In conclusion, the aim of this study was to shed light onto variation of 3D blood flow inside
intracranial aneurysms and to investigate how differences in hemodynamics are related to
shape or size of the aneurysms. In this feasibility study we demonstrated that there is an
influence of lesion size and morphology on aneurysm hemodynamics suggesting the
potential of 4D-flow MRI to assist in the classification of individual aneurysms.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Summary of groups of aneurysm with different morphology and size. Group 1 and Group 2
included all saccular aneurysms, subdivided into large/giant and small size, respectively.
Group 3 included the giant fusiform aneurysms.
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Figure 2.
Workflow of 4D-Flow MRI data analysis.
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Figure 3.
Examples of time resolved 3D pathlines for all three groups: Group 1: A giant saccular
aneurysm located at the left paraclinoid ICA (internal carotid artery). Group 2: Small
saccular left cavernous ICA aneurysm, and Group 3: large basilar artery fusiform aneurysm
(see also supplemental video).
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Figure 4.
Intra-aneurysmal flow visualization in2D analysis planes through the center of the IAs for
all n=19 aneurysms include in the study. Group 1 IAs mostly demonstrated a narrow high-
flow channel along the aneurysm wall in combination with large central slow flow regions.
Aneurysms in Group 2 showed more prominent high-flow channels peripherally with
smaller central slow flow regions. In contrast, slow flow with less defined flow channels
were noted in the fusiform IAs (Group 3).
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Figure 5.
A–C: Velocity histograms representing the average 3D velocity distribution inside the
aneurysms for each of the three groups (A: Group 1, B: Group 2, C: Group 3). D: Mean
aneurysm velocities (temporal and spatial average in the segmented 3D aneurysm volume).
Significant differences in mean velocities were found between Groups 1–2 versus 3. E:
Mean peak velocities showed significant differences between Group 1, 2 and 3. * (p< 0.05).
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Figure 6.
A–C: WSS histograms representing the average WSS distribution along the aneurysms’
surface for each of the three groups (A: Group 1, B: Group 2, C: Group 3). D: Mean
aneurysm WSS (temporal and spatial average along the segmented aneurysm wall) showed
significant differences between Groups 1, 2 and 3. E: Mean maximum WSS was also
significantly different between Group 1, 2 and 3. * (p< 0.05).
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Figure 7.
Spider web plots providing a visual impression of the histograms characteristics of A: mean
vorticity, B: mean WSS along the segmented aneurysm surface, C: mean peak intra-
aneurysmal velocity, and D: mean intra-aneurysmal velocities.
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Table 1

Patient demographics, symptoms and risk factors.

Patient Age Sex Symptoms Risk Factors

1 43 F Hiccups, Extremity Weakness, Word Finding Difficulties -

2 56 F Cranial Nerve Deficits SM

3 47 F BlurredVision SM

4 63 F - -

5 35 M Aphasia, Hemiparesis SM

6 62 F Depression, Concentration Difficulty, Disinterest, Falls SM, HTN

7 73 F Progressive Visual Decline HTN, FH

8 61 M - SM, HTN

9 62 F - SM, FH

10 51 F SAH HTN

11 52 F - SM, HTN

12 58 M - HTN

13 30 F Double Vision, Cranial Nerve VI Dysfunction -

14 70 F SM, HTN

15 45 F Headaches SM, Alcohol, FH, Prior SAH

16 62 M - HTN, FH

17 49 M Stroke, Expressive Aphasia, Ataxia SM

18 82 M Diplopia -

smoking (SM), hypertension (HTN), family history (FH), subarachnoid hemorrhage (SAH)
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Table 4

Mean vorticity, mean WSS, mean velocities and mean peak velocities for each patient group

Mean Vorticity Mean WSS in Pa Mean Velocity in m/s Mean Peak Velocity in ms/s

Group 1 0.039 ± 0.017* 1.43 ± 0.60* 1.00 ± 0.77 1.56 ± 1.30*

Group 2 0.072 ± 0.035* 2.76 ± 1.65* 1.05 ± 0.80 1.18 ± 0.86*

Group 3 0.013 ± 0.005* 0.84 ± 0.43* 0.40 ± 0.21* 0.75 ± 0.40*

*
significant difference in mean compared to the other groups using unpaired t-test

J Magn Reson Imaging. Author manuscript; available in PMC 2015 January 01.


