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Abstract

Introduction This study was performed to assess the effect
of aneurysm geometry on parameters that may have an
impact on the natural history of intracranial aneurysms,
such as intraaneurysmal flow pressure and shear stress.
Methods Flow was simulated in 21 randomly selected
aneurysms using finite volume modeling. Ten aneurysms
were classified as side-wall aneurysms, with either single-
sided or circumferential involvement of the parent artery
wall, and 11 as bifurcation aneurysms (symmetric or
asymmetric), with an axis either perpendicular or parallel
to the parent artery. The flow patterns were classified as
either jet or vortex types (with regular or irregular vortex
flow). Pressures and shear stresses were characterized as
evenly or unevenly distributed over the aneurysm wall and
neck.

Results All side-wall and four of the bifurcation aneurysms
with a perpendicular axis had a vortex type flow pattern and
seven bifurcation aneurysms with a parallel axis (four
symmetric and two asymmetric) had a jet flow pattern. Jet
type flow was associated with an uneven pressure distribution
in seven out of seven aneurysms. Vortex type flow resulted in
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an even pressure distribution in five out of six aneurysms with
an irregular flow pattern and six out of eight with a regular
flow pattern. No firm relationship could be established
between any geometrical type and shear stress distribution.
Only 1 of 14 aneurysms with a perpendicular axis, but 4 of 7
aneurysms with a parallel axis, had ruptured.

Conclusion Aneurysm geometry does have an impact on
flow conditions. Aneurysms with a main axis parallel to the
parent artery have a tendency to have a jet flow pattern and
uneven distribution of unsteady pressure. These aneurysms
may have a higher rate of rupture as than those with a main
axis perpendicular to the parent artery.

Keywords Aneurysm geometry - Computational fluid
dynamics - Flow simulation - Aneurysm natural history

Introduction

The indication for invasive treatment of unruptured aneur-
ysms represents a clinical challenge because of the limited
knowledge of the natural history and the relatively high risk
of preventive procedures such as open surgery or endovas-
cular treatment. In current clinical practice, decisions are
generally based on history, aneurysm location and size.
Recent clinical studies have demonstrated a relationship
between the risk of rupture and history, aneurysm size and
location. These results suggest that aneurysms in patients with
a history of previous subarachnoid hemorrhage (SAH) and
those larger than 7 mm in diameter located in the anterior
circulation or located in the posterior circulation have a higher
risk of rupture [1, 2].

While the correlation between size and rupture risk
might be substantiated by fluid dynamics (Laplace‘s law),
the significance of aneurysm location and patient history
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remains unexplained. It seems likely, that other factors,
such as intra- and extraaneurysmal flow conditions may
play a role in aneurysm growth and the likelihood of
rupture. Intraaneurysmal flow patterns have been exten-
sively studied using angiography [3], transparent aneurysm
models [4-8] and lately computational fluid dynamics
(CFD) [9-14]. Material differences within the perianeu-
rysmal microenvironment have been suggested as explaining
the significance of location [15-17]. Aneurysm geometry
might be one of the key factors responsible for intra-
aneurysmal flow that in turn may play a role in aneurysm
growth and rupture. Hence location may indirectly influ-
ence rupture risk by affecting geometry through the
perianeurysmal environment. Multiple aspects of aneurysm
geometry, such as side wall or bifurcation type, relationship
to side branches and parent vessel curvatures [18], and the
aspect ratio [7, 19] have been studied. We have previously
demonstrated that other geometrical factors, such as the
diameter and height of the neck, significantly influence the
flow pattern in computer aneurysm models [20].

We report here our analysis of the effects of multiple
geometrical parameters, including the type of aneurysm, the
angle between the aneurysm and parent vessel and
aneurysm symmetry in relation to side branches, on flow
patterns in real human intracranial aneurysms using finite
volume modeling and computational flow simulation.

Methods and materials

A total of 21 aneurysms were retrospectively selected making
sure that different morphological types (such as side wall or
bifurcation aneurysms) were equally represented in the entire
group. During the selection process, the clinical history of the
patients and anatomical locations of the aneurysms were not
taken into consideration. In order to achieve good flow
visualization, very small aneurysms (<6 mm) were not
included in this study.

Conventional 2-D and 3-D rotational angiography
studies were obtained in all aneurysms using a GE LCV+

digital subtraction angiography unit and an Advantage
Windows workstation with ADW 4.2 reconstruction soft-
ware. The aneurysm with a relevant length of both the
proximal and distal parent artery was selected by the inter-
ventional neuroradiologist members of the team. The 3-D
image database was then converted to a geometrical data-
base from which a tetrahedral mesh was produced using in-
house software. Flow was then simulated on the resulting
finite volume model assuming the circulating fluid as
Newtonian and incompressible with a specific density of
1,050 kg/m® and viscosity of 0.003 kg/m s. Vessels and
aneurysms were considered as rigid tubes. Flow was simu-
lated using the ANSYS CFX 10 commercial software that
uses a high resolution scheme providing second-order spatial
accuracy which drops to first-order near discontinuities.
Time discretization was provided by a backward Euler
scheme resulting in second-order accuracy. The solver uses
a coupled, transient numerical scheme, and colocated grid
arrangement. Convergence acceleration was obtained using
the additive correction algebraic multigrid method. Grid
independence was established by producing similar but
artificial geometries where the mesh density could be
controlled easily. By thorough mesh studies performed on
the artificial geometries a typical error of less than 5% was
found with a maximum of 10% in the worst places. Models
comprised an average of 300,000 elements.

The analytic cardiac cycle was 0.8 s with a time step of
0.02 s so that one cycle comprised 40 time steps. A total of
three cycles were simulated making sure that the initial
transients disappeared. Further refinement of the time steps
did not change the results. Flow was considered pulsatile
with a synthetic inlet velocity function reproducing a
realistic shape of the cardiac function as demonstrated on
Fig. 1. Constant pressure was used as the outlet boundary
condition considering the constant nature of the peripheral
resistance. More details of the technique are available
elsewhere [20].

All aneurysms were then analyzed using 2-D angiograms
in two standard planes, the 3-D reconstruction model and
the simulated flow pattern. Patient history, lesion location,
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aneurysm diameters in two planes, aspect ratio, morpho-
logical type, aneurysm to parent vessel angle, flow pattern,
pressure and shear stress distribution over the aneurysm
wall were recorded for each aneurysm. The two largest
diameters of each aneurysm were measured in two
perpendicular planes selected on 3-D reconstructed images.
The aspect ratio was defined as the height of the aneurysm
divided by the width of the neck [19].

Aneurysms were categorized as side-wall or bifurcation
type on the basis of their morphology. Based on our
previous observations using flow studies, we further
classified side-wall aneurysms as side-wall type with either
a limited focal involvement of one side of the parent artery
wall (single-sided) or circumferential involvement of the
parent vessel (circumferential; Figs. 2 and 3). Based on
similar observations, bifurcation aneurysms were further
divided into symmetric and asymmetric bifurcation types
based on the symmetry of the aneurysm sac related to the
main axis of the parent artery in the plane of the side
branches. On 3-D reconstructed images, the main axis of
the last straight segment of the parent artery immediately
proximal to the aneurysm and the two main axes of the
aneurysm (considered as the two largest diameters) were
obtained in two perpendicular planes. The angles between
the parent artery axis and the two axes of the aneurysm
were measured. Aneurysms with axial angles less than 45°
in both planes were considered as parallel type and those
with an angle of more than 45° in one plane were classified
as perpendicular type (Figs. 4 and 5).

Intraaneurysmal flow patterns were characterized as
regular vortex flow with inflow at the distal and outflow
at the proximal edge of the neck and a single vortex within
the sac (Figs. 2e,f and 4e), irregular vortex flow with
reversed inflow/outflow zones and/or multiple vortices
(Fig. 3e,f) or jet type flow with a straight inflow zone

Fig. 2 Geometry and flow characteristics of a single-sided side-p>
wall aneurysm with limited involvement of the parent artery wall.
a, b Schematic depiction of a single-sided side-wall aneurysm in
longitudinal (a) and cross-sectional (b) views (arrows edges of the
neck). The angle (0) between the main axis of the parent artery (p) and
the height of the aneurysm (/) is 90° (perpendicular type). ¢, d 3-D
reconstructed images of a paraophthalmic aneurysm in the lateral
(¢) and anteroposterior (d) views, with limited single-sided involve-
ment of the parent artery (arrows neck). The angle (0) between the
height of the aneurysm (/%) and the axis of the parent artery (p) is 70°
(lateral) and 65° (anteroposterior) (perpendicular type). e, f Flow
velocity vectors in the longitudinal plane demonstrate the inflow zone
(open arrow) at the distal edge of the neck (D) and the outflow zone at
the proximal edge of the neck (P). g Pressure distribution map of the
same aneurysm demonstrates homogeneous distribution over the sac
of the aneurysm in the systolic phase (arrows neck, D distal parent
artery, P proximal parent artery). h Shear stress distribution map of the
same aneurysm shows a small area of increased shear stress at the
distal edge of the neck (arrow) (D distal parent artery, P proximal
parent artery)

hitting the aneurysm dome that behaved as a flow di-
vider, and outflow either at one or both edges of the
neck (Fig. 5e,f). Pressure was recorded on flow simulations
and classified as either evenly distributed over the aneu-
rysm surface (Figs. 2, 3 and 4) or having a peak at a small
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Fig. 3 Geometry and flow characteristics of a circumferential side- p

wall aneurysm with extended involvement of the parent artery wall.
a, b Schematic depiction of a side-wall aneurysm with extended,
circumferential involvement of the parent artery wall in longitudinal
(a) and cross-sectional (b) views (arrows edges of the neck. The angle
(0) between the main axis of the parent artery (p) and the height of the
aneurysm (h) is 90° (perpendicular type). ¢, d 3-D reconstructed
images of a paraophthalmic aneurysm in the lateral (¢) and
anteroposterior (d) views, with extended circumferential involvement
of the parent artery wall (arrows neck). The angle (0) between the
main axis of the aneurysm (%) and the axis the parent artery (p) is 70°
(lateral) and 65° (anteroposterior) (perpendicular type). e Flow
velocity vectors in a longitudinal (sagittal) plane demonstrate the
inflow zone at the proximal edge (open arrow, P) and the outflow
zone at the distal edge (open arrow, D) of the neck. f Flow velocity
vectors in a cross-sectional (frontal) plane demonstrate the inflow zone
at the lateral edge (open arrow, I) and the outflow zone at the medial
edge (open arrow, m) of the neck. Note that in such cases the inflow/
outflow zones cannot be interpreted in the proximal/distal frame of
reference. The characteristic vortex develops in a plane perpendicular
to the main axis of the parent artery. g Pressure map of the same
aneurysm demonstrates a homogeneous pressure distribution in the
systolic phase. h Shear stress distribution map demonstrates a
homogeneously low shear stress over the wall of the aneurysm except
in a small area on the distal part of the sac with slightly increased
values (arrow)

area of the aneurysm dome (Fig. 5). Shear stress was
considered to be evenly distributed or having a peak at the
neck or at the dome (Figs. 2, 3 and 5).

Results

Of the 21 aneurysms, 16 were unruptured, and five patients
had a history of SAH. The largest dimension of the
aneurysms ranged from 6.5 to 20 mm and the aspect ratio
from 0.75 to 3.75. Of ten side-wall aneurysms, five were
classified as single-sided (Fig. 2) and five as circumferential
(Fig. 3). Six of the bifurcation aneurysms were asymmetric
and five were symmetric. Considering the aneurysm/parent
vessel angle, 14 aneurysms were classified as perpendicular
(Figs. 2, 3 and 4) and 7 as parallel (Fig. 5). Regular vortex
flow was found in eight aneurysms (Figs. 2 and 4), irregular
vortex flow in six (Fig. 3) and jet type flow in seven
(Fig. 5). Pressure distribution was even in 11 aneurysms
and had a peak in 10 (Fig. 5g), while shear stress was
evenly distributed in seven aneurysms, and had a peak at
the neck in nine (Fig. Sh) and in the sac in five (Fig. 3h;
Table 1). No correlation was found between aneurysm size,
neck size, aspect ratio and flow pattern, and pressure or
shear stress distribution.

Aneurysm morphology did correlate with location. Nine
of ten side-wall aneurysms were located on the supraclinoid
internal carotid artery and one on the basilar trunk. No
relationship was found between single-sided or circumfer-
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ential involvement and aneurysm location. Bifurcation
aneurysms were located on the basilar artery (three), middle
cerebral artery (two) or internal carotid artery (two)
bifurcation, on the anterior communicating artery (three)
or at a fenestrated vertebrobasilar junction (one). There was
a strong correlation between aneurysm/parent vessel angle
and flow pattern. All 14 perpendicular aneurysms including
ten side-wall and four bifurcation aneurysms had vortex
flow (Figs. 2, 3 and 4), while jet flow was seen in seven out
of seven parallel aneurysms, and all these were located at
bifurcations (Fig. 5; Table 1). Morphological subtype
seemed to influence flow pattern: four of five single-sided
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Fig. 4 Geometry and flow characteristics of a bifurcation aneurysm
with the main axis of the aneurysm perpendicular to the main axis of
the parent artery. a, b Schematic depiction of a bifurcation aneurysm
in two orthogonal views (arrows neck). The angle (0) between the
main axis of the parent artery (p) and the height of the aneurysm (%) is
0° in one view (a) and 70° in the orthogonal view (b) (perpendicular
type). ¢, d 3-D reconstructed images of a carotid bifurcation aneurysm
in the anteroposterior (¢) and lateral (d) views. The angle (0) between
the height of the aneurysm (/) and the axis of the parent artery (p) is
90° in the anteroposterior (¢) and 60° in the lateral view (d)
(perpendicular position). e Flow velocity vectors in the sagittal plane
demonstrate the inflow zone at the proximal edge (open arrow, p), and
a regular vortex within the sac. f Slipstreams in the frontal view
demonstrate the inflow zone at the lateral (open arrow, [) and the
outflow zone at the medial edge (open arrow, m) of the neck. A
regular vortex is seen within the sac. g, h Pressure map (g) and shear
stress map (h) of the same aneurysm demonstrate evenly distributed
low pressure and shear stress over the wall of the aneurysm

side-wall aneurysms had regular vortex flow (Fig. 2) and
four of five circumferential side-wall lesions had irregular
vortex flow (Fig. 3). In bifurcation types, a symmetric
morphology was associated with jet flow (five of six
aneurysms) while three of five aneurysms with an asym-
metric morphology had either regular or irregular vortex
flow (Table 1).

Pressure distribution did correlate with flow pattern: all
11 aneurysms with even pressure distribution had vortex
flow (six regular and five irregular), while seven of ten
aneurysms with a pressure peak over the sac had jet flow
(Table 1). There was a weak correlation between shear
stress distribution and flow pattern: six of seven aneurysms
with even shear distribution and seven of nine with a peak
at the neck had vortex flow, while four of five with a peak
at the dome had jet type of flow (Table 1). All five ruptured
aneurysms had a peak of unsteady pressure at the dome and
four had parallel geometry. In general, aneurysm to parent
vessel angle was found to be the most significant factor
determining the flow pattern and subsequently pressure
distribution. This feature had more impact on flow than
morphological type.

Discussion

With increasing use of less-invasive imaging studies
capable of visualizing intracranial vessels, clinicians are
faced with a growing difficulty in choosing between the
risk of the natural course and that of invasive treatment in
an individual patient carrying an incidentally discovered,
unruptured intracranial aneurysm, many of which are likely
to remain innocent for the rest of the individual’s life. In
order to set guidelines for treatment indications, the natural
history of unruptured aneurysms has been investigated in
recent clinical studies which have demonstrated a relation-
ship between the risk of rupture and history, aneurysm size
and location. These results suggest that aneurysm location
and size are the sole factors responsible for a higher risk of
rupture [1, 2]. While the significance of size might be
explained by physical phenomena (Laplace’s law), the role
played by location has not been explained. It seems
reasonable to explain the effect of location by an influence
of material properties of the surrounding tissues as
proposed and demonstrated by Satoh et al. [16, 17] and
San Millan Ruiz et al. [15]. Another factor might be
intraaneurysmal flow that may also be determined by the
anatomical environment in which the aneurysm has grown.
In the present study we investigated the relationships
between different geometrical features (other than the size
of the aneurysm sac and neck) and flow patterns,
anticipating that these may affect both treatment results
and natural history.
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Fig. 5 Geometry and flow characteristics of a bifurcation aneurysm p>
with the main axis of the aneurysm parallel to the main axis of the
parent artery. a, b Schematic depiction of a bifurcation aneurysm with
the main axis of the aneurysm parallel to the main axis of the parent
artery in two orthogonal views (arrows neck). The angle (0) between
the main axis of the parent artery (p) and the height of the aneurysm
(h) is 0° (parallel type). ¢, d 3-D reconstructed images of a carotid
bifurcation aneurysm in the anteroposterior (¢) and lateral (d) views
(arrows neck). The angle (0) between the main axis of the aneurysm
(h) and the axis of the parent artery (p) is 0° (anteroposterior) and 35°
(lateral) (parallel type). e, f Flow velocity vectors (e) and slipstreams
(f) in the frontal plane demonstrate the inflow zone at the medial edge
(e open arrow), a flow divider at the dome (asterisk), double vortices
(arrows) within the sac and the outflow at the medial edge of the neck
(f open arrow). g Pressure map of the same aneurysm demonstrates
pressure corresponding to the flow divider point (asterisk). h Shear
stress distribution map demonstrates a small area of increased shear
stress at the neck (arrow)

In early in-vitro studies using transparent tube and in-
vivo surgical animal aneurysm models, distinct flow
patterns characteristic of different morphological types of
aneurysm have been established. Based on these findings,
the expected flow pattern is frequently used as a guide for
recommending treatment and/or selection of the treatment
method. Typical flow patterns include vortex flow for side-
wall aneurysms and jet flow in bifurcation/terminal aneu-
rysms. Vortex flow is characterized by a distinct inflow
zone at the distal edge, an outflow zone at the proximal
edge of the aneurysm neck and vortex flow within the
center of the aneurysm [3]. This type of intraaneurysmal
flow is primarily driven by shear at the entrance of the
aneurysm sac and is similar to the shear-driven endosaccular
flow phenomenon described by fluid dynamics. Inflow and
outflow zones are located in different but parallel planes
distal and proximal to the aneurysm neck. Jet flow is
defined by an inflow zone directly hitting the aneurysm
dome and exiting either at both or just one side of the neck
[4]. The impact of the entering zone on coil compaction/
aneurysm recanalization has been highlighted [3]. Flow
studies in experimental aneurysm models have shown
the impact of aneurysm geometry as described by the
aspect ratio (defined as the ratio of the height of aneu-
rysm and width of the neck) [19]. We have confirmed the
effects of the aspect ratio and of the width of the neck in
previous work on idealized computer models of side-wall
aneurysms [20].

With the advent of 3-D aneurysm visualization by
catheter or CT angiography, CFD simulation of aneurysm
flow has become feasible and is now widely used in models
based on clinical data [10—13, 20]. This technique has been
applied to analyze the effect of hemodynamic factors on
natural history. In a large study consisting of 62 “real”
aneurysms an association was found between an unstable
flow pattern, a small flow impingement area on the dome
and a narrow inflow jet and the incidence of aneurysm
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rupture [21]. In another study, a positive correlation was
found between aspect ratio and the incidence of rupture in
side-wall aneurysms, but not in bifurcation aneurysms [18].

In the present study, aneurysms were selected in a
retrospective manner focusing on morphological features,
making sure that formerly established morphological sub-
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types with characteristic flow patterns, such as side-wall
and bifurcation aneurysms, were equally represented in the
study population. Earlier we had found that the involve-
ment of the parent artery wall in the aneurysm neck greatly
affects intraaneurysmal flow and so side-wall aneurysms
were further divided into those with focal involvement of
the arterial wall (single-sided) and those with larger
circumferential involvement (Figs. 2 and 3).

In the simulation studies, parent vessels and aneurysms
were considered as rigid tubes. Although theoretically
vessel wall motion may have a significant impact on flow,
this practice is justified by both our previous research
incorporating vessel wall material properties into coupled
simulations (unpublished data) and studies using high
frame-rate angiographic images to detect geometrical
changes of the aneurysm wall over the course of the
cardiac cycle [22]. Both studies demonstrated little effect of
wall elasticity on flow. A synthetic inlet velocity function
was used to simulate pulsatile flow. This is acceptable, as
previous studies have proved that the characterization of
intraaneurysmal flow is not altered by the mean input flow
or flow divisions [23]. Constant pressure was used as the
outlet boundary condition considering the constant nature
of the peripheral resistance. In theory, the resistance of the
entire arterial system between the studied segment and the
capillary level should be modeled. In our earlier work we
found that while using incompressible fluids and rigid walls
for the simulation, the addition of a mimicked capillary
resistance in the form of a porous material only adds an
additive constant to the pressure level, but does not change
the resulting flow velocity field. Therefore—for the sake of
faster simulation—we omitted the porous material mimick-
ing capillary resistance. This would have more significance
if flexible tubes were simulated.

Traditionally, flow in side-wall aneurysms is considered
vortex type and in bifurcation aneurysms jet type. Most
studies describing these flow patterns have been based on
either glass or silicon aneurysm models, surgically created
experimental aneurysms or 2-D angiograms. Generally used
models of side-wall aneurysms typically have regular
geometry and small, well-circumscribed involvement of a
small surface of the parent artery [24]. Similarly, models of
bifurcation aneurysms are usually positioned within the
straight continuation of the main axis of the parent artery
and most are symmetrically oriented in between the two
side branches. In contrast to the above, in our early
experiments we found that the locations of the inflow and
outflow zones are not necessarily arranged distally and
proximally as previously thought in side-wall aneurysms,
and jet flow is not always a characteristic feature of
bifurcation aneurysms either. Based on these observations,
we hypothesized that significant circumferential involve-
ment of the parent artery wall within the orifice of the

aneurysm may change the plane of the vortex and the
location of the inflow and outflow tracks. Similarly, we
assumed that significant divergence of the main axis of the
aneurysm from that of the parent artery might influence the
jet flow pattern.

To test these assumptions, with further morphological
analysis of side-wall aneurysms based on 3-D images, we
classified aneurysms with limited involvement of the parent
artery wall less than one-quarter of its circumference as
single-sided side-wall aneurysms (Fig. 2) and those with
more than one-quarter of the parent artery wall missing
(resulting in an aneurysm neck circumferentially involving
the artery) as circumferential side-wall aneurysms (Fig. 3).
Four of five single-sided aneurysms had regular vortex flow
(Fig. 2e,f) and four of five circumferential aneurysms had
irregular vortex flow with the inflow/outflow zones being
reversed or complex (Fig. 3e,f).

The impact of neck width on flow velocities has been
previously described either in relation to the aneurysm
height (aspect ratio) [19] or as a factor affecting the
magnitude of rotational motion within the vortex [20].
However, these studies considered the width of the neck
only, that is the diameter of the neck alongside the main
axis of the parent artery. The current observations suggest
that the size of the neck in a plane perpendicular to the
parent vessel axis also plays a role by changing the flow
pattern of the aneurysm. With circumferential involvement,
the aneurysm sac is not necessarily positioned symmetri-
cally on top of the parent artery. If the sac is arranged in an
asymmetric fashion, the shear-driven vortex flow may
develop in a plane perpendicular to the parent artery axis
rather than in the parallel plane as generally thought. This
may explain the reversal of the locations of the inflow/
outflow zones, since proximal or distal positions cannot be
interpreted in a plane perpendicular to the main stream of
flow within the parent vessel (Fig. 3).

Similar to the above, bifurcation aneurysms were classi-
fied based on the angle between the height of the aneurysm
and the main axis of the parent artery. We measured this
angle, and considered those aneurysms with an angle >45° as
perpendicular types (Fig. 4) and those with an angle <45° as
parallel types (Fig. 5). As expected, all side-wall aneurysms
were perpendicular, but not all bifurcation aneurysms were
parallel to the parent artery. The axis of 4 of 11 bifurcation
aneurysms diverged significantly from the axis of the parent
artery (Fig. 4). All perpendicular aneurysms had vortex flow
(either regular or irregular), including four bifurcation
aneurysms. On the other hand, all seven parallel aneurysms
had jet flow (Fig. 5), and were bifurcation aneurysms.
Previously vortex flow was thought to be a typical feature of
side-wall aneurysms and jet flow has been generally
associated with bifurcation aneurysms [3, 25]. These results,
however, suggest that the shear-driven versus jet type nature
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of the flow pattern is primarily determined by the aneurysm/
parent vessel angle rather than by the side-wall or bifurcation
configuration of the lesion.

As in previous studies [21], we found a strong
correlation between flow type and unsteady pressure
distribution: all seven aneurysms with jet flow had an
uneven distribution with a peak at the dome, while 11 of 14
with vortex flow had an even distribution of pressure along
the wall of the aneurysm sac. In this latter group, flow
irregularities did not seem to influence pressure distribu-
tion. The significance of this finding is debatable. In an
carlier study of idealized 2-D aneurysm models, pressure
peaks at the apex of aneurysms exceeded by two to three
times those measured within the parent artery [24]. In other
studies, pressure elevation in the aneurysm dome was only
1-2% of the peak intravascular pressure [26]. In our
experience, the magnitude of pressure inhomogeneity was
very low, with intraaneurysmal peaks not exceeding the
maximum pressure within the parent artery. However, even
at low magnitudes, coupled spatial and temporal inhomo-
geneity may play a role in aneurysm wall fatigue and
eventual rupture. Clinically, four of five ruptured aneu-
rysms in the study group had a parallel axis, jet flow and
peak pressure at the dome.

The distribution of shear stress is generally considered as
a potentially significant factor in aneurysm growth and
rupture. There is, however, significant confusion in the
literature concerning the interpretation of wall shear
inhomogeneity. Low shear stress has been associated with
aneurysm growth [27] and elevated shear stress with
aneurysm rupture [28]. Other researchers found a markedly
low shear stress at the apex of ruptured aneurysms and have
proposed that low shear may induce degenerative processes
within the aneurysm wall leading to rupture, while high
shear stress at the neck may result in aneurysm growth [29].
In our study, the spatial distribution of shear stress
demonstrated a weak correlation with flow pattern: 13 of
14 aneurysms with vortex flow either had an even
distribution or a peak shear stress at the neck while 4 out
of 7 with jet flow had a peak shear stress at the dome. We
could not establish any correlation between clinical course
and shear stress distribution in this study.

Conclusion

Aneurysmal geometry has a significant impact on intra-
aneurysmal flow conditions. Circumferential involvement
of the parent artery wall modulates the characteristic flow
pattern of side-wall aneurysms and may result in reversed
inflow/outflow zones. This feature should be considered in
treatment planning. In this study, the aneurysm/parent
vessel angle was the primary factor determining the basic

@ Springer

flow pattern of the aneurysm. Aneurysms perpendicular to
the parent artery had shear-driven, vortex flow and those
parallel to the parent artery had jet flow, regardless of
whether they were located on the side-wall or at a
bifurcation of the parent artery. Jet flow seems to induce
an uneven pressure distribution over the aneurysm wall,
and might be more frequently associated with aneurysm
rupture. This may have implication in treatment planning.
The degree of arterial wall involvement and the degree of
deviation of the aneurysm axis from the parent artery axis
associated with such flow disturbances cannot be estab-
lished from the current study and needs further investigations.
As the number of aneurysms investigated in our study was too
small to draw statistically valid conclusions, further studies
are needed to validate these observations and confirm their
clinical relevance.
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