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Abstract

Background and Purpose: Evolution of intracranial aneurysmal disease is known to be related
to hemodynamic forces acting on the vessel wall. Low Wall Shear Stress (WSS) has been reported
to have a negative effect on endothelial cells normal physiology and may be an important contributor
to local remodeling of the arterial wall and to aneurysm growth and rupture.

Methods: Seven patient-specific models of intracranial aneurysms were constructed using MR
angiography data acquired at two different time points (mean 16.4 +/— 7.4 months between the two
time points). Numerical simulations of the flow in the base-line geometries were performed to
compute WSS distributions. The lumenal geometries constructed from the two time points were
manually co-registered and the radial displacement of the wall was calculated on a pixel-by-pixel
basis. This displacement, corresponding to the local growth of the aneurysm, was compared to the
time-averaged wall shear stress (WSS ) through the cardiac cycle at that location. For statistical
analysis, radial displacement was considered to be significant if it was larger than half of the MR
pixel resolution (0.3 mm).

Results: Mean WSSt values obtained for the areas with a displacement smaller and greater than
0.3 mm were 2.55 +/— 3.6 and 0.76 +/— 1.5 Pa respectively (p<0.001). A linear correlation analysis
demonstrated a significant relationship between WSSt and surface displacement (p<0.001).

Conclusions: These results indicate that aneurysm growth is likely to occur in regions where the
endothelial layer lining the vessel wall is exposed to abnormally low wall shear stress.
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INTRODUCTION

With the development of non-invasive cerebrovascular imaging techniques, the frequency of
diagnosis of unruptured cerebral aneurysms has increased since the incidence of those
aneurysms in the general population is thought to be as high as 4.1%%. Intracranial aneurysms
present a major threat to a patient's life because of the risk of rupture, thrombo-emboli, or
compression of adjacent tissue. Most aneurysms, however, remain asymptomatic. Finding an
unrupted intracranial aneurysm often leads to difficulties in the choice of treatment because of
limited diagnostic criteria by which to predict the risk of rupture of the untreated aneurysm, or
the risks of surgical intervention itself. Determining accurate criteria for predicting aneurysm
growth and rupture would be important for therapeutic decision-making (e.g. medical follow-
up, endovascular treatment, or surgery) as well as for planning of the specific surgical
intervention to be employed. In this context, studying intra-aneurysmal hemodynamic forces,
particularly wall shear stress (WSS) which is the tangential force produced by blood moving
across the endothelial surface, is of great interest as there is increasing evidence that it plays a
role in the evolution of aneurysmal disease. This stress acts on endothelial cell function and
gene expression as well as on cell shape and structure. High WSS has recently been
demonstrated to initiate aneurysm formationZ, whereas low WSS leads to spatial
disorganization of endothelial cells and a disregulation of anti-oxidant and anti-inflammatory
mediators resulting in arterial wall remodeling®. This factor could be a major contributor to
arterial aneurysm growth, since slow, recirculating flow leading to large regions of low WSS
is observed in most aneurysms4'6.

The aim of this study is to determine the relationship between low WSS and local aneurysm
growth in intracranial aneurysms, using Computational Fluid Dynamics (CFD) simulations
based on patient-specific models obtained from serial in vivo MRI studies.

MATERIALS AND METHODS

Population

Seven patients were included in this study and IRB approval and informed consent were
obtained for each patient. They were selected from an ongoing prospective study involving
fourteen patients presenting with intracranial arterial aneurysms unsuitable for direct surgical
treatment, such as clipping or coiling, because of an unfavorable anatomy or high operative
risk. All patients were monitored with repeated MRI studies scheduled at 6 to 12 months
intervals. For each of the patients selected for our analysis, the initial and most recent study
were included resulting in a mean value of 16.4 +/— 7.4 months between the two time points.
In order to be sure that the shear stress is applied directly to endothelium that abuts the arterial
wall, five patients who were shown to have substantial intra-aneurysmal thrombus (assessed
by MRI, see below) were excluded. Two other patients were excluded from analysis because
their vascular anatomy did not permit a meaningful CFD simulation. One of these patients had
a proximal lesion that was so stenotic that it prevented MR visualization of the residual lumen.
The other patient had multiple branch vessels emanating from the body of the aneurysm and
it was not possible to determine the flow boundary conditions for this anatomy. The seven
included patients and their aneurysm data are summarized in table 1.

MR protocol and modeling of the aneurysm

MR studies were performed on a 1.5-Tesla scanner (Intera®, Philips Medical Systems, Best,
The Netherlands). A three-step imaging protocol was used.

First, the absence of thrombus was confirmed using a 3D balanced Fast Field Echo (bFFE)
sequence with TR=6ms, TE=2ms, flip angle=60°, number of averages=3, field of
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view=220mm, matrix=256x256, slice thickness=1mm, image resolution=0.86mm x 0.86mm
x 1mm=0.74mm3, number of partitions=50, and acquisition time of about 4 minutes.

Then a contrast-enhanced MR angiography (CE-MRA) was performed using a 3D slab
covering the vessels of interest with an injection of 18 ml GADTPA followed by 15 ml of saline
all delivered at 2 ml/s. The CE-MRA sequence used elliptic-centric phase reordering, and data
were acquired using parallel imaging with an acceleration factor of 2. Imaging parameters
included: TR/TE/flip angle=5/2/30°. Images were acquired from a 54 mm para-coronal slab,
with an FOV of 240mm and an acquisition matrix of 400x380x45 zero-filled to 512x512x90.
The resultant images had a resolution of 0.6mm x 0.6mm x 1.2mm=0.43mm3 and were
interpolated to 0.47mm x 0.47mm x 0.6 mm=0.13mm3. Total acquisition time was of the order
of 35s.

Finally, in order to measure the aneurysm inlet flowrate for CFD modeling, through-plane
phase-contrast MRI was performed transverse to the artery that supplied flow to the aneurysm.
The MR angiogram was examined to determine a level where the proximal artery or arteries
had a relatively straight course. The image slice was then placed perpendicular to the artery of
interest on two orthogonal long-axis views. In the case of basilar artery aneurysms, this was
performed separately for each vertebral. In addition, all imaging planes were chosen so that
there were no branch vessels between the level where flow was determined, and the aneurysmal
segment. Acquisition parameters were as follows: slice thickness=5 mm, field of view=150
mm, in-plane pixel size=1.1x1.1 mm, velocity-encoding level=50 cm/s. Approximately fifteen
time points were acquired through the cardiac cycle, providing the time-varying inlet boundary
conditions required for the pulsatile flow simulations. Images were examined following
acquisition to ensure that there was no aliasing.

Model construction and numerical simulations

For each patient, CE-MRA data files obtained at the two time points were transferred to custom-
built software to form three-dimensional isosurfaces’. In order to obtain these isosurfaces, a
threshold intensity value was selected that defined the intra-lumenal volume of the vessels. For
the first, or base-line time point, a threshold was selected and the resulting lumenal surface
was superimposed on the native MR gray scale images. The threshold value was then
incrementally adjusted until the generated lumenal surface visually matched the lumenal
boundary of the MR gray-scale data. This method has been found to be highly reproducible
with variations in estimates of the lumenal volume that are less than 3 %. In order to provide
consistent threshholding from baseline to follow-up, we identified on the baseline study a
reference healthy vessel segment that was assumed to remain unchanged over time (e. g. disease
free segment of internal carotid). For the second or follow-up time point, subsequent
thresholding was then constrained to produce identical volume measurements on that reference
segment.

The obtained surfaces were then transferred into a 3D modeling software, Rapidform (INUS
Technology, Seoul, South Korea), where the background noise and smaller vessels were
removed from the main vessels of interest and a polygonal surface was formed. Remaining
singularities and spikes were then removed, holes in the surface were filled, and Laplacian
smoothing, which conserves global volume, was applied to make the surfaces continuous and
regular. In the final stage, the surfaces were manually divided into rectangular patches, to be
used as boundaries for the computational mesh. Total volume of the aneurysm was recorded
for each time point7.

In order to determine the role of WSS in aneurysmal disease progression, numerical simulations
of the flow in the base-line geometry were carried out for each patient. Although flow patterns
evolve over time as the geometry changes, differences in velocity fields and therefore WSS
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distribution for base-line geometries and follow-up geometries were found to be extremely
small, even for the subject with the greatest interval growth. A finite-volume package, Fluent
(Fluent Inc., Lebanon, NH), was used to solve the governing Navier-Stokes equations. This
solver has been successfully used in various biological fluid dynamics applications and has
been extensively validated with experimental data® 89 Foreach patient, the base-line surface
was imported into the Fluent pre-processor, Gambit, to generate the computational mesh. All
patient models included extended sections of the parent vessels (with lengths that were more
than several diameters long) as the aneurysmal flow is strongly dependent on the proximal
geometrylo. An unstructured mesh with a nominal resolution of 0.3 mm was generated on the
domain, resulting in approximately half a million computational cells in each aneurysm model.
In order to ensure that the calculated results did not depend on the resolution of the mesh, the
numerical solution was repeated with increasingly refined meshes. The finest resolution below
which results remained constant was then used for all patients as the aneurysm sizes were of
the same order.

The flow was assumed to be laminar and Newtonian, which are good assumptions regarding
the size of the studied intracranial vesselsL. The waveform at each of the inlet vessels was
specified from the MR phase velocity measurements at the corresponding location12. The
arterial walls were assumed rigid consistent with our observations from cine-mode studies that
there was no observable pulsatile displacement of the aneurysm wall in our subjects. The
unsteady flow simulations were performed through three pulsatile cycles to eliminate the
influence of initial transients. The WSS distribution was computed for each phase of the cardiac
cycle and the results were exported in a generic format commonly used in postprocessing and
computational software (Ensight, Computational Engineering International, Cary, NC).

In order to assess the local aneurysm growth for each patient, manual co-registration of
aneurysmal geometries obtained from two consecutive time points (baseline and follow-up)
was performed. Co-registration was performed using internal fiducial markers, the most
important being vessel bifurcations and vessel junctions. Confirmation that co-registration had
been achieved was provided by noting that there was excellent matching of surfaces in non-
aneurysmal vessel segments. For each cell of the baseline surface mesh, a normal vector was
generated. A ray was then extended in two directions along the length of this vector, starting
from the iso-center of the considered cell and ending at the intersection with the surface of the
lumen from the follow-up time point. The distance between these starting and ending points,
corresponds to the so-called radial wall displacement. The sign of the radial displacement was
positive (aneurysm expansion) if the follow-up surface was outside the baseline or negative
(aneurysm contraction) if the follow-up surface was inside the baseline. Computing this radial
wall displacement for all the cells resulted in a displacement map that could be displayed on
the surface of the base-line aneurysm. As the displacement map and the corresponding WSS
distribution map obtained from CFD results were generated as data sets on separate
unstructured grids, we transformed them into the same structured grid at a reduced resolution
so that data display and comparison could be readily performed (Figure 1). These results were
simultaneously displayed for each cardiac phase in order to visualize the relationship between
the descriptors (Figure 2).

Finally, in order to obtain a quantitative comparison between radial wall displacement and
WSS, regular, discrete patches (approximately 100 patches per aneurysm) were distributed
over the aneurysm surface and the radial displacement and WSS at the location of each patch
was calculated. The size of each patch was 1 mm?2 which corresponds to about 1000 endothelial
cells13. The proximal and distal vessels were excluded from the analysis and the patches were
considered only for the aneurysmal segment (Figure 3).
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The whole process, including: the extraction of aneurysmal geometry at follow-up; registration
with the baseline geometry; calculation of radial displacement and calculation of total volume
was repeated. The values of aneurysmal volumes and radial displacement expressed in the
result section correspond to the mean values of these two registration measurements. In
addition, the whole process was also repeated for the reference vessel in order to assess the
variability of the method.

Statistical analysis

RESULTS

For each surface patch, the mean value of the radial wall displacement, and the mean value of
the WSS at different heart phases were recorded. The time-averaged WSS (WSSta) was then
calculated for each patch as the average of WSS values through the cardiac cycle.

The mean local displacement for each patch was plotted as a function of the inverse of the
WSSt together with the LOWESS curves and a linear regression line. The LOWESS curve
is useful to establish an overview of the relationship between the two parameters and unlike
the linear regression line is not biased by outliers. A generalized estimating equation regression
with robust standard errors was used to account for clustering by patient and to test the statistical
significance of the association between displacement and inverse WSSta. Displacement was
considered to be significant if it was greater than half of the MRA pixel resolution (i.e. greater
than 0.3 mm). WSSt values in each category (lower and greater than 0.3 mm) were compared
by using an unpaired t-test with unequal variance.

The intra-technique variability of the radial displacement was expressed as the standard
deviation, for each patch, of the differences between the two registration experiments for the
aneurysms and for the reference vessel. The 95% confidence interval was also calculated.

The error in volume measurement for each reference vessel and each aneurysm at follow-up
was calculated as the absolute value of the difference of the two measurements divided by the
average of the two measurements4,

All statistical analysis was made with Intercooled Stata 9.1 (StataCorp LP, College Station,
Texas, USA).

A complete analysis was carried out for all patients. Mean aneurysmal volume at baseline was
1703 +/— 956 mm?3 (range 476 — 2877). Mean change in volume was 7.0 +/— 9.1 % (range —1.3
—24.3). Atotal of 738 one square millimeter surface patches were analyzed from the 7 patients.

Mean radial wall displacement was 0.19 +/— 0.34 mm (range —0.26 — 1.96); 592 patches (80
%) were found to have a displacement of less than 0.3 mm and 146 (20 %) had a displacement
equal to or greater than 0.3 mm.

Mean WSSta was 2.55 +/— 3.65 Pa (range 0.03 — 21.87) and 0.76 +/— 1.51 Pa (range 0.03 -
9.44) for patches with a displacement lower and greater than 0.3 mm respectively (t=9.15;
p<0.001).

The Lowess curve shows a trend for patches with higher inverse WSSt values to have a larger
wall displacement. The estimated change in displacement was 0.24 mm per standard deviation
change in inverse WSSta (95% CI: 0.18 to 0.30, p<0.001) (Figure 4).

The standard deviation of the differences in radial displacement between the two registration
experiments was 0.09 mm for patches on the aneurysmal segment (resulting in a 95% CI of +/
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—0.17 mm for the values of radial displacement), and 0.05 mm (95% CI of +/— 0.1) for the
reference vessels.

The mean error in volume measurement was 2.0 +/ 1.0 % (range: 0.1-3.0%) for the aneurysms
at follow-up, and 1.1 +/— 0.8 % (range: 0-2.0) for the reference vessels.

DISCUSSION

This study uses data from non-invasive imaging performed in longitudinal studies on subjects
with untreated intracranial aneurysms to establish a relationship between local aneurysm
growth and areas of low wall shear stress at the lumenal surface. This is the first report in a
series of patients where quantitative analyses, in three dimensions, of changes in geometric
morphology at specific locations on the aneurysm surface were related to the hemodynamic
forces at those locations, determined on a patient-specific basis.

Wall shear stress is created by the flow of blood over the endothelial cell surface. Even if details
of the cell transduction pathway remain unknown (action on cell membrane, mechanoreceptor
or directly on the cytoskeleton15'17), WSS is increasingly understood as a major physiological
stimulus for the vessel endothelium. Indeed, regular physiological WSS, as observed in healthy
blood vessels, promotes endothelial cell survival and quiescence, alignment in the direction of
the flow, and secretion of substances that promote vasodilatation and anticoagulation3’ 18,
Both excess and lack of the stimulus can lead to pathological phenomena that cause changes
in the arterial wall biomechanical properties. Pathologically high wall shear values can damage
the layer of endothelial cells9: 20, Meng et al.2 recently demonstrated, in an animal model
where they created an arterial T bifurcation, that a high supra-physiological level of WSS
contributes to aneurysm initiation and development. They showed a good agreement between
the areas of high WSS and high WSS spatial gradients at the apices of arterial bifurcations and
aneurysm-type wall remodeling (disrupted internal elastic lamina and endothelium, thinned
media and smooth muscle cells loss) at histology.

Conversely, low WSS has been reported to be related to aneurysmal growth21 and rupture5 as
it promotes various mechanisms that cause arterial wall remodeling. Indeed, a low level of
WSS (lower than 0.4 Pa) generates endothelial proliferation3 and apoptosiszz. Itis also
responsible for changes in endothelial cell secretion, leading to abnormal hyper-production of
vasoconstrictive agent523 and inflammatory, proadhesive, and prothrombotic mediators24:
3, Similarly, it decreases the production of vasodilators2® and antioxidant enzyme526.

To summarize, it appears that, after an initial injury that might result from excessive WSS on
the endothelial cells (caused by a localized jet, for examplez), progressive changes in aneurysm
shape occur with a trend for the cross section to become more elliptical. This generates a
progressive decrease of wss4 27,28 leading to endothelial dysfunction, wall remodeling, and
aneurysm growth.

In our study we establish the relationship between low levels of the time-averaged WSS that
is applied on the endothelium through the cardiac cycle and local aneurysm growth in
intracranial aneurysms. The methodology we propose is based on a combination of techniques
that has not been reported previously and presents several advantages. First, non-invasive in
vivo monitoring of the aneurysm over time allows observation of actual changes in aneurysm
shapes without making any assumptions about theoretical evolution that need hypotheses on
arterial wall composition or biomechanical propertieszgv 30, Then, use of a point-by-point
study of the displacement permits an accurate display of the morphology of wall displacement
allowing both qualitative, visual and quantitative comparisons between local changes in
volume and the local wall shear stress. MR imaging of both the lumen and the wall permits
identification of aneurysms where there is substantial intralumenal thrombus. Subjects with
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intralumenal thrombus must be excluded from an analysis of the kind reported here since that
condition substantially alters the direct impact of hemodynamics on the vessel wall. Finally,
CFD modeling allows an accurate estimation of WSS ona patient-specific basis. WSS
calculations, based on the velocity gradient at the wall, require a resolution of the velocity field
that cannot currently be achieved by in-vivo flow measurement techniques in intra-cranial
arteries. Indeed, although there are recent reports that MRI is able to estimate WSS in an in-
vitro study at 3T4 the image resolution (0.47 x 0.47 x 2 mm) is insufficient to provide accurate
measurements of the gradient of velocities at the wall. Nevertheless, although unsuited for the
accurate determination of WSS data, MRI is able to determine the flowrates through the inlet
vessels, quantities that are crucial for CFD calculations which are strongly dependent on inlet
flow conditions.

In this study we have focused on the time-averaged WSS applied to the endothelium over the
cardiac cycle as it represents the average intensity of the stimulus acting on endothelial cells.
A number of other hemodynamic parameters can be used as descriptors of how this stimulus
is experienced by the endothelium (such as WSS spatial gradient, amplitude or frequency of
the oscillation of WSS through the cardiac cycle or changes of WSS direction). Although each
of those could be an important mechanism in influencing aneurysm growth, it is difficult to
separate out the effects of one from another since they often occur simultaneously. These effects
are also difficult to evaluate from an imaging standpoint as their determination requires
extremely high resolution data. Further, little is known about how those detailed interactions
are felt by the cells. For example, we do not know if a spatial gradient should be computed on
a cell-by-cell basis or by grouping a number of neighboring cells (even more if paracrine
communication plays an active role). Finally, the manner in which the stimulus is applied is
more relevant when the level of WSS is high than when it is low, or close to zero?.

A limitation of our study relates to the way displacement is computed. Radial wall displacement
measurement is certainly a good approximation of local aneurysm growth but it does not take
into account several parameters such as constraints coming from neighboring structures (for
example a bone structure limiting the extension of the aneurysm in one direction) or
modification resulting from distant changes in the arterial wall that result in a “sliding”
displacement of a different part of the aneurysm. It is possible that our radial model could be
improved by fitting the observed change using a mathematical model27: 29,

Another limitation is the potential errors in CFD flow field calculation related to geometric
uncertainties31. Partial volume effects in MRI studies or inaccuracy of thresholding of the data
when extracting the shape from the MRI images may alter the CFD results. However, we
attempted to minimize all those potential sources of errors in the methodology by using high
resolution MR angiography, consistent thresholding for the base-line and follow-up studies,
and visual control of the fit between the extracted shapes and the original dataset.

SUMMARY

The analysis in this study utilizes a tool that is based on non-invasive 3D MR imaging of the
vessel lumen, wall, and inlet flow conditions. From the imaging results, both a sensitive map
of regional geometric changes and a computational model of the velocity fields can be derived.
The study demonstrates the correlation between regions of low WSS and aneurysm progression
in intracranial aneurysms. This could be helpful in predicting where and when aneurysm growth
might occur which would be of interest in therapeutic decision-making and in surgical planning.
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Figure 1.

Displacement map: The baseline shape (blue, left) is co-registered with the shape at the follow-
up time point (green, middle). The displacement map is then generated (right): red indicates
larger displacement; blue corresponds to an unchanged surface from one time point to the next.
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Figure 2.

Visual comparison of WSS map (left) and displacement map (right). Areas with low WSS
(blue, left) match with areas of larger displacement (red, right). Similarly, areas of high WSS
(red, left) correspond to no growth regions (blue, right).
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Figure 3.

Sampling on the aneurysm: Patches are placed at regular intervals over the surface. White lines
indicate the cut planes. Only the body of the aneurysm is taken into account in the statistical
analysis.
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Figure 4.

Scatter Plot of the local displacement as a function of the inverse of time-averaged WSS
(WSStp) showing a clear trend for increased growth (high values of displacement) at patches
that experience low WSS through the cardiac cycle (i.e. high values of inverse WSSta). A
linear regression (black) fit to the data (p<0.001). The LOWESS curve (grey) closely follows
the linear regression curve, confirming that linear regression is reasonable both locally and
globally and is not biased by outliers.
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