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ORIGINAL RESEARCH
INTERVENTIONAL

3D Computational Fluid Dynamics of a Treated Vertebrobasilar
Giant Aneurysm: AMultistage Analysis

F. Graziano, V.M. Russo, W. Wang, D. Khismatullin, and A.J. Ulm III

ABSTRACT

BACKGROUND AND PURPOSE: The treatment of giant aneurysms of the vertebrobasilar junction remains a challenging task in neuro-
surgical practice, and the reference standard therapy is still under debate. Through a detailed postmortem study, we analyzed the
hemodynamic factors underlying the formation and recanalization of an aneurysm located at this particular site and its anatomic
configuration.

METHODS: An adult fixed cadaveric specimen with a known VBJ GA, characterized radiographically and treated with endovascular
embolization, was studied. 3D computational fluid dynamic models were built based on the specific angioarchitecture of the specimen,
and each step of the endovascular treatment was simulated.

RESULTS: The 3D CFD study showed an area of hemodynamic stress (high wall shear stress, high static pressure, high flow velocity) at the
neck region of the aneurysm, matching the site of recanalization seen during the treatment period.

CONCLUSIONS: Aneurysm morphologic features, location, and patient-specific angioarchitecture are the principal factors to be con-
sidered in the management of VBJ giant aneurysms. The 3D CFD study has suggested that, in the treatment of giant aneurysms, the
intra-aneurysmal environment induced by partial coil or Onyx embolization may lead to hemodynamic stress at the neck region, poten-
tially favoring recanalization of the aneurysm.

ABBREVIATIONS: CFD� computational fluid dynamics; GA� giant aneurysm; VA� vertebral artery; VBJ� vertebrobasilar junction; WSS� wall shear stress

Giant aneurysms located at the vertebrobasilar junction are rare

and complex lesions that require a multidisciplinary approach.

The natural history of these lesions is very poor, and the high risk for

rupture, related to the size, makes their treatment mandatory.1-4 On

the other hand, the management of these complex entities is ex-

tremely challenging and is associated with high rates of morbidity

and mortality.5 Several treatment options are available nowadays,

including either surgical or endovascular procedures.6-8 Different

factors may play a critical role in the selection of the most appropriate

treatment strategy, including preoperative clinical and neurologic

status of the patient, evaluation of the features of the aneurysm, re-

lated vascular structures, and collateral circulation.9-15 The reference

standard therapy remains still under debate, and deep understanding

of the hemodynamic engineering of giant aneurysms may provide

valuable insight into their behavior and in planning the most effective

and successful therapy.16-21

MATERIALS AND METHODS
An extensive postmortem examination of a fixed adult cadaveric

specimen with a VBJ giant aneurysm is presented. The aneurysm

was characterized radiographically by DSA and CT angiography

and was treated with endovascular embolization. First, a 4.5-

mm � 20-mm Neuroform stent (Boston Scientific, Natick, Mas-

sachusetts) was placed across the neck of the aneurysm. One

month later, the aneurysm was filled with 11 Guglielmi detach-

able coils-18 (Boston Scientific) (Fig 1A–D). Then, 5 months

later, recanalization of the aneurysm occurred (Fig 1E). The coil

mass was compacted and shifted to the superior portion of the

dome. There was a filling, measuring 40 � 35 mm, along the right

wall of the lesion, in the proximity of the aneurysm neck. The

aneurysm was, again, endosaccularly embolized— 4 Guglielmi

detachable coils-18 were used to create a scaffold inside the re-
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canalized part of the aneurysm, and a total of 5 mL of Onyx 34

(ev3, Irvine, California) and 4 mL of Onyx 18 (ev3) were injected

(Fig 1F). In addition, the right nondominant vertebral artery was

occluded below the PICA origin with the use of Onyx 34. Fourteen

months later, the patient died after clinical and neurologic pro-

gressive deterioration. In our laboratory investigation, through an

analysis of the anatomic aspect of the angioarchitecture of the

lesion, 3D CFD simulations of different stages of the endovascular

treatments were performed.

Numeric Models
The 3D CFD models were built in SolidWorks 2008 (SolidWorks,

Concord, Massachusetts) on the basis of the specific angioarchi-

tecture of the specimen. The vertebrobasilar system, including the

aneurysm, was removed from the specimen, and digital pictures

from different angles of view were taken. The digital images were

imported into SolidWorks, and the 3D geometry of the models

was then built by use of the features of the software “Sweep” and

“Loft.” In the simulated models, we studied the streamlines, ve-

locity magnitude, blood viscosity, wall pressure, and wall shear

stress distributions.

In the digital reconstruction, the vertebrobasilar system was

built including both the vertebral arteries (as inlet) and both the

PICA (as outlet) and the basilar artery, until the upper segment,

near the bifurcation. Five models of the aneurysm were simulated

numerically, each representing a different stage of the endovascu-

lar treatment (Fig 2).

The first model corresponded with the outset aneurysm (Fig

2A). The second and third models represented the first endovas-

cular treatment (Fig 2B–C). In particular, the second model cor-

responded at the early phase of the embolization process, where

the dome of the aneurysm was filled with coils (without blood

clots), and the neck region contained blood flow (Fig 2B). As

performed elsewhere, we modeled the coiled region as porous

medium material22,23 because the coils form a fiber matrix as a

porous medium material, in which the porosity (fluid volume

fraction) depends on the spaces between the fibers (coils). With

the assumption that the fibers are randomly distributed in the

space, filtration of blood through a coil-filled aneurysm can be

described by Darcy’s law:

ƒp � �
�

�
v

The permeability � of this region can be derived from the empiric

equation concluded by Jackson and James,24 which is based on the

experimental results of randomly distributed fibers made of dif-

FIG 1. Digital subtraction angiography. A, Left vertebral DSA (lateral view). The giant aneurysm at the VBJ is depicted. The lesion presented an
almost spherical shape and a large neck,measuring 14mm. B, Left vertebral DSA (anterior view). TheGA shifted the basilar artery to the right side.
C–D, Endovascular treatment, Part 1. Left vertebral DSA (lateral view). E–F, Aneurysm recanalization and endovascular treatment, Part 2. F, Left
vertebral DSA (anterior view).

1388 Graziano Jul 2013 www.ajnr.org



ferent materials. The number and size of coils simulated in this

study corresponded to those used in the actual therapy (Fig 2).

In the third model, we simulated the late phase of the endo-

vascular embolization in which the aneurysm was divided, for the

sake of simplicity, in 3 regions: 1) a superior half, with an attenu-

ated coil packing, as depicted in our angiography study; 2) an

inferior half, which, during the endovascular treatment, was filled

with less packing of coils to allow for perfusion of the perforating

branches; and 3) the neck region, with blood flow. In the superior

half, we simulated the formation of blood clots in this late phase of

the embolization process (Figs 1C, -D and 2C). The blood clots are

viscous-elastic materials and are less deformable than blood but

can still be deformed under stress. So far, none of the CFD simu-

lations have taken into account the role played by blood clots in

changes of flow field because no reliable measurements of their

mechanical properties are available. In our study, the blood clots

were assumed to be a solid material,

though the lack of complete faithfulness

to the real case was recognized. The infe-

rior half of the aneurysm was still simu-

lated with a discrete porosity, and the po-

rous medium material was again applied

(Figs 1C–E and 2C).

In the fourth and fifth models, recan-

alization of the aneurysm was simulated.

As shown in the angiographic study, the

recanalized portion (40 � 35 mL) corre-

sponded to 10% of the initial volume of

the aneurysm (15.5 mL). To numerically

reproduce this stage, we proportionally

increased the model to 10% of volume

(Fig 2D, -E). These models represented

the second endovascular treatment, in

which the liquid embolic agent (Onyx)

was also used to obliterate the recanalized

region. The Onyx becomes solid once it

comes into contact with blood; therefore,

it was simulated as a solid material. In

these models, the aneurysm was assumed

to be completely filled by a solid material,

except at the neck region (Fig 2D). The

fifth model represented the final stage of the

second treatment, in which the right verte-

bral artery was occluded. Therefore, the

model was built without this vessel (Fig 2E).

Flow Field Features
The flow fields in blood vessels were nu-

merically simulated with the CFD soft-

ware FLUENT 12.0 (ANSYS, Lebanon,

New Hampshire). In our models, blood

flow was modeled as non-Newtonian

with shear-dependent dynamic viscos-

ity.25 This property was captured by use of

the Carreau constitutive equation, largely

used to describe the shear thinning prop-

erty of human blood.26 The flow was as-

sumed to be laminar (because the Reynolds number based on the

vessel diameter and maximal flow velocity, 0.25 m/s, of the basilar

artery was Re � �UD/�� � 300, which was not enough to deter-

mine turbulence) and incompressible, with an attenuation of

1050 kg/m3. All of the inlets were defined as mass-flow inlets on

which the mass-flow rate was defined so that the main flow rate in

the basilar artery was 200 mL/min (Fig 2).20,27 All of the outlets

were defined as the outflow boundaries on which the diffusion

flux for any variable was zero. Either for the inlets or for the

outlets, the flow rates were distributed proportionally to the cor-

responding cross-sectional areas of the inlet or outlet boundaries.

Because patient-specific blood flow information was not avail-

able, a nonpulsatile steady-state flow was assumed. The vessel

walls were simplified as noncompliant walls without any flexibil-

ity. With these assumptions, the governing equations were the

steady-state incompressible Navier-Stokes equations:

FIG 2. Numeric models of the VBJ GA. A, Outset GA with blood flow (red area). B–C, Endovas-
cular treatment, Part 1. B, Early phase of the embolization treatment. The dome of the aneurysm
was filled with coils (through the porous medium material; yellow area) and the neck region
with blood flow (red area). C, Late phase of embolization process. The model was divided into
3 regions: 1) a superior half, with attenuated packing of coils (black area); 2) an inferior half
(yellow area) with less packing of coils; and 3) the neck region (red area), with blood flow. D–E,
Aneurysm recanalization and endovascular treatment, Part 2. The model of the GA was equally
increased to 10%. These models have been simulated as being completely filled by a solid
material (black region), except at the neck region. E, The model was built without the right VA.
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“ƒ � v � 0

�v � ƒv � �ƒp � �ƒ2v,

The computational domain was discretized with hybrid unstruc-

tured meshes. Specifically, a tetrahedral mesh was used in the bulk

region of the domain, and 5 layers of the boundary layer mesh

were added to accurately describe the velocity gradients near the

vessel wall. The thickness of the first boundary layer was 0.02 mm,

and the total height of the boundary layer mesh was 0.2 mm.

RESULTS
Model I: Outset Aneurysm
In the outset aneurysm, the blood flow formed rotating vortices

(Fig 3A.1). They were most visible at the inflow zone of the aneu-

rysm because, while progressing in the lesion, they enlarged and

lost their cohesion. The blood flow presented a higher velocity

magnitude at the superior half of the aneurysm, close to the wall,

whereas the central area was characterized by a stagnant flow (Fig

3B.1). The highest velocity of the blood flow was found at the neck

region. The apparent viscosity at the central area of the aneurysm

was elevated, but it was very low at the neck region (Fig 3C.1).

Because the diameter of the left VA was larger than that of the

right VA (4.25 mm and 1.47 mm, respectively), the flow rate com-

ing from the left VA was much larger than that coming from the

right VA (266 mL/min and 54 mL/min, respectively), and the

blood flow was scouring the right side of the aneurysm more than

the left side. Hot spots of high static pressure and WSS were ob-

served on the anteromedial surface of the right half of the aneu-

rysm, in proximity to the VBJ (Fig 4A.1, -B.1).

Model II: Aneurysm Filled by Coils (First Endovascular
Treatment, “Early Phase”)
The total volume of coils used during the endovascular procedure

was 0.26 mL, and the solid volume fraction was � � 1.7%. Thus,

only 1.7% of the total volume of the aneurysm (15.5 mL) was

filled by coils (Fig 2). In our model, the porous medium material

was used to simulate the attenuation of the coils inside the aneu-

rysm; this provided a reduction in the swirling structure and ve-

locity magnitude of the blood flow. Although coils occupied only

a small part of the aneurysm, they induced significant flow distur-

bances (Fig 3A.2). In the superior half of the aneurysm, close to

the wall, the velocity of the blood flow decreased; in the central

area of the dome, it was completely stagnant. In this area also,

blood viscosity was increased (Fig 3B.2, -C.2). At the neck region,

high flow velocity was still present, and blood viscosity remained

unchanged (Fig 3B.2, -C.2). The hot spots of static pressure and

WSS decreased along the posteromedial surface of the right half of

the aneurysm, but at the neck region, the hemodynamic stress was

found to be constantly high (Fig 4A.2, -B.2).

Model III: Aneurysm Filled with Coils and Blood Clots
(First Endovascular Treatment, “Late Phase”)
The late phase is characterized by the formation of blood clots in

the area of the aneurysm with a high packing attenuation of coils,

as seen in the angiographic study. The formation of blood clots,

simulated as solid material in the superior half of the aneurysm,

caused a decrease in blood flow at this region (Fig 3A.3). The

vortex structure of the flow was squeezed and limited to the infe-

rior half and neck region of the aneurysm. In the remaining infe-

rior half (simulated as being filled with coils through the porous

medium material), the velocity magnitude of the blood flow was

slightly increased, with reduced viscosity, but it remained con-

stantly high at the neck region (Fig 3B.3, -C.3). Hot spots of static

pressure and WSS moved to the posteromedial surface of the right

half of the aneurysm and to the neck region, and the values in-

creased (Fig 4A.3, -B.3).

Models IV and V: Aneurysm Recanalized, Filled
Completely with Blood Clots and Onyx (Second
Endovascular Treatment)
In these models, the size of the aneurysm was proportionally in-

creased by 10% of the initial volume. The dome of the aneurysm

was simulated as being completely filled by solid material because

both the blood clots and Onyx were modeled without porosity.

The blood flow inside the aneurysm was then reduced to a value of

zero (Fig 3A.4, -A.5). Velocity magnitude of the blood flow at the

neck of the aneurysm was high, and blood viscosity was very low

(Fig 3B.4, -B.5; 3C.4, -C.5). At this region, the hot spots of static

pressure and WSS were larger and the values high (Fig 4A.4, -B.4).

In the fifth model, we simulated the occlusion of the right verte-

bral artery. Because its blood flow rate was calculated as being

one-fifth of the flow rate in the left VA, the suppression of the flow

within the vessel did not provide particular changes in the flow-

field structure, except for a slight enlargement of the area with

hemodynamic stress at the neck region (Fig 4A.5, -B.5).

DISCUSSION
Recently, cerebrovascular diseases have become a point of interest

in biomedical engineering research. The role of WSS in cytologic

changes of the arterial walls and the variable geometry of the ar-

terial system have been found to be critical in the onset of vascular

diseases, such as aneurysmal lesions or atherosclerotic phenome-

na.16,20,21,28-34 The role of WSS is still controversial in the devel-

opment and growth of cerebral aneurysms16-18; in fact, both ex-

cess and lack of WSS can lead to pathologic phenomena that cause

changes in the biomechanical properties of the arterial wall.29 The

presence of a low-flow environment leads to regions of low WSS

(�0.4 Pa), which can be detrimental to the vessel endothelium.

The formation of thrombi promoted by stagnant blood flow can

lead to the release of substances that promote inflammation and

degradation of the aneurysmal wall, with endothelial proliferation

and apoptosis, favoring aneurysmal growth and rupture.29,32,35,36

By contrast, high WSS, which is associated with high blood flow,

can lead to dysfunction of the endothelium, with progressive de-

formation of the wall until rupture occurs.31,37 Meng et al38 re-

cently demonstrated in an animal model that high WSS contrib-

utes to aneurysmal initiation and development. They found that

areas with high WSS and high WSS spatial gradients were associ-

ated with remodeling of the wall of an aneurysm, such as dis-

rupted internal elastic lamina and endothelium, thinned media,

and smooth muscle cell loss. Cebral et al17,18 reported that the

flow pattern and impingement region, defined as the region of the

aneurysm where the inflow stream affects the aneurysmal wall

with high WSS, correlate with rupture of the aneurysm. In partic-
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FIG 3. Streamlines, velocity magnitude, and viscosity distributions.A, Streamlines (lateral views).A1, The blood flow formed rotating vortices at
the inflow zone. A2, The attenuation of the coils inside the aneurysm provided a reduction of the swirling structure of the blood flow. A3, The
vortex structure of the flowwas squeezed and limited to the inferior half and to the neck region of the aneurysm. A4 and A5, Blood flow inside
the aneurysm was reduced to a value of zero. No flow changes occurred with the suppression of the right VA. B, Velocity magnitude
(cross-sectional views). B1, The highest velocity of the blood flowwas found at the neck region. B2, Although coils occupied only a small part of
the aneurysm, they induced significant disturbances in flow. B3, The velocity magnitude of the blood flow remained constantly high at the neck
region. B4 and B5, These models have been simulated as being completely solid; therefore, the velocity magnitude was zero. C, Viscosity
(cross-sectional views). C1, The apparent viscosity at the central area was elevated, whereas it was very low at the neck region. C2, The viscosity
of the blood was increased in the central area. C3, The inferior half of the aneurysm presented a decreased viscosity. C4 and C5, In the neck
region, where blood flow was still simulated, a very low viscosity was seen.
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ular, a disturbed flow pattern, a small impingement region, and

narrow jets were associated with this event. Utter and Rossmann39

supported the thesis that progressive changes in the shape of the

aneurysm occur after an initial injury, secondary to an excessive

WSS on the endothelial cells. These changes generate a progres-

sive decrease of WSS and lead to endothelial dysfunction, wall

remodeling, and aneurysm growth.

In the vertebrobasilar system, the presence of a symmetric

FIG 4. Static pressure and wall shear stress distributions. A1 and B1, Hot spots of high static pressure and WSS were observed on the postero-
medial surface of the right half of the outset aneurysm, in proximity to the VBJ. A2 and B2, The hot spots of static pressure andWSS decreased
along the posteromedial surface of the right half of the aneurysm. A3 and B3, The hot spots of static pressure and WSS moved to the
posteromedial surface of the right half of the aneurysm and to the neck region, and their values increased.A4 andA5 and B4 and B5,At the neck
region, the hot spots of static pressure and WSS were larger and higher.
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structure at the junction provides a regular velocity profile, with

blood flow running parallel to the vessel wall. This profile lowers

the hemodynamic stress at the VBJ, accounting for the relatively

low incidence of aneurysm formation at this site. However, when

the diameter of the VAs is very different or the basilar artery is

badly bent, the flow in the basilar artery is disturbed as a result of

swirling flows at the VBJ.20 When an aneurysm is located at the

VBJ and the VAs present a different diameter, the major flow

comes from the vessel with the larger diameter. The jet flow hits 1

side of the inflow zone of the aneurysm with great force, leading to

histopathologic changes and deformations in the arterial wall.40

In the specific angioarchitecture of the specimen studied, the

diameters of the VAs were significantly different, with a different

flow rate (Fig 2). The asymmetric configuration of the vertebro-

basilar system generated a sharpened velocity profile at the VBJ

and increased hemodynamic stress, which could be considered as

factors promoting the formation of the aneurysm at this site (Fig

3A.1, -B.1 and 4A.1, -B.1).

The effect of coil packing of the aneurysm through simulation

of the endovascular treatment was also investigated (Fig 2B, -C).

Other studies41-44 have reported that when the aneurysm is not

tightly occluded, the coils have a propensity to gather together,

being pushed and displaced toward the dome by the arterial pul-

satile flow (“water-hammer effect”). The volumetric ratio of coils

in the treatment of small aneurysms has been previously calcu-

lated. The minimal attenuated packing to obtain an intra-aneu-

rysmal thrombosis has been estimated to be approximately 26%–

33%; the maximal attenuated packing achievable without the risk

for coil migration was roughly 30%–36%.45 In our study, the total

coil volume was 0.26 mL, and the solid volume fraction was � �

1.7%. This finding shows that, to reach the minimal volumetric

ratio of coils, a large quantity of coils (approximately 80 m in our

study) is needed when giant aneurysms are treated. The hemody-

namic environment created by the coiling procedure has facili-

tated intra-aneurysmal thrombosis and prevented the risk for

rupture because the flow was stagnant and the pressure on the

aneurysm wall was decreased. On the other hand, the redistribu-

tion of the wall pressure and the increased WSS and flow velocity

at the neck region (wide and not embolized to preserve the per-

fusion of the perforating vessels) have favored the coil compac-

tion and increased the risk for recanalization at this region (Fig

3A–C, 4A.3, and 4B.3).18,46-48

Although it has been demonstrated that the occlusion of a

single VA can affect the flow-field structure at the VBJ,35 in our

study, the occlusion of the right VA was not associated with im-

portant flow changes because the flow rate coming from this ves-

sel was much smaller than the flow rate coming from the con-

tralateral VA.

CONCLUSIONS
Vertebrobasilar giant aneurysms pose extreme challenges in neu-

rosurgical practice. The accurate selection of the operative strat-

egy is the key to safe treatment with a long-term benefit; 3D CFD

simulations may represent a valuable adjunctive resource that,

coupled with the standardized preoperative radiologic work-up,

could be able to tailor the most effective treatment.
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