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Nearly five percent of all strokes occur due to subarachnoid hemorrhage mostly due to the 

rupture of brain aneurysms. Treatment options of brain aneurysms include surgical clipping and 

endovascular embolization by deployment of intrasaccular coils to exclude the aneurysm from 

the circulation. Complicated fusiform, wide-necked, and large aneurysms are not amenable to 

surgical clipping or endovascular coiling. Flow diversion devices have evolved as an alternative 

treatment for such challenging cerebrovascular aneurysm.  

At Present, quantitative assessment of the efficacy of flow diversion at the time of treatment 

is not available. Clinicians estimate adequacy of treatment by visual inspection of contrast 

transport and its residence time within the aneurysm immediately post implantation. Quantitative 

parameters of contrast transport dynamics through the rabbit model of human brain aneurysm 

have shown correlation with long term treatment efficacy of flow diversion. Computational fluid 
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dynamic simulations were employed in attempt to relate contrast transport to blood flow for 

medical device evaluation.  

This study evaluates flow diversion in idealized and patient based aneurysm geometries, in-

vitro, in the rabbit aneurysm model as well as in human patients. In the rabbit model 

mathematical analysis of contrast washout and its correlation to the efficacy of flow diversion 

was conducted. Statistical analysis suggests that the analyzed parameters correlate with 

aneurysm occlusion however, significance was not reached due to a low sample size. Intra-

aneurysmal hemodynamics CFD analysis was conducted in vitro through flow diverting devices 

flows as well as in 3 patients in addition to angiographic washout analysis in a larger cohort of 

patients that underwent flow diversion. Washout parameters such as contrast concentration decay 

time coefficient were in sync with intra-aneurysmal kinetic energy. Correlation of CFD analysis 

on the three patients to angiographic contrast washout indicate encouraging trend. This work also 

applied CFD and angiographic analysis to five commercially available neurovascular devices 

(not compared before).  Geometry of the implanted devices in idealized brain aneurysm models 

was reconstructed from microCT images and applied to CFD analysis.  The combination of 

experimental and computational approach provides initial data towards device inter-device 

evaluation of the efficacy of flow diverters for treatment of brain aneurysms. 
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CHAPTER 1: INTRODUCTION 

 

Background and Clinical significance 

Statistics published in 2014 by the American heart association show that stroke is the 

leading cause of disability in adults as well as the third leading cause of deaths 
2
. Annually about 

795,000 people (370,000 males and 425,000 females) in the US suffer a stroke 600,000 of which 

are a first time stroke while the remainder are recurrent ones. In 2010, fatal stroke amounted to 

129,476 cases in the US (52,367 males (40.4%), 77,109 females (59.6%)). Including stroke 

survivors, 6.8 million people (2.8% of the total population) were affected by stroke in the US. 

The annual direct and indirect cost burden of stroke in the US was $36.5 billion. The projected 

total cost burden of stroke is expected to reach $95 billion in 2015 and $185 billion by 2030
2
. 

Smoking, hypertension, and obesity are among the leading factors correlated to the occurrence of 

stroke 
3
. 

The majority of strokes, about 81%, are ischemic strokes which occur due to blockage of 

blood supply to a particular area of the brain
2, 4

. This blockage may result from an embolus that 

may originate from the heart as a result of atrial or ventricular fibrillations.  The embolus can 

travel and lodge in distal cerebral vessels. Ischemic stroke may also occur due to atherosclerotic 

intracranial arterial disease.  

Hemorrhagic stroke occurs in 19% of all strokes due to rupture of arteries inside the 

brain. Intracranial hemorrhage induces swelling of brain tissue as well as increase of intracranial 

pressure resulting in vasospasm of cerebral arteries. Intracerebral hemorrhage occurred in 

approximately 14.5% of all strokes and 4.8% present with subarachnoid hemorrhage
5-18

. 
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Intracerebral hemorrhage results from rupture of blood vessels inside the head due to vascular 

malformations, aneurysms, hypertension, or trauma.  Subarachnoid hemorrhage occurs due to 

bleeding in the subarachnoid space between the pia matter and the grey matter resulting from 

aneurysm rupture or head trauma
5, 19

. Rupture of brain aneurysms is the cause of approximately 

5% of all stroke cases
5, 19

. Brain aneurysms are abnormal ballooning or dilations of intracranial 

arteries which when left untreated may rupture leading to fatal outcome for the patients. 

The causes of brain aneurysms are not clear, however, they are more prevalent among the 

older populations
2, 13, 18, 20

. The blood flow to the brain is supplied by the left and right internal 

carotid and vertebral arteries. The internal carotid arteries bifurcate to into the anterior and 

middle cerebral arteries. The left and right vertebral arteries (VA) join to form the basilar artery 

(BA) which then bifurcates into the posterior cerebral arteries 
4
. The posterior cerebral arteries 

(PCA) along with the posterior communicating arteries (PComA),  the internal carotid arteries 

(ICA), middle cerebral arteries (MCA), anterior cerebral arteries (ACA) along with the anterior 

communicating artery (AComA) form the circle of Willis at the base of the brain 
4
 (Figure 1). As 

a result of the communication between the anterior and posterior circulation, collateral flow is 

established in case of blockage of one of the major arteries supplying the brain. About 90% of all 

brain aneurysms occur at one of the locations on the circle of Willis. The most common location 

of ruptured aneurysms is the ACA followed by the MCA and then the BA 
4, 11, 20-24

 as see in 

Figure 1. Brain aneurysms mainly occur at bifurcations or branching of arteries, although, around 

10% of giant aneurysms (>25 mm diameter) are seen in the cavernous segment of the internal 

carotid artery 
4
. 
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Treatment of brain aneurysms 

The treatment of brain aneurysms is dependent on their anatomic and geometric features. 

Based on their shape or anatomy, brain aneurysms could be categorized as saccular or fusiform. 

Saccular aneurysms are spherical in shape and do not engulf the entire vessel circumference
9, 10, 

25, 26
. Fusiform aneurysms are spindle like aneurysms which engulf the parent artery rather than 

emanating only from the sidewall
4, 9, 10, 25, 26

. 

 
Figure 1: Schematic of locations and prevalence of aneurysms in the cerebral circulation 

(adapted from 
20

) 

Historically, intracranial aneurysms have been treated surgically by clipping off the 

aneurysms at the neck to exclude them from the circulation
4, 20, 27

 (figure 2). However, surgical 

treatment of an aneurysm is a highly invasive procedure and involves risk of morbidity to the 

patients and also longer recovery times
27-29

. 
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Figure 2: Schematic demonstrating treatment options for brain aneurysm including 

surgical clipping (left) and endovascular coiling ( middle and right) (adapted from 
20

) 

The advent of medical imaging and increasing availability of endovascular devices 

steadily increased the use of fluoroscopically guided endovascular treatment methods due to their 

minimally invasive nature
30-33

. Briefly, an introducer sheath is inserted into the femoral artery of 

the patient to gain entry into the arterial system.  Diagnostic catheters are then inserted through 

the introducer sheaths and angiograms are obtained by injecting radio opaque contrast containing 

iodine to delineate the lumen of the arteries. Treatment choices are then made after the precise 

configuration of the aneurysm is elucidated by the angiograms. The current gold standard 

treatment choice is intrasaccular aneurysm coiling. Coiling was the first FDA approved 

endovascular treatment of sidewall aneurysms in 1995
32, 34

. Bare metal platinum or hygroscopic 

coils are packed into the aneurysm to achieve embolization and subsequent elimination of the 

aneurysm from the circulation
4, 33, 35-38

 (figure 2). Coiling is only possible for narrow neck 

aneurysms where the coils are likely to stay within the aneurysm and not herniate into the parent 

vessel. For wide necked sidewall aneurysms as well as large to giant aneurysms, which may be 

either fusiform or saccular in nature, coiling is not practical and/or difficult to implement. Coils 

have associated shortcomings even when implanted in narrow neck aneurysms. Coil compaction 

(Figure 3) and aneurysm recanalization are the most common shortcomings that require follow 

ups to ensure complete cure.  
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Figure 3: Angiogram of a PComA aneurysm (A) treated with endovascular coiling (B). 

Recanalization was observed at 8 month follow up (C) and the patient subsequently was  

re-treated (D)
20

.  

In the last two decades flow diversion emerged as an endovascular treatment option for 

complicated aneurysm such as wide necked, giant, and fusiform aneurysms that are not amenable 

to coiling
39-46

. Early experience with flow diversion was through deployment of coronary or 

carotid stents
40, 41, 47

 that later evolved into porous fine wire braided self-expanding devices.  

Flow diverting devices are deployed across the neck of the aneurysm to impede flow inside the 

aneurysm and provide a scaffold for cellular proliferation and development of a layer of 

endothelium over it. The process of parent vessel remodeling
41, 46, 48

 and establishment of a 

neointima excludes the aneurysm from the circulation. In 2011, FDA approved a highly porous 

fine wire braided device called Pipeline Embolization Device (Chestnut Medical-ev3-Covidien-

Medtronic) following successful clinical trials 
39, 42-45

 (Figure 4).  It is however, unclear how 

many devices per aneurysm were required to be implanted concentrically to occlude the flow 

into the aneurysm.  
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Figure 4 Images of Pipeline embolization device in expanded form (left) and schematic 

deployment in giant wide necked aneurysm (center); Giant aneurysm before Pipeline 

treatment and at follow up showing aneurysm excluded from circulation (right). 

 

Clinical problem: Efficacy of flow diversion 

Efficacy of flow diverters depends on porosity and pore density, or permeability, of the 

device as well as the anatomic configuration of the aneurysm and its positioning relative to the 

oncoming flow as well as the flow rate in the parent artery 
1, 41, 47-54

. Fusiform aneurysms require 

a lower porosity device, or more devices to be deployed concentrically, as compared to a wide 

necked sidewall aneurysm. Adequacy of the flow diversion effect following deployment of the 

first device is based on qualitative angiographic assessment of contrast transport into and out of 

the aneurysm.  Increase in contrast residence time in the aneurysm may be assessed based on the 

recirculation or a slower washout of contrast from the aneurysm compared to contrast washout 

time prior to the implantation of devices. If needed, more devices can be deployed until contrast 

residence time is in the aneurysm is deemed to be sufficient to occlude the aneurysm  within six 

months which needs to be confirmed by follow up examination. In case the aneurysm is not 

completely occluded by then, further treatment options can be decided upon at that time
39, 42

. 

The mathematical modeling of transport of a dye flowing through blood vessels can be 

traced back to the observation made by Bassingthwaigthe (Figure 5) that dispersion  of the dye 
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was a lagged normal process 
55

.  In angiography estimation of blood flow rates was attempted 

based on time to peak concentration of contrast or half time to peak values at different points 

along the length of an artery. However, such estimations while simple to obtain are not accurate 

and use only a small part of the information contained in the concentration time curve. Thus, the 

lagged normal distribution function was also applied  to the contrast concentration time curves or 

washout curves to study the flow in straight tubes or arteries 
56

. 

 
Figure 5: Dye concentration intensity levels following injection in different blood vessels 

(adapted from 
55

) 

The rabbit elastase induced aneurysm is a widely used model for investigating the 

biological response to the implantation of endovascular implants such as coils and flow 

diverters
54, 57-65

. One method to obtain information on the efficacy of flow diverters in the live 

animal prior to sacrifice and examination of histology is to apply the mathematical model that 

has been described previously. That model is based on the lagged normal model developed 

earlier but  it further divides the angiographic washout from the aneurysm into convective and 

diffusive components of mass transport 
46, 53, 54, 57, 66

. The first term of the model represent the 

advective contrast transport that is described by the convolution of a lagged normal and an 
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exponential decay. The second term of the model represents the diffusive process of contrast 

transport out of the aneurysm. This model has been utilized to compare various designs of flow 

diverters as well as prediction of their treatment efficacy. However, a statistical confidence level 

of 95%  has not been reached yet using previously available data and it remains unclear which 

components of the washout curves more directly relates to rates of aneurysm occlusion.  A larger 

sample size can help to elucidate   the salient washout component that will help to predict 

aneurysm occlusion
53, 56, 57

. 

To the best of our knowledge this is the first pilot study that uses high speed angiography 

to obtain the intra-aneurysmal contrast concentration data in humans. Previous investigations 

have been using angiograms  that were acquired at low frame rates yielding low resolution  

washout curves  and consequently poor model fits to the data
66

. High speed angiography of 

contrast washout from human brain aneurysms will help to develop a washout index from the 

pertinent convection and diffusion coefficients. 

Cerebral aneurysm hemodynamics and changes thereof as a result of implantation of 

various devices was investigated both experimentally and with computational fluid dynamics
49, 

67-82
. As computer power increased so did the resolution of the computational simulations. 

Nevertheless, most CFD studies seem to be content with reporting qualitative results in the form 

of color or vector maps rather than reduce a tremendous amount of information produced by the 

simulations to quantifiable indices that can provide a quantitative discriminant among similar 

results. Another pitfall in using such simulations is the lack of critical validation of many CFD 

studies against experimental data
83-87

. Unless validated, the simulation should be viewed with 

caution particularly if attempts are made to apply them to clinical decision making or for device 

evaluation. Xu et al in a  recent study compared the effects of using idealized configurations of 
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flow diverters with  microCT image based flow diverter geometries on the intra-aneurysmal 

hemodynamics in the rabbit elastase-induced aneurysm model and they found significant 

differences  
88

. Flow Diverter wires do not maintain uniform isotropic orientation when expanded 

into an artery across the aneurysm. The tortuosity of the confounding cerebral vessels result in 

device wires slipping over each other to establish new configurations. Current CFD studies with 

flow diverters in cerebral aneurysm models use more realistic wire configurations in the models. 

The local changes in porosity and pore density across the aneurysm neck can help produce more 

accurate representation of the flow inside the aneurysms past the diverter struts 
80, 81

. 

A computational approach which relies on existing theoretical solution to simplified 

problems and on more complicated problems that were investigated experimentally can serve as 

a basis for computations on further complicated domains. Such an approach would provide 

computational results with higher degree of confidence in accuracy when applied to clinically 

relevant problems. High resolution computational flow simulations can provide detailed flow 

information on a local scale that is otherwise unavailable. The inherently 4 dimensional nature of 

CFD calculations can supplement experimental information such as CT or angiography. 
1, 47, 48, 50-

52, 56, 66, 89
.  A recent study using particle image velocimetry (PIV) demonstrated that the 

magnitude of the velocity inside the aneurysm reduced significantly after deployment of flow 

diverter as compared to control 
90

 and showed a correlation between hydrodynamic parameters 

of flow and the coefficients of the contrast transport equation 
50

 . CFD calculations can produce 

the hydrodynamic flow parameters with a higher level of detail and these can be better related to 

the angiographic washout parameters. Thus, CFD can underpin the calculations of angiographic 

contrast concentration curves or complement PIV measurements in vitro. 
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The goal of this work was first to validate CFD simulations against prior PIV data. 

Second, apply angiographic washout analysis to intra-aneurysmal hemodynamics post flow 

diversion in a simplified bench-top model and compare the results to kinetic energy calculation 

inside the aneurysm using CFD. Third, compare washout calculations to kinetic energy analysis 

in the rabbit Elastase aneurysm model and extend the analysis to data obtained from human 

patients. The overall goal was to develop predictive indices to determine the efficacy of flow 

diverter treatment of cerebral aneurysms while the patient is still undergoing the procedure. 

This work was conducted in the form of the following hypothesis and specific aims 

developed and implemented to test the hypothesis. 

Hypothesis and specific aims 

The primary hypothesis of this work was that parameters obtained from angiographic and 

computational fluid dynamics analysis can predict the long-term outcome of flow diversion 

treatment for cerebral aneurysms. 

The above hypothesis was tested through the following specific aims. 

Specific Aim1: Evaluate and compare intra-aneurysmal hemodynamics in 

idealized sidewall aneurysm models before and after implantation of 5 commercial 

neurovascular stents using angiographic analysis and CFD simulations.   

Five commercially available neurovascular stents/flow diverter devices including 

Pipeline embolization device (PED), flow redirection endoluminal device (FRED), Low-profile 

Visualized Intraluminal Support (LVIS) device, Enterprise, and Neuroform will be implanted in 

silicone sidewall aneurysm models. Experimental flow characteristics will be captured through 
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high speed angiography. The exact implanted position and geometry of the devices will be 

obtained through microCT scanning of the models. Flow diversion properties of the devices will 

be evaluated and compared through contrast washout analysis and microCT image based CFD 

model analysis. Experimental and numerical data will be correlated. 

Specific Aim 2: Establish and verify washout parameters in the flow -diverted 

rabbit elastase aneurysm model that correlate to treatment outcome.   

The rabbit elastase induced aneurysm model will be used for evaluation of flow 

diversion. High speed angiographic data acquired pre and post flow diverter implantation in 22 

rabbits will be analyzed to obtain the intra-aneurysmal washout curves. Outcome of treatment 

will be recorded based on angiographic follow up at 3 weeks, 12 weeks, and 24 weeks. Washout 

curves will be fit to mathematical models to obtain the convective and diffusive components of 

contrast transport. Coefficients of convective and diffusive contrast transport will be evaluated as 

predictive indices of aneurysm occlusion. Correlation analysis between washout parameters and 

treatment outcome of aneurysm occlusion will be performed. Washout parameter that predicts 

flow diverter treatment outcome will be established 

Specific Aim 3: Establish and correlate hemodynamics parameters in patients 

undergoing aneurysm flow diverter treatment to outcome using angiographic 

contrast washout and CFD analysis.   

High speed angiograms will be obtained pre and post Pipeline implantation in brain 

aneurysm patients (n=40). Angiographic follow up will be performed at 6 months to record the 

outcome of treatment. Clinical washout curves will be obtained from angiographic data acquired 

during treatment. Coefficients of convective and diffusive contrast transport will be calculated 
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following fitting of washout curves to a mathematical model and correlated to treatment 

outcome. For CFD analysis, geometric models of aneurysms will be constructed from rotational 

angiograms. Deployed configuration of the Pipeline devices will be virtually implanted in the 

CFD models. CFD analysis will be conducted in ADINA (Watertown, MA) and hydrodynamic 

parameters calculated from the results will be correlated to washout parameters. We will test 

whether efficacy of flow diversion can be predicted prospectively through retrospective 

correlation of the treatment outcome with angiographic and CFD analysis. 
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CHAPTER 2:  VALIDATION OF CFD SIMULATIONS 

 

ANALYTICAL VALIDATION 

It is customary to use the conservation of mass and fluid momentum equations for 

computational fluid dynamics simulations of hemodynamics.
91-95

. Conservation of mass 

(continuity) equation is generally expressed as:  

[rate of mass accumulation in a control volume] = [rate of mass in]-[rate of mass out].  

 1 

Equation 1 can be expressed mathematically as: 

   0
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where ρ is the density of fluid, and u, v and w are the x, y and z components of the velocity 

vectors u, v and w, respectively. 

The Navier-Stokes equations express the second law of Newton for the motion of an 

incompressible fluid and incorporate conservation of mass and linear momentum 
92, 94, 95

. These 

are non-linear partial differential equations are: 
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Where, g is an external force such as the gravitational acceleration given in the x, y and z 

directions. 

Poiseuille solution for steady flow: 

An analytical solution for steady fluid flow in a straight tube, known as the Hagen-

Poiseuille equation, is  derived by simplifying the Navier-Stokes equations and applying the 

boundary conditions 
93, 94

. It is a useful solution for simple initial validation of numerical 

simulations of blood flow in simplified models of arteries.  

The Poiseuille solution for the velocity profile of steady flow in a straight tube is shown in   

equation 6. 

                                               6 

The pressure gradient along the length to the straight tubel can be derived directly from the 

Poiseuille equation and is given as: 

                                             7 

Analytical validation of CFD simulations was first conducted on an idealized straight 

tube model that was constructed based on the canine femoral artery diameter in previous 

experiment 
96

. The radius was kept at 2.28 mm and length of the tube at 10 cm to provide 
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sufficient length for the flow to fully develop. Boundary conditions were applied based on the 

measured blood flow and pressure values [Figure 6] 
96

.  

All simulations were performed using a upwinding stabilized finite element method in 

Galerkin formulation to solve the governing equations of fluid flow for conservation of mass 

(continuity) and balance of fluid momentum (Navier-Stokes) equations 
92

 using a commercial 

finite element software package ADINA 9.0 (ADINA R&D, Watertown, MA). Steady flow 

simulations were run on the straight tube model with a mean flow rate of 1.41ml/sec imposed at 

the inlet and mean pressure of 110 mmHg applied at the outlet face. The steady flow was 

imposed on the inlet boundary condition in the form of a fully developed parabolic flow profile 

while on the outlet mean pressure was applied in the form of normal traction to act as resistance 

to blood flow. Rigid wall assumption was made with no-slip boundary condition applied at the 

walls. Blood was modeled as a Newtonian fluid having a constant viscosity of 4 cP and density 

of 1.05 gm/cm
3
.  

In order to test mesh independent results the simulations were performed for grids with 

an average tetrahedral element size 0.45mm, 0.4mm, 0.35mm, and 0.3mm. The simulation 

results were then compared with the analytical Poiseuille equations for pressure gradient and 

velocity profiles. Steady flow CFD results from ADINA were successfully validated against the 

analytical solution with errors of less than 10%. The simulation results were mesh independent 

beyond mesh element size of 0.35 mm. 
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Figure 6: Experimentally recorded blood flow waveform (left panel) and pressure (right 

panel) in the canine femoral artery adapted from 
96

. 

 

Womersley solution for pulsatile flow: 

Womersley’s theoretical analysis of pulsatile blood flow through arteries was published 

in 1955 
97

. The model considers unsteady (pulsatile) flow of a viscous Newtonian fluid in a tube 

of circular cross-section under a sinusoidal pressure gradient. The flow is considered 

incompressible, laminar and fully developed. The pulsatile pressure gradient (Equation 8) can be 

decomposed into harmonically related sinusoids of a Fourier series and each term treated 

separately. Assuming that superposition holds, the individual solutions can then be assembled 

into the final solution. 

e tiP
dz

dp                                                               8 

The axial velocity profile for the pulsatile flow can be obtained by solving each harmonic and by 

summation of the obtained solutions. The velocity profile for each harmonic is expressed as  a 

Bessel function: 

                              9 
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Where, Re represents the real component; R is the radius of the tube;  µ is the fluid viscosity; 

𝐽0the zero order Bessel function, y = r/R is the ratio of the radial location to the vessel radius. 

The pulsatile nature of blood flow in arteries is characterized by a dimensionless parameter 

called the Womersley number 
93-95

. The Womersley number, α, is defined as the ratio of the 

unsteady inertia forces to the viscous forces in the fluid and is given as: 

   



 R                                                             10 

Where ω is the angular frequency of the fluid motion and  is the fluid density. 

An increase in α indicating that unsteady inertia dominates the flow with flatter flow profile and 

reduction in α indicates that viscous forces dominate the flow and result in a flow profile closer 

to the parabolic shape of steady flow
93-95

. The Reynolds number
93-95

, Re, is used to characterizes 

steady flow and is useful in characterizing the transition of flow from laminar to turbulent. It is 

based on density and viscosity of the fluid, velocity of the flowing fluid as well as the diameter 

of the cylindrical pipe. Re is given as: 

                                                                


VD
Re                                                                 11 

The Reynolds number Re is the ratio of steady inertial to viscous forces in the fluid.  

Pulsatile flow simulations of blood flow in the same idealized straight tube model of the 

canine femoral artery were validated against Womersley solution described above. Time varying 

blood flow and pressure waveforms recorded in the canine femoral artery were applied as 

boundary conditions at the inlet and outlet, respectively (figure 5). At the inlet face the pulsatile 

waveform was imposed in the form a fully developed velocity profile obtained by Womersley’s 
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solution. The CFD simulations were performed for three cardiac cycles to diminish initial 

transience and ensure repeatability using ADINA on an in house 16 core serial server with 64 

GB of RAM available (King Star supercomputer, Sunnyvale, CA). To test for mesh 

independence results free-form isotropic meshes were constructed in ADINA using Delaunay 

triangulation and boundary smoothing method with element average size of 0.35 mm and 0.3 

mm.  

 
Figure 7: Comparison of CFD axial velocity profile  (two different mesh sizes in green and 

blue) with  Womersley analytical solution (red) at 7 different time points in the cardiac 

cycle. 

Results from pulsatile CFD simulations in ADINA were successfully validated against 

the Womersley analytical solution. Mesh independence test indicated repeatability for isotropic 

meshes with 0.3 mm average element edge size (Figure 7). Validation of the analytical solution 

for steady and pulsatile laminar flow results indicates that the Galerkin finite element 
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formulation with average element edge size of 0.3 mm is appropriate for flow simulations on 

more complicated geometries during the experimental validation part of the study. 

EXPERIMENTAL VALIDATION 

Methods: 

Following analytical validation, experimental validation of CFD simulations in ADINA 

was performed against in vitro PIV data from idealized sidewall model experiments. 

 

Figure 8: Pulsatile inflow waveform imposed at the inlet of the idealized sidewall aneurysm 

model (top left panel); helical stent constructed in SolidWorks (bottom left panel) and 

Boolean subtraction to obtain the stented model of reference. 

 

For the experimental validation, CFD simulations were conducted retaining the geometry 

and boundary conditions of the experimental study. The flow waveforms used as the inlet 

boundary conditions for the experimental study were generated by varying the Womersley 

number α and the Reynolds number Re to generate different mean flow rates as well as vary the 

transient nature of flow 
1, 66

. An idealized model of a side-wall saccular spherical aneurysm was 
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created using a computer aided design (CAD) package SolidWorks 2011 (Dassault Systems, 

Waltham, MA).  

Table 1: Design parameters for the three experimental helical stents for CFD validation. 

Design parameter Stent 1 Stent 2 Stent 3 

Wire diameter (mm) 0.178 0.153 0.127 

No of loops across 

the aneurysm 

12 15 17 

Porosity (%) 76 76 76 

 

The dimensions of the computational model geometry were derived from the dimensions 

of the in vitro model (figure 8). The parent vessel diameter and the aneurysm diameter for the 

computational model were 6.35 mm and 8.45 mm, respectively. Spiral wires that served as flow 

diverters were deployed across the neck of the aneurysm (Figure 8d). Based on wire diameter 

and pitch, three devices of different number of loops across the neck were constructed using 

SolidWorks while maintaining a constant porosity of 76%. Stents #’s 1, 2, and 3 had wire 

diameters of 178, 153, and 127 μm; and 12, 15, and 17 spiral loops across the neck of the 

aneurysm, respectively, as given in Table 1. After positioning the stent across the neck of the 

aneurysm, the stented lumen models were obtained through Boolean subtraction of the stent from 

the vessel lumen 
98

. 

CFD simulations for conservation of mass and momentum were performed in stabilized 

Galerkin finite element formulation using the commercial package ADINA 8.7 (ADINA R&D, 

Watertown, MA). For our pilot study, a pulsatile waveform with Womersley number 2.54, mean 
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flow of 145.2 ml/min and cardiac cycle of 1 second in duration was mapped on to the inlet face 

nodes of the models in the form of a fully developed Womersley velocity profile. The vessel wall 

and the stent surface were assumed to be rigid and no-slip boundary conditions were applied. 

Flow in the models was assumed to be incompressible and laminar. A Newtonian fluid was 

assumed with a constant viscosity of 11.42 cP and a density of 1.1475 gm/ml consistent with 

experiments.  

Automated Delaunay meshing scheme in ADINA was used for discretizing the domain. 

A sidewall aneurysm model with no stent deployed (serving as control) was meshed to 316,931 

tetrahedral elements whereas the stented models contained between 2 to 3 million tetrahedral 

elements in highly anisotropic meshes (Figure 8). The mesh density was higher around the stent 

wire surfaces as compared to the vessel walls in the model. After an initial flow ramp reaching 

the diastolic conditions, all simulations were allowed to run for 3 cardiac cycles. The results 

obtained from the last cardiac cycle were used to calculate hemodynamic parameters and for 

flow pulsatile flow.  

Flow quantification 

Results obtained from the simulations are in the form of velocity vectors and pressure 

distribution. Comparing velocity profiles visually would be a qualitative assessment of the intra 

aneurysmal hemodynamics.  Therefore, hemodynamic indices of vorticity, hydrodynamic 

circulation, and kinetic energy were derived from the velocity vector field using in house 

programs to compare these  parameters of the intra-aneurysmal flow to the experimental PIV 

data. 
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Vorticity describes the rotational nature of the fluid elements. Mathematically, vorticity 

(ζ) is defined as the curl of the velocity vector or twice the angular velocity of the fluid element. 

V
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Hydrodynamic circulation is a obtained from the vorticity and it describs the overall rotational 

nature of the fluid domain in the area of interest 
91

. Circulation, Г, is defined as the line integral 

of fluid velocity around a closed path. 

                                                   IdV


                                                  14 

Using Stoke’s theorem, circulation can be defined as a surface intergral, and since vorticity is 

defined as the curl of the velocity vector, we obtain an expression for circulation in terms of the 

vorticity  
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Where 𝑑𝐼⃗⃗⃗⃗  represents an element of the contour, A is the area of the contour elements and �⃗�  is a 

vector normal to the surface of the contour.  

Kinetic energy is a parameter to quantify the bulk flow phenomena inside the aneurysm. 

For the purpose of studying effects of flow diversion on intra-aneurysmal hemodynamics, kinetic 

energy can serve as an index characterising the decoupling of  aneurysm flow from that in the 

parent artery. Kinetic energy of a fluid is expressed as: 



 

23 
 

                                                           𝐸 =
1

2
𝜌𝑉𝑣2                                                     16 

Assuming that the density of the fluid ρ and volume of the fluid V remain constant, then only the 

velocity, ν, is varying and the Kinetic energy can be simplified to E ∝ ∑ 𝑣𝑖
2. Thus kinetic energy 

inside the aneurysm can be calculated approximately as the summation of the square of the 

vector field inside the aneurysm. For comparison of CFD with PIV as well inter model 

comparison of CFD results, the velocity vector field needs to be interpolated onto a fixed 

uniform grid considering the anisotropic nature of the CFD meshes. 

Results: 

 
Figure 9: Location of cross section for extraction of axial velocity profiles (A) and 

comparison between PIV and CFD results (B) at four different time points in the cardiac 

cycle
1
. 

1 
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Figure 10: Direct comparison of intra-aneurysmal velocity profiles  during acceleration 

(top), peak systole (middle) and deceleration (bottom) between CFD (left) and PIV (right)
1
 

Intra-aneurysmal CFD velocity profiles are shown in figures 9 and 10. They are in good 

agreement with the PIV results 
1
. High density of elements, hence high density of velocity 

vectors, around the aneurysm necks in comparison with the uniform PIV grid can be seen in Fig 

10. For the control case, during early acceleration, fluid enters and exits the aneurysm quickly 

with anti-clockwise rotation of the velocity vectors near the neck. During the remainder of the 

cycle, a clockwise vortex develops in the aneurysm with the rotation of velocity vectors being 

more pronounced during peak systole (Figure 10). Post stenting, the clockwise vortex in the 

aneurysm was replaced with a continuous anti-clockwise rotation. Importantly, flow inside the 

aneurysm was reduced after deployment of the flow diverter (Figure 11).  
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Figure 11: Intra-aneurysmal velocity in the control and the stented aneurysms during peak 

systole (top) and deceleration (bottom) 

Flow activity inside the aneurysm was reduced for all stents compare to control. Flow 

reduction for stent1 and stent 2 was more than for stent 3 (figure 11). The simulation did not 

show any appreciable change in intra-aneurysmal pressure before and after stent placement. 

Furthermore, the pressure gradient between the inlet and outlets of the tube did not change much 

post stenting (figure 12). The pressure gradient for stent 3 was slightly elevated compare to the 

other 3 cases as seen in figure 12. 

 
Figure 12: Temporal evolution of pressure gradient in the control and the three device 

cases (left); and mean pressure gradient comparison between the control and the stented 

models. 
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Alteration in intra-aneurysmal vorticity and hydrodynamic circulation in the plane of 

symmetry were obtained for comparison with PIV. The hydrodynamic circulation over the 

cardiac cycle is consistent with the PIV results (Figure 13). . In the control, the circulation 

follows the same pattern with minimal deviation. In the stented cases the circulation follows, in 

general, the same trend and magnitude as the experimental results but with fewer undulations. 

These differences may be attributed to the fact that in the experiments the stents were not 

anchored to the vessel wall, had low radial outward force, and may have fluttered as a result of 

viscous drag forces of the flow. Such fluctuations were not seen in the computational results. For 

the control case, peak circulation of 315.2mm
2
/sec at 0.34 sec was consistent with the PIV peak 

value of 316.4 mm
2
/sec at 0.34 sec. Among the devices, stent 2 has the lowest peak circulation at 

7.7mm
2
/sec, while stent 3 has the highest peak circulation at 13.0 mm2/sec (Figure 13). Overall 

mean circulation over the cardiac cycle is lowest for stent #2 followed by stent #1 and stent #3 

(Figure 14).  
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Figure 13: Temporal waveforms of intra aneurysmal circulation obtained in the Control, 

stent 1, stent 2, and stent 3 cases 
1
 

 

 

Figure 14: Mean hydrodynamic circulation comparison between PIV and CFD 
1
 

Kinetic energy inside the aneurysm was quantified as the summation of the square of the 

velocity vectors inside the aneurysm. Temporal waveforms of kinetic energy did not demonstrate 
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much difference between stents 1 and 2 (Figure 15). However, both stent 1 and 2 appeared to 

considerably reduce kinetic energy inside the aneurysm as compare to stent 3. That indicates the 

despite having the same porosity, device pore density and wire diameter may affect the intra-

aneurysmal hemodynamics significantly and determine the amount of reduction in flow entering 

the aneurysm. Overall, mean kinetic energy results were in line with the temporal results (Figure 

15).  Furthermore, every device reduced the kinetic energy by an order of magnitude when 

compared to the control. 

 

Figure 15: Temporal and mean kinetic energy comparison between the control and stented 

cases. 

 

In summary, the CFD circulation results were in good agreement with the PIV results. By 

validation of the results against experimental data, this study can serve as a basis for CFD 

simulations of flow diversion in more complicated patient derived vascular beds. Additionally, 

evaluation for other complicated device designs could be tested in this sidewall aneurysm model. 
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CHAPTER 3: ANGIOGRAPHIC AND CFD COMPARISON OF FIVE COMMERCIAL 

NEUROVASCULAR STENTS/FLOW DIVERSION DEVICES 

INTRODUCTION 

Treatment with flow diverters (low porosity, fine-mesh stents) is used for complicated 

aneurysm geometries not amenable to coiling. Angiographic analysis and mathematical 

modeling was applied for comparing different designs of stents for brain arteries as well as flow 

diverters to compare and predict their flow diversion efficacy [1]. High resolution computational 

fluid dynamics (CFD) was also used to obtain more detailed localized alterations in 

hemodynamics due to different devices. Virtually all published CFD studies with flow diverters 

in cerebral aneurysm models do not use the real wire configurations of the deployed devices in 

the models and the fine differences in porosity and pore density across the aneurysm neck might 

produce inaccurate results. The proposed study aims to test five commercially available 

neurovascular devices that have not been compared before through angiographic washout 

analysis, microCT-based mesh reconstruction of the devices and CFD analysis in idealized 

sidewall aneurysm models.  

METHODS 

The devices being tested in this study are either available commercially in the US or are 

undergoing clinical trials. Pipeline was the first flow diverter to receive the pre-market approval 

(PMA) in the US in 2011. The device used in this study is second generation Pipeline. Other 

second generation flow diversion device included in the study is FRED (MicroVention). In 

addition 3 commercially available neurovascular devices that were tested are Enterprise 

(Codman J&J), Neuroform (Stryker), and LVIS (MicroVention). Two separate deployed 

configurations of Pipeline were used and these will be treated as two separate samples for the 
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purpose of this study. Configuration 1 is a highly compacted device with lower porosity than 

configuration two. The pore density is also much higher in case of configuration 1 as compared 

to configuration 2. Hence the 6 devices were deployed in 6 idealized experimental sidewall 

aneurysm silicone tubes. For the purpose of computational modeling of the deployed devices in 

the experimental models, the Pipeline model is based on a device configuration not involved in 

the experimental study. This was because the microCT image of the device did not have the 

same wire orientation as during experiments due to manual manipulation. It is worthwhile noting 

that over the aneurysm neck the CFD pore density and porosity of the device ly between the two 

experimental configurations. 

Following the experimental comparison study, the computational fluid dynamic analysis 

study was carried out. The computational modeling involved microCT scanning of the devices to 

obtain their geometric orientation in order to implement them in the CFD simulations. Following 

completion of angiographic washout analysis and CFD simulations, correlation of the 

hemodynamics parameters between the experiments and the simulations are explored.  

Model fabrication 

Silicone models of the idealized sidewall aneurysm were fabricated in house using a 3D 

printer followed by a dip coating method described in detail elsewhere 
99

. After creation of the 

vessel lumen using computer aided design, the constructed model was sent to a 3D printer 

(Dimension Elite, Stratasys, Eden Prairie, MN). The smoothed and processed solid Acrylonitrile 

butadiene styrene (ABS) model of the lumen was then dip coated in silicone (Figure 16). The 

silicone coated models were then mounted on a shaft, spun and rotated simultaneously for a 

period of 10 minutes. This process was repeated three times. The spinning was done to ensure 



 

31 
 

even silicone coating and avoid any bubbles that can affect the transparency of the silicone 

models. The silicone was then allowed to cure for up to 48 hours and then submerged in a xylene 

acetone solution to dissolve the ABS core and obtain the transparent silicone model. 

 

Figure 16: Schematic of the sidewall aneurysm model (left) and the silicone model 

fabrication process.  The 3D printed ABS model is dip coated to obtain a clear silicone 

model into which the device is implanted. 

Under fluoroscopic guidance and assistance of a neurointerventionalist, the five devices 

were implanted in five separate models across the neck of the aneurysm. Snapshots of the 

silicone models with the devices implanted and fluoroscopic images are demonstrated in Figure 

17. The device specifications are Neuroform 4x20mm, Enterprise 4.5x28, LVIS 4.5x34, Pipeline 

(4.5x20) and FRED 4x23/17. 
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Figure 17: Five panels showing each a photo and a fluoroscopic image side by side  of the 5 

devices tested. 

Experimental setup and angiographic data acquisition 

The experimental setup is schematically shown in Figure 18. The flow rig was designed  

for repeatability in high speed angiograms and better mathematical modeling of the high data 

density of the gray scale curve. To ensure good mixing of the contrast with the carrying fluid as 

well as to avoid reflux from the injection catheter, a Starling resistor was introduced into the 

flow circuit distal to the aneurysm model. The Starling resistor was set at 80 mmHg. The 

pressure value selected was the lowest for which fluctuations in contrast mixing were minimized 

due to pressurization of the flow loop.  

Flow data was acquired using Transonic in line (cannulated) flow transducer (ME6PXN 

Transonic, Ithaca, NY) with an inner diameter of 6.4mm connected to a Transonic flow meter 

(TS410, Transonic, Ithaca, NY) and a LabChart 8 data acquisition system (ADInstruments, 

Colorado Springs, CO). A peristaltic pump (Masterflex Cole-Parmer, Vernon Hills, IL) was used 

to drive the fluid through the flow apparatus. The flow rate was set to approximately 4 ml/sec.  A 

50%/50% glycerol aqueous solution was used as a blood analog fluid with a viscosity of 4cP at 

37
0
C. The Glycerol solution was stored in a water bath to control its temperature, which also 
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served as the fluid input reservoir to the flow apparatus. To avoid damage to the silicone models 

from abrupt pressure rises a bypass was introduced into the flow channel with a Starling resistor 

acting as a pressure limiting relief valve.  

We used Ultravist 370mgI for the contrast injections during the angiograms. The specific 

gravity of the contrast was adjusted to be similar to that of the working fluid by using 50% of 

contrast solution in distilled water for optimal mixing with the working fluid. Contrast was 

pumped during preliminary experiments through a 4Fr catheter, however, during the initial 

experiments it became apparent that the positioning of the tip of the catheter was extremely 

crucial in affecting the mixing of contrast. Hence, to avoid any such variability catheter injection 

was discarded and data was acquired by injecting contrast directly into the flow circuit through 

pressure tubing. The pressure tubing was connected to a 150ml syringe mounted on a Medrad 

power injector (Medrad
®

 Mark V ProVis
®
, Bayer Healthcare, Whippany, NJ). A Siemens 

angiography system (Artis Zeego, Erlangen, Germany) was used to acquire digitally subtracted 

angiograms. The imaging plane as well as magnification factor were maintained constant to 

ensure repeatability in the image resolution of the acquired data. High speed angiograms were 

acquired in all models at 15frames/sec during a one pass steady flow of 4 ml/sec through the 

model.  
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Figure 18: Schematic of the experimental apparatus for high speed angiography data 

acquisition in the aneurysm models. 

 

The silicone model was positioned in the flow loop and immobilized while acquiring the 

images. The contrast was injected into the flow about 50 cm upstream (approximately 80 

diameters) of the region of interest, a sufficient length for contrast mixing with the working fluid. 

Contrast was injected using the power injector at 2.5 ml/sec for 2 seconds with a 2 second 

triggering delay in injections to allow the angiographic unit to acquire the mask for the 

angiogram.  

Angiograms were acquired six times for each model to test repeatability of the data.  The 

six runs were not acquired in a consecutive fashion. Instead they were acquired on different days 

to account for variability that may be introduced by attaching detaching and reattaching the 

model to the flow loop. Aneurysm orientation is crucial for contrast transport into the aneurysm. 

If the aneurysm is positioned towards the bottom, more contrast was observed to enter the model, 

recirculate, and not washing out quickly. Hence we maintained the position of the aneurysm 

horizontal (sideways) rather than up or down. However, the precise roll position of the aneurysm 
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cannot be guaranteed after reattachment.  To account for such variations 3 runs were acquired at 

one time for each model and repeated following detachment and reattachment of the model to the 

flow loop. 

 
Figure 19: Segmented (red) aneurysm region of interest (ROI) (left) and corresponding 

contrast concentration-time curve obtained by image processing (right). 

 

The angiograms in DICOM format were transferred from the Artis zeego to the LEO 

workstation (X-LEONARDO, Siemens, Erlangen, Germany) for analysis. The data was analyzed 

using the image processing toolbox in MATLAB (MATLAB 2015, Mathworks, Natick, MA). 

The region of interest containing the aneurysm was segmented in the images to calculate the total 

gray scale intensity in the aneurysm at every time point in the sequence to yield the contrast 

concentration-time or washout curves (Figure 19). The total gray scale intensity was divided by 

the number of pixels to obtain the aneurysm averaged contrast concentration time curve for each 

model. The contrast concentration-time curves (washout curves) were then fitted to a 

mathematical model (discussed briefly in the next section) using a least squares approach
53, 57, 66

.  
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Mathematical model:  

The amplitude of the aneurysm washout curve () obtained as described in the 

Preliminary Studies section is one of the parameters  used to construct a global washout 

coefficient for comparison. After the amplitude was recorded the washout curve are normalized 

and fit to the following mathematical model
53, 54, 56, 57, 66

. The model was fit to the data  using 

minimization of sums of squares differences between the data and the model using a library  

function available within the optimization toolbox in MATLAB.  
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The model has six parameters which describe the physics of contrast transport between 

the parent vessel and the aneurysm: 

1. conv and diff: represent the proportions of convective and diffusive transport, 

respectively. The deployment of a flow diverter is expected to increase the diffusive 

proportion. Therefore, the value of diff can be expected to increase after device 

implantation, whereas the value of conv should decrease. 

2. conv and diff: are the convection and the diffusion time constants, respectively. The 

residence time of angiographic contrast (and therefore blood) is expected to show an 

increase due to the deployment of a flow diverter. This increase in residence time 
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should, therefore, be reflected in increases in the time constants, especially diff, after 

treatment.  

3.  and : are related to the method and profile of contrast injection (rate of injection, 

period of injection, variations in these parameters due to manual injection, etc.) and 

do not, in general, represent alterations in flow exchange due to flow diverter 

implantation. 

 

MicroCT imaging: 

To obtain the exact geometry of the device in the implanted position inside the silicone 

model, each model was imaged in a microCT (uCT50 Scanco Medical, Bruttisellen, 

Switzerland). All models except FRED were scanned at a resolution of 12 microns except FRED 

that was scanned at a resolution of 6 microns.  

 

Figure 20: MicroCT slice of pipeline in the aneurysm model (left) and the same slice after 

segmentation with the device wires cropped (right). 

Mimics (Materialise, Leuven, Belgium) software was used to perform image 

segmentation on the microCT data. The segmentation was applied mainly to delineate the device 



 

38 
 

wires/struts. During segmentation the device was cropped to only retain the portion covering to 

the neck of the aneurysm (Figure 20). 

CFD model construction 

 Following segmentation, the microCT slices were exported in a binary format using 

Mimics. The segmented binary images of the stent struts/wires were imported into MATLAB 

and analyzed using custom functions to obtain the centroids for each section. The centroids from 

all slices for each device were extracted and combined into a single data file. The centroid data 

was imported into SolidWorks. Through a semi-automated procedure, the imported points were 

joined to form continuous centerlines under guidance from segmented 3D volume of each 

device. These centerlines were in fact 3D splines fitted onto the selected points. The constructed 

centerlines provide a framework for each device. Next step was to determine the exact cross 

section for the device wires/stent struts and sweep across the device centerlines. 

The microCT images delineated the stent strut cross section as circular. In the case of 

braided devices including LVIS, FRED and Pipeline the devices are braided from wires with a 

circular cross section. However, the laser cut stents Enterprise and Neuroform have a rectangular 

cross section. To determine the correct cross sectional dimensions of the Enterprise and 

Neuroform stents, the devices were embedded in epoxy and sectioned multiple times. The cross 

sectional strut width and thickness were measured on microscopy images obtained from the 

device sections. The dimensions were confirmed with the literature data
100

. For Enterprise, the 

strut width was 0.078mm and strut thickness was 0.042mm. For Neuroform, the strut width was 

0.067mm and strut thickness was 0.066mm. These values were applied in the subsequent 

computations.  
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In case of LVIS the wire diameter was measured to be 0.056mm from segmented 

microCT images and confirmed with the available data in the literature
101

. Based on clinician 

input and confirmation with microCT segmented image measurements, wire diameter of 0.03mm 

was applied to Pipeline (Figure 21). . The FRED device is a dual mesh composed of outer larger 

diameter 16 wire component (that is the LVIS device) and an inner 48 thin wires braided mesh 

with flow diversion properties. Since literature data on FRED is not available, the image 

segmentation for the inner 48 wire braided flow diverter component of FRED was calibrated 

based on the outer LVIS device with a known wire diameter of 0.056 mm. Based on this an inner 

wire average diameter of 0.0225mm was obtained, which was applied for the FRED CAD model 

(Figure 22). 

The cross sections were drawn at a plane orthogonal to the centerlines. The stent strut and 

device wires cross sections were swept across the centerlines to obtain the CAD model for the 

cropped device. Based on guidance from the microCT and a set of markers the devices were 

virtually brought into their implanted positions within the SolidWorks assemblies. The individual 

device CAD models were saved in the parasolid format at the implanted position. The CAD 

model for the sidewall aneurysm and the devices were imported into ADINA and Boolean 

subtraction was performed to obtain the stented sidewall aneurysm lumen for CFD simulations 
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Meshing and boundary conditions 

 

Figure 21: CAD model for Pipeline in position across the aneurysm neck (top), and 

expanded view of the anisotropic tetrahedral mesh generated using meshing tools available 

within ADINA for the Pipeline CAD model (bottom). 

For all CFD models, meshing was performed using the meshing tools available within 

ADINA. The ADINA mesher works based on Delaunay triangulation. A free-form meshing 

scheme comprising of 4-node tetrahedral elements was utilized. The meshing scheme was highly 

anisotropic in order to adequately resolve the stent strut/device wire faces while maintaining the 

overall mesh size to be computational solvable through available resources. The global mesh 

max edge size applied for all models was 0.25mm determined as a good starting point based on 

previous mesh independence tests. The stent struts for Enterprise and Neuroform devices and the 

wire faces for the LVIS were resolved through a max edge size of 0.012mm. The mesh was 

approximately 2 million elements for these three models. In case of Pipeline, the wire faces were 
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resolved through an edge size of 0.012mm. This number was restricted to keep the mesh size 

computationally feasible for CFD simulations. The highly anisotropic mesh is delineated in 

Figure 21. The FRED inner wire mesh faces were resolved through an average element edge size 

of 0.01mm. The restriction to use a lower element edge size was due to the limited computational 

resources available to solve the CFD problem. The FRED mesh size approached 4 million 

elements and is demonstrated in Figure 22.  

At the inlet of each model, a population averaged internal carotid artery pulsatile flow 

waveform obtained from literature
102

 was applied in the form of a fully developed Womersley 

flow profile 
97

 with a detailed technical description given in Chapter 6. The fluid was considered 

Newtonian and the working fluid viscosity was assumed to be 4cP. No slip boundary conditions 

were applied on the walls that were also assumed to be rigid and flow was assumed to be 

laminar. 

The CFD simulations were performed under the Galerkin finite element formulation in 

ADINA 
92

. CFD simulations within this formulation were validated against analytical and 

experimental solutions in chapter 2. The CFD simulations solved for conservation of mass and 

fluid momentum. Automated time-stepping scheme was utilized to assist in convergence of the 

simulations. The simulations were performed on an in house 16-core linux server (King Star 

supercomputer, Sunnyvale, CA) with 64GB available RAM. Additionally simulations were also 

performed on Blacklight PSC XSEDE national supercomputer (www.xsede.org). 

http://www.xsede.org/
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Figure 22: CAD model for FRED in position across the aneurysm neck (top), and expanded 

view of the anisotropic tetrahedral mesh generated using the meshing tools available within 

ADINA for the FRED CAD model (bottom). 

 Post processing of the CFD simulation results was performed in ADINA and the exported 

nodal velocity vector and nodal pressure data were analyzed in MATLAB. All statistical data 

analysis was performed in GraphPad Instat (GraphPad, La Jolla, CA). Comparison between the 

groups was done using one-way analysis of variance (ANOVA) test for parametric or normally 

distributed data. For non-normal data sets Kruskal-Wallis test was used. In case of significance 

Tukey-Kramer post-hoc analysis was performed for the parametric data-sets and Dunn post-hoc 

test for the non-parametric data-sets.  
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RESULTS 

Angiographic data 

 

Figure 23: Representative concentration time curves (with gray scale intensity averaged 

over the region of interest) for the control in the sidewall aneurysm model and the five 

devices tested. 

  

Representative contrast concentration time curves from the control and the five device 

groups are plotted for comparison between the devices in Figure 23.  As can be observed, the 

concentration time curves show similar trends for the control and the three high porosity device 

groups i.e., Neuroform, Enterprise and LVIS. The flow diverters, which are low porosity devices, 

demonstrated different characteristics of the washout curves where the peak is suppressed and 

the tail elevated.  
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Figure 24: Comparison of averaged grayscale intensity amplitude in the ROI  for the 

control and the five devices tested with * indicating statistically significance at p<0.05,  ** 

indicates p <0.01, *** indicates p<0.001. 

Hence, there appears to be a reduction in the contrast influx into the aneurysm and the 

delayed washout indicating stagnation within the aneurysm. Comparison between the averaged 

washout curve amplitudes shows statistically significant differences among the devices as 

demonstrated in Figure 24. The mean amplitude for the Pipeline group (0.0323±0.008) was 

significantly lower than all other groups. The control group washout amplitude (mean 

0.055±0.007) was not statistically different from Neuroform (mean 0.066±0.010), Enterprise 

(mean 0.0488±0.002), and LVIS (mean 0.055±0.011) where p-values were larger than 0.05. The 

mean washout amplitude for Pipeline (0.0323±0.008) was lower than FRED (0.0488±0.004) 

(p<0.01). Furthermore, FRED was not statistically different than the control or the four other 

devices. Pipeline mean amplitude was significantly lower than control (p<0.001), Neuroform 

(p<0.001), Enterprise (p<0.01), and LVIS (p<0.001).  
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The model fit for the washout curves is illustrated in Figure 25. The modeling 

demonstrated that for all experimental washout curves the convective component is dominant. 

The diffusive component was virtually absent in the model fits. Figure 25 demonstrates a flat 

diffusive component for a representative curve. 

 
Figure 25: Normalized washout curve (red) fitted to the mathematical model to delineate 

the optimized washout curve (blue). The convective (green) and diffusive (cyan) 

proportions are also shown. 

The quantitative comparison among the convective time constants for the tested devices 

is shown in Figure 26. The convective time constant was significantly different between the 

devices. The mean convective time constant of the control (4.201±0.2078) was not significantly 

different from Neuroform (4.214±0.643), Enterprise (2.437±0.230), and LVIS (4.243±0.354). 

Pipeline had a significantly higher convective time constant (18.962±6.267) than all other 

devices (p<0.001). FRED demonstrated significantly smaller time constant (10.534±1.762) 

(p<0.001) compare to Pipeline. Nonetheless, the FRED convective time constant was 
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significantly larger than that of the control and the high porosity devices (Control p<0.05, 

Neuroform p<0.05, Enterprise p<0.01, and LVIS p<0.01). 

 
Figure 26: Comparison of convective decay time constant of the control and the five devices 

with * indicating statistical significance at the p <0.05 level, ** indicates p<0.01, and *** 

indicates p<0.001. 
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CFD data  

 Spatial maps of velocity magnitude and velocity vectors obtained from the CFD 

simulations for the control and the five devices are presented in Figures 27. Flow patterns inside 

the aneurysm remain consistent before and after deployment of LVIS, Neuroform, and Enterprise 

stents whereby a clockwise vortex develops inside the aneurysm after the acceleration phase of 

systole and persists throughout the cardiac cycle (Figures 27A-D). The flow entry region into the 

aneurysm was the distal neck area for the control as well as the Neuroform, Enterprise, and LVIS 

stents as can be seen in Figures 27A-D. 
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Figure 27: Peak systolic speed distribution in the aneurysm (left) and velocity vector map 

(right) for A) control, B) Neuroform, C) Enterprise, D) LVIS, E) FRED, and F) Pipeline. 

 

Pipeline and FRED (Figure 27E-F) induce a  a reversal in intra-aneurysmal flow direction 

before and after implantation of flow diverters. In case of FRED, the flow inlet region changes 

from the distal neck to the proximal neck of the aneurysm (Figure 27E). For Pipeline, despite the 

reduction in velocity magnitude and absence of a vortex in the central region of the aneurysm, 

the flow entered through the distal region of the neck after the acceleration phase of systole 

(Figure 27F). For both Pipeline and FRED, the large vortices seen in the control as well as in the 

high porosity stents were absent. Although the velocity profiles remained similar, the velocity 

reduced in magnitude following device implantation for the high porosity devices (Neuroform, 

Enterprise, and LVIS) as evident in Figures 27.  

Differences in intra-aneurysmal velocity were examined through their kinetic energy as 

discussed earlier (Chapter 2, equation 16). For all CFD models, the kinetic energy was calculated 

from nodal velocity vector regions for the entire aneurysm. The intra-aneurysmal kinetic energy 

at various points through the cardiac cycle are presented in Figure 28. The peak kinetic energy 

was higher for Neuroform, Enterprise, and LVIS in compare to Pipeline and FRED. The 

Neuroform device had the highest peak kinetic energy among all devices. 

 The kinetic energy waveforms were then time-averaged to obtain the mean kinetic energy 

values for each device. Comparison among the mean intra-aneurysmal kinetic energy values for 

the six CFD models is presented in Figure 29. Following a trend similar to that of the velocity 

fields, the intra-aneurysmal kinetic energy reduces in magnitude following device implantation 

for all models.  
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Figure 28: Temporal comparison of intra-aneurysmal kinetic energy results among the five 

commercial neurovascular devices deployed in the CFD model. 

 

 
Figure 29: Comparison of intra-aneurysmal mean kinetic energy among the five 

commercial devices 
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Figure 30: Comparison of the percentage reduction in the intra-aneurysmal mean kinetic 

energy among five commercial neurovascular devices 

 

 To provide a better visual representation of the kinetic energy changes following device 

implantation, the percentage reduction in the mean intra-aneurysmal kinetic energy was 

calculated for all devices and the results are presented in figure 30. The highest percent reduction 

in kinetic energy was imposed by both Pipeline (97.6%) and FRED (97.67%) with little 

difference between the two. The kinetic energy was also reduced substantially by LVIS 

(84.01%), Enterprise (82.4%), and Neuroform (64.5%) that imparted the lowest reduction in 

kinetic energy among all the devices tested.  
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Angiographic vs CFD results: 

 While CFD simulations produce a substantial amount of it is not immediately available to 

be useful in clinical decision making particularly while patients are undergoing a procedure. 

Therefore, it is useful to seek a correlation between angiograms and CFD results. This can also 

serve to evaluate potential relation between angiographic washout parameters and hemodynamic 

parameter such as the hydrodynamic circulation and kinetic energy that can be obtained by CFD 

simulations. The convective time constant that quantifies the residence time of contrast 

convected into and out of the aneurysm was plotted against the mean intra-aneurysmal kinetic 

energy (Figure 31). The comparison shows an inverse relation between the kinetic energy and 

the convection time constant with a correlation coefficient of 0.54.  

 
Figure 31: Convection time coefficient obtained from mathematical modeling of the 

angiographic data plotted against the mean kinetic energy from CFD simulations.  
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DISCUSSION 

 To the knowledge of the author, this is the first study performing a detailed experimental 

and computational analysis of intra-aneurysmal hemodynamics within the same model following 

implantation of five commercial neurovascular devices. Neuroform and Enterprise stents have 

been available in the US for stent-assisted coiling treatment for brain aneurysms. The LVIS has 

been available in US on a humanitarian device exemption (HDE) basis for patients where no 

other treatment option is possible for stent-assisted coiling. Earlier, we attempted to include 

LVIS Jr (MicroVention) in this work. However, the largest LVIS Jr has a diameter of 3.5mm 

which is smaller than our model parent artery of 4mm and hence it was not included in this 

study. Although the three high porosity devices (Neuroform, Enterprise, and LVIS) are not 

indicated for flow diversion of aneurysms, this would be valuable information for neurovascular 

clinicians to know of their potential flow diversion value of any. Pipeline flow diverter has been 

available in the US market since 2011 and FRED can potentially be the next commercially 

available flow diverter in US market. Since Pipeline and FRED have not been compared 

previously, the data generated in this study will be very useful to physicians. Another flow 

diverter currently in clinical trials in the US is Surpass (Stryker Neurovascular). Surpass was not 

included in the study due to device unavailability. Solitaire stent from Medtronic is another 

device currently available in US for stent assisted coiling that was not included for this study and 

can be part of future experiments. 

The experimental angiographic washout and CFD results demonstrate that devices 

designed to be flow diverters show better performance in modulating the intra-aneurysmal 

hemodynamics. Flow diverter devices performed better in dissociating aneurysm flow from that 

of the parent vessel. Experimental results indicated reduced washout amplitude and increased 
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contrast residence time for the flow diverters as compared to the higher porosity stents. CFD 

simulations demonstrated kinetic energy reductions ranging from 65% to 82% for the high 

porosity devices. This can be attributed to enhanced flow diversion effect on side wall aneurysm 

that is perpendicular to the oncoming flow. Our study did not find any significant differences in 

experimental results between the Neuroform, Enterprise and LVIS stents. Any potential 

differences would be crucial for a neurointerventionalist in selection for the device when 

performing stent-assisted coiling
103

. The CFD simulations showed that LVIS and Enterprise 

performed better in terms of flow diversion when compared to the Neuroform (82% vs 65% 

reduction in kinetic energy). Interestingly this difference was note picked up in the washout 

experiments. LVIS is a braided device (Enterprise and Neuroform are laser cut)  and therefore 

provides better wall apposition making it  a preferred choice for stent-assisted coiling among 

clinicians 
103

. The open cell stent design of Neuroform (as oppose to Enterprise which is of close 

cell design) results in the device providing least coverage over the aneurysm and least resistance 

to flow as seen from the CFD simulation results. During the acceleration phase of systole fluid 

inertia dominates and flow enters the aneurysm through the proximal neck and exits through the 

distal neck with minimal penetration into the dome. This trend was also seen in previous 

experimental studies with simple spiral flow diverting devices as well as braided flow diverters 

by Lieber et al 
1
 and Seong et al 

52
. The kinetic energy inside the aneurysm in our control  is 

comparable to the kinetic energy within the aneurysm following flow diversion in the rabbit 

elastase induced aneurysm in-vitro model 
52

. 

 Since at present computational simulations cannot be performed in real time while the 

patient is undergoing the procedure we aimed to correlate clinically available data such as 

angiograms with CFD both for comparing performance of implanted devices to  provide the 
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interventionalist with a  tool to predict treatment outcome while the patient is still undergoing the 

procedure. A 97-98% reduction in volumetric flow  at the aneurysm neck post deployment of a 4 

mm diameter device in a 4 mm parent vessel of an idealized aneurysm model was observed for 

inflow conditions similar to our experiments 
90

. Our study found a 97.6% reduction in the intra-

aneurysmal kinetic energy for the 4 mm aneurysm model with a 4 mm Pipeline device deployed 

across the neck of the aneurysm. The study by Dennis et al. 
90

 calculated a Pipeline porosity of 

74% with a pore size of 300x300 micron for the 4 mm device  and a porosity of 79% with a pore 

size of 320x340 micron for the 5 mm device. The 5 mm device deployed in a 4 mm parent vessel 

showed a 85-92% reduction of volumetric flow for inlet velocity of 18-39 cm/sec 
90

.  

 
Figure 32: Geometrical configuration of Pipeline following the original deployment (A).The 

drag force shifted configuration (B), and the compacted configuration of (C). 

The microCT data for the Pipeline configuration used in the CFD simulations was 

different than the configuration available for the washout experiments. The first set of 

experiments that were performed in 2014 for this study were discarded due to lack of 

repeatability. The experimental setup was not robust enough and introduced variability mainly in 

contrast mixing producing inconsistent results. However, the microCT imaging was obtained for 
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all the models after the first set of experiments in 2014. The experimental setup was later 

modified by introduction of Starling resistors in the circuit and injection of contrast directly into 

the flow circuit through a connector rather than a catheter. These modifications eliminated 

variability in contrast mixing due to catheter tip positioning. During the second set of 

experiments, the Pipeline device configuration changed due to the fact that this device can 

change its configuration depending on the external forces applied on it at the time of deployment. 

In addition, the need to remove air bubbles from the system subjects the device to further 

manipulations. The Pipeline initial configuration seen in Figure 32A was imaged by microCT 

and applied in the CFD simulations. The modified configuration in Figure 32B appeared slightly 

more compacted with the wires in the distal end packed closely providing more resistance to 

contrast entry into the aneurysm, which was reflected in the washout experimental data. The 

Pipeline device got further deformed to the configuration in Figure 32C where it appears as a 

highly dense wire mesh. The data collected from these latter configurations is reflected in the 

washout angiograms. The convective decay time constant for the Pipeline group was 

significantly higher than the FRED group. The experimental results which reflect device 

configuration variability were not captured in the CFD simulations where there was little 

difference in the intra-aneurysmal kinetic energy for FRED and Pipeline.  
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Figure 33: geometric configuration of the Pipeline device implanted within the same 

sidewall aneurysm model in 2015 (A) and a device implanted one year earlier (B) 

 

Figure 33 shows two Pipeline devices deployed in the same sidewall aneurysm model by 

the same neurointerventionalist using the same technique. The devices appear slightly different 

in the angiogram and a more detailed comparison may be obtained by microCT imaging of the 

new device deployment in Figure 33A. Overall, the unstable configuration of the Pipeline device, 

is evident in Figures 32 and 33, is the result of a device composed of inadequate number of wires 

braided at too high of a braiding angle to compensate for the small number of wires. For future 

studies, microCT imaging is needed for the configuration of the device that will be used for both 

experiments and simulations. 

The self-expanding braided flow diverters require delicate handling. Particularly when 

performing in vitro experiments care must be taken to ensure that wire configurations are not 

modified by external handling of the silicone vessel. Minor modifications in wire configurations 

can significantly alter the flow exchange between the parent vessel and the aneurysm. A more 
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robust comparison between commercial flow diverters with different designs will require a larger 

number of flow samples to eliminate intra-device group variability.  
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CHAPTER 4: EXPERIMENTAL EVALUATION OF FLOW DIVERSION EFFICACY 

THROUGH ANGIOGRAPHIC WASHOUT ANALYSIS IN THE RABBIT MODEL  

INTRODUCTION 

The rabbit elastase-induced aneurysm model is a widely used in-vivo model for testing of 

neuro-endovascular devices. The rabbit elastase aneurysm model provides a robust and relatively 

economical in-vivo model with several similarities in size and morphology to human aneurysms. 

Performance of flow diverters has been evaluated in-vivo through the rabbit elastase induced 

aneurysm model previously 
53, 54, 57, 65, 104, 105

. Specifically, efficacy of flow diversion was 

investigated in the rabbit elastase aneurysm model
53, 57, 106

. 

METHODS 

Creation of experimental aneurysms: 

Creation of the aneurysm in the rabbit has been described in detail elsewhere
64, 65

. The 

experiments were approved by the IACUC. A schematic of the elastase induced aneurysm 

induction procedure is described in Figure 35. Briefly, male white New Zealand rabbits were 

pre-anesthetized through local intramuscular injections of xylazine and ketamine. The rabbits 

were then intubated and maintained under inhalation anesthesia of 1-2% isoflurane. Following 

incision, the right common carotid artery (RCCA) was exposed and a 6F introducer sheath was 

introduced retrograde with a micropuncture access kit. Diagnostic angiogram was performed by 

contrast injection through the sheath. A 3F balloon was introduced (Fogarty, Baxter Healthcare) 

through the sheath and positioned at the RCCA ostium. A microcatheter was introduced side by 

side with the balloon and positioned just distal to (above) the balloon. The distal end of the 

RCCA was ligated. The balloon was then inflated with a contrast-saline solution to enable 
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visualization of the balloon under fluoroscopy. The balloon sealed the RCCA to provide an 

isolated vessel segment. Elastase solution comprised of 50% porcine pancreatic elastase 

(Worthington Biochemical, Lakewood, NJ) and 50% angiographic contrast was then infused into 

the dead space between the balloon and the introducer sheath and incubated there for 10 to 15 

minutes.  The elastase solution was then drained and the balloon was deflated. Post incubation 

diagnostic angiogram was acquired. The incision was sutured, the rabbits were recovered from 

anesthesia, and the aneurysms allowed to mature for a period of three weeks. 

 

Figure 34: Schematic of the endovascular procedure for creation of elastase induced 

aneurysms in rabbits 
64
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Flow diversion treatment of aneurysms and experimental data acquisition: 

Following the three weeks the rabbits were implanted with a flow diverter designed in 

our own lab (4 mm device diameter, nominal porosity of 70%, and nominal pore density of 

18.3pores/mm
2
). For the implantation procedure the animals were anesthetized similar to the 

aneurysm induction procedure. Thereafter, the right femoral artery was exposed by a surgical 

cut-down and a micro-puncture access kit was used to insert a 4F introducer sheath. A 4F 

catheter was navigated through the sheath to the aortic arch and a diagnostic angiogram was 

performed. Under roadmap guidance, the 4F catheter was replaced with a stent delivery system. 

The flow diverter was then deployed such that the device had equal landing zones proximal and 

distal to the aneurysm.  

High-speed angiograms were acquired at 30frames/sec for 20 seconds just before and 

immediately after device implantation. Apnea was mechanically induced during the imaging 

period. The injection parameters were kept the same for all angiograms acquired in this study (5 

ml of contrast injected at2.5 cc/s). An injection delay of 2.5 sec was programmed into the power 

injector to allow acquisition of a mask for digital subtraction angiography (DSA).  

The DSA data was imported into MATLAB and the aneurysm region of interest (ROI) 

was segmented
53, 57, 66

 as seen in Figure 35. A contrast concentration-time curve (washout curve) 

was obtained for each angiogram by taking a sum of the gray scale intensities of all pixels within 

the ROI (Figure 35). 
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Figure 35: ROI segmentation pre (left) and post (right) flow diverter right implantation 

and washout curves obtained for the aneurysm (blue: pre-device, red: post-device). 

 

Venous and breathing artifact correction: 

In some rabbits high frequency fluctuations were observed in the contrast washout 

curves. The frequency of these fluctuations showed that these are related to respiratory rate 

caused by motion artifact of the aneurysmal region of interest when (sufficient) apnea was not 

induced during contrast injection and imaging. This respiratory artifact was removed, or 

attenuated, by using a notch filter in MATLAB as demonstrated  in Figure 36 
53, 57, 66

.  
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Figure 36: Rabbit aneurysm washout curve with breathing artifact corrected through 

notch filter to obtain corrected washout curve
53, 54, 57

. 

 

 
Figure 37: Correction for venous overlay on angiographic washout. Top row left to right: 

pre device angiographic segmentation; washout curve with venous overlay and breathing 

artifact (center); breathing artifact corrected washout curve (red) and the venous as well as 

breathing artifact corrected curve (blue). Bottom row left to right: post device 

angiographic segmentation; washout curve with breathing artifact; breathing artifact 

corrected washout curve. Image on the right demonstrates segmentation of the aneurysm 

(red) and venous region (blue) to calculate the average venous contrast concentration. 

Since the mathematical model fit requires long acquisition times, inevitably the contrast 

that was injected arterially will appear in the veins and there is a high likelihood that one of these 

veins over/under-lays the aneurysm. Contrast return through veins traversing the ROI will thus 
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introduce artefactual undulations in the washout curves, particularly in the contrast decay portion 

of the curve. Venous correction was applied by identifying a segment of the vein outside the 

aneurysm, finding its contrast concentration-time curve and subtracting it from the arterial curve 

as shown in Figure 37. After the final concentration-time curves (washout curves) within the 

aneurysm were obtained,  the mathematical model described in equation 17 was applied to obtain 

the optimized parameters of the model 
53, 54, 56, 57, 66

.  

Mathematical model:  

The amplitude of the aneurysm washout curve () is one of the parameters used to 

construct the washout coefficient. The amplitude for each washout curve prior to normalization 

is measured as: 

C(t)max – C(t)min                                                18 

The final washout curves for each animal pre and post flow diversion were normalized 

after the amplitude was obtained and these were fitted to the mathematical model described in 

equation 17 and explained in detail in Chapter 3 
53, 54, 56, 57, 66

. In order to establish a singular 

parameter that can predict the efficacy of flow diversion, the washout coefficient W was 

constructed and quantified. The washout coefficient was first described by Sadasivan et al 
57

 to 

test the efficacy of flow diversion in the rabbit elastase induced aneurysm model.  

𝑊 =
𝛿 𝑃𝑂𝑆𝑇

𝛿 𝑃𝑅𝐸
×

𝜌𝑑𝑖𝑓𝑓 𝑃𝑂𝑆𝑇

𝜌𝑑𝑖𝑓𝑓 𝑃𝑅𝐸
×

𝜏𝑑𝑖𝑓𝑓 𝑃𝑂𝑆𝑇

𝜏𝑑𝑖𝑓𝑓 𝑃𝑅𝐸
   19 

The washout coefficient utilizes the washout parameters obtained by the model fit to the 

washout curve. The washout coefficient is calculated as the multiplication of the post/pre ratios 

of the washout amplitude, the diffusive component amplitudes, and the diffusive decay time 
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constants. For the rabbit elastase aneurysm morphology, the diffusive component of contrast 

transport is hypothesized to increase following flow diversion, which is reflected in an increase 

the washout time constant and thus in the washout coefficient. The washout coefficient is 

expected to capture the alteration to the washout curve from an aneurysm in response to a flow 

diverter implantation in a single number and consequently be able to predict aneurysm occlusion. 

Follow-up angiograms were acquired at 3 months and 6 months post flow diverter implantation 

to assess aneurysm occlusion status. 

 
Figure 38: Sample aneurysmal washout curve (red) pre (left) and post (right) that is 

normalized and fit with a mathematical model (blue) that is able to separate the contrast 

transport mechanics into convection (green) and diffusion (cyan); the final model (blue) is 

the sum of the convection and diffusion components. 

 

Experimental design and statistical analysis 

In order to correlate the washout parameters in the rabbit elastase induced aneurysm 

model with the outcome of flow diverter treatment and determine parameter values for predicting 

efficacy of flow diversion, we had to determine the sample size by the width of the confidence 

interval of the sensitivity or specificity estimates instead of power analysis. In order to determine 
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the same sample size for the required sensitivity or specificity confidence intervals (~0.9 or close 

to 1), we used Wilson score method as it provides the best performance for all sample sizes 
107, 

108
. Assuming an estimate of 90% for specificity (p = 0.9) and alpha = 0.05 and assuming that a 

lower confidence interval of 70% is acceptable, n = 21 was obtained through Wilson score 

method for estimating confidence interval. The obtained n is for the number of controls where 

aneurysm is not occluded required since we estimated specificity. Now estimating 90% 

sensitivity interval in the same manner, the required number of cases with aneurysm occluded is 

n = 21. Thus we needed a total of 42. Data was available from n = 22 rabbits from a previous 

study 
54, 57

. Hence for this work, at least n = 20 successful data points were required. The rabbit 

elastase induced model has a 20% attrition rate 
109

.  

Statistical analysis was performed using Instat (GraphPad Software, La Jolla, CA). 

Comparison between the washout curve parameters and the parameters obtained from the 

mathematical model pre and post flow diversion was performed using paired t-test. Comparison 

between the occluded and non-occluded groups was performed through unpaired t-test. Each 

data-set went through the normality test and based on the normal or non-normal distribution of 

the data, parametric or non-parametric tests were selected for comparison. In case of non-

parametric data, the Wilcoxon test was selected to perform comparison between the groups. For 

all statistical tests, a p value of 0.05 or less was considered significant. 

RESULTS  

Twenty seven aneurysms underwent the flow diversion treatment procedure
53, 54, 57

. Five 

rabbits died during treatment phase – 1 due to hypervolemic hemodilution from infusion of 

excess fluids, 1 during anesthesia induction prior to the treatment procedure, 1 due to wire 
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perforation of an abdominal artery resulting in retroperitoneal hemorrhage, 1 due to excessive 

chewing of the rubber mat in its cage resulting in gastric rupture, and 1 due either to a difficult 

intubation requiring mask inhalation or hypervolemic hemodilution.  Of the remaining 22 

animals, 1 rabbit (R11-144) was not included in the analysis because the brachiocephalic artery 

was found to be completely occluded from its origin at the aortic ostium at 3 month (and 6 

month) follow up due to device-induced thrombosis.  In two further rabbits R11-026, R11-030 

the washout curve was heavily affected by breathing, venous overlay, and a small size aneurysm 

making the data unamenable to artifact correction. The angiograms of a fourth rabbit (R11-021) 

were deleted from the angiography computer before the data was backed up. Sixty percent of the 

net attrition occurred within the first 2 months of this 2½ year study. In 17 of the remaining 18 

rabbits that were analyzed, angiograms were taken at 3 and 6 months post flow diversion, 

however, in the remaining rabbit (R11-142) the final angiogram was taken at 120 days post 

implant instead of 6 months since the rabbit injured its spine and had to be euthanized at that 

time point.  

Average dimensions of the aneurysms created in this study are: length 7.69 ± 1.3, neck 

2.86 ± 0.71, width 3.44 ± 0.66 mm (See Table 2). 

Table 2: Dimensions of the aneurysms induced in the 18 rabbits analyzed in this work. 

Rabbit ID Length (mm) Neck (mm) Width (mm) 

R11-007 5.89 1.92 1.94 

R11-008 7.5 2.35 3.5 

R11-020 7.88 2.36 4.26 

R11-027 7.25 2.81 3.8 

R11-028 8.26 4.33 4.05 

R11-029 5.27 2.53 3.1 

R11-142 8.29 3.35 3.95 

R11-145 10.93 3.59 3.96 

R12-037 7.38 3.2 3.19 

R12-039 9.35 2.57 4.35 



 

69 
 

R12-040 7.44 3.4 3.2 

R12-043 7.43 3.58 3.79 

R12-045 8.89 2.72 3.3 

R12-046 8.05 3.6 4 

R12-047 7.22 2.14 2.34 

R12-049 7.92 3.28 2.77 

R13-197 7.6 1.9 3.35 

R13-198 5.9 1.9 3 

Mean±s.d. 7.69 ± 1.3 2.86 ± 0.71 3.44 ± 0.66 
 

. The occluded and non-occluded groups had 9 rabbits each. Based on the angiograms, 

the aneurysms in rabbits R11-007, R11-028, R11-145, R12-039, R12-040, R12-045, R12-047, 

R12-049, and R13-198 were not occluded at final follow up. In rabbits R11-145, R12-039, R12-

040, R12-049, and R13-198 minimal filling of a minute remnant of the aneurysm was visible. 

This leads to the speculation that given more time these aneurysms could have possibly gone on 

to complete occlusion. 

Some representative examples of angiograms and washout curves are shown here while 

the others are given in Appendix A.  The first example is rabbit R11-007, which did not occlude 

at the 6 month follow up time point. The angiographic image segmentation and washout curves 

fitted with the mathematical model are presented in Figure 39.  
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Figure 39: Angiographic image analysis for rabbit R11-007. Top panel shows snapshots of 

angiographic image data pre device (left), post device implantation (center), and at 6month 

follow up time point (right). Bottom panel demonstrates the normalized washout curves 

obtained pre and post flow diverter implantation in red. The mathematical model fitted 

onto the washout curve is in blue. The fitted mathematical model is distributed into the 

convective (green) and diffusive (cyan) components of contrast transport mechanics. 

 

 In the second example, rabbit R13-197, the aneurysm completely occluded at the 6 month 

follow up time point (Figure 40). 
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Figure 40: Angiographic image analysis for rabbit R13-197. Top panel shows snapshots of 

angiographic image data pre device (left), post device implantation (center), and at 6month 

follow up time point (right). Bottom panel demonstrates the normalized washout curves 

obtained pre and post flow diverter implantation in red. The mathematical model fitted 

onto the washout curve is in blue. The fitted mathematical model is distributed into the 

convective (green) and diffusive (cyan) components of contrast transport mechanics. 

 

The third example presented here that of is rabbit R13-198 in which the aneurysm nearly 

occluded but still had  minor residual filling at 6 month follow up (Figure 41).  
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Figure 41: Angiographic image analysis for rabbit R13-198. Top panel shows snapshots of 

angiographic image data pre device (left), post device implantation (center), and at 6month 

follow up time point (right). Bottom panel demonstrates the normalized washout curves 

obtained pre and post flow diverter implantation in red. The mathematical model fitted 

onto the washout curve is in blue. The fitted mathematical model is distributed into the 

convective (green) and diffusive (cyan) components of contrast transport mechanics.  

  

The normalized washout curves and model-fits pre and post flow diverter implantation 

for the 18 rabbits included in the analysis are presented in Appendix A. The magnitude of the 

washout curves was normalized to enable comparison between the rabbits. The normalized 

washout curves indicate a shallower slope of contrast wash-in into the aneurysm following flow 

diverter implantation and prolonged decay of the contrast intensity. Qualitatively the curves 

indicate an increase in the diffusive component and reduction of the convective component 

following flow diversion. 
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Comparison of washout parameters in the 18 rabbits pre and post flow diversion shows 

significant differences. Washout curve amplitude  both raw and normalized by number of 

pixels were significantly lower (p<0.0001) post flow diverter implantation (Figures 42, 43). 

Following normalization of the washout curves comparisons were performed on the other model 

parameters using paired t-test since they were evaluated pre and post device implantation in the 

same animal. The convective time constant (p=0.0003) as well as the diffusive time constant 

(p=0.0016) were significantly higher post flow diversion (Figures 44, 45). The convective time 

constant was 1.403±0.84s pre device and 4.613±4.59s post device. The diffusive time constant 

was 390.75±737.37s pre device and 1419.5±840s post device. This indicates increased residence 

time of contrast within the aneurysm post flow diversion. 

The proportionate amplitudes of the convective and diffusive components were 

significantly different pre and post flow diversion. The convective component amplitude was 

significantly lower while the diffusive component was significantly higher post flow diversion. 

Figures 46 and 47 compare the convective and diffusive component amplitudes pre and post flow 

diverter implantation, respectively. The pre and post device convective component amplitudes 

were 0.622±0.122 and 0.377±0.183 (p<0.0001), respectively. The pre and post device diffusive 

component values were 0.313±0.123 and 0.547±0.182 (p<0.0001), respectively. 
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Figure 42: Comparison of washout curve amplitude pre and post flow diverter 

implantation 

 

 

 
Figure 43: Comparison of washout curve averaged amplitude (angiographic intensity 

normalized by total number of pixels in region of interest for each aneurysm) pre and post 

flow diverter implantation 
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Figure 44: Comparison of convection decay time coefficient pre and post flow diverter 

implantation 

 

 

 
Figure 45: Comparison of diffusion decay time coefficient pre and post flow diverter 

implantation 
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Figure 46: Comparison of washout curve convective component amplitude pre and post 

flow diverter implantation 

 

 
Figure 47: Comparison of washout curve diffusive component amplitude pre and post flow 

diverter implantation 

 

 The average calculated value of the washout coefficients for the occluded and non-

occluded groups were not significantly different, (p=0.0625), although the p-value was just 
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above the selected significance value of 0.05 as seen in Figure 48. Therefore, it is possible that 

the washout coefficient can be further investigated and optimized to achieve a higher 

significance level.  

 
Figure 48: Comparison of the washout coefficient parameter between the non-occluded and 

the occluded groups 

 

The mean value of the washout coefficient for the occluded group was 17.65 ± 16.01 and 

for the non-occluded group it was 6.54 ± 12.01. The large standard deviation in both groups 

shows that there was a high scatter in the data (Figure 49), nevertheless, the overall the trend 

indicates a higher washout coefficient value for the occluded group (Figure 49).  
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Figure 49: Scatter plot comparison of the washout coefficient values between the non-

occluded and occluded groups 

 

DISCUSSION  

The mean dimensions of the aneurysms in this study are height 7.69 mm, neck 2.86 mm 

and width 3.44 mm. A previous study 
57

 reported mean aneurysm size in 40 rabbits of height 

7.9+/-0.3 mm, neck: 4.1+/-0.2 mm, and width 3.7+/-0.1 mm. The average aspect ratio for the 

aneurysms was 2.1+/-0.1
57

. Onizuka et al. reported mean dimensions of height 10.2+/-2.8, width 

4.2+/-1.2, and neck: 3+/-1.5 
58

 in the same animal model  of 30 rabbits. While the aneurysms in 

this study are within the range of dimensions of other published studies, they, especially the neck 

dimension, are at the lower end of the range. During the course of the study, it was noted that 

identical concentrations of elastase from different vendors can elicit marked variations in animal 

morbidity and mortality as well as aneurysm dimensions. This effect needs to be investigated 

further and may be related to the lower range of dimensions found.  
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This study is a continuation of previous experiments in rabbits to better understand the 

changes in contrast transport into the aneurysm after implantation of a flow diverter in the parent 

artery and to develop a methodology through which the long term efficacy of the implant can be 

predicted by contrast transport analysis. The presence of a flow diverter significantly alters the 

blood flow dynamics into and out of the aneurysm and such changes are reflected in the changes 

in the transport of a bolus of contrast into and out of the aneurysm. The mathematical model that 

was applied to the contrast concentration time curve inside the aneurysm which includes 7 

parameters shows that 5 of the parameters that are related to contrast dispersion indeed show 

significant differences when their values are compared before and after placement of the implant.  

The increased convective and diffusive time constants signify a decrease in flow activity inside 

the aneurysm, which is visible in the angiograms as longer time required for the contrast to wash 

through. In the rabbits, the aneurysms are located on the outer aspect of the bend and therefore 

contrast transport can be differentiated into the convective (bulk transport) and diffusive 

components, each of an appreciable proportion. Furthermore, after device implantation there are 

significant changes in both physical mechanisms, namely, convection and diffusion, which are 

involved in transport of contrast into and out of the aneurysm. While not surprising, our initial 

clinical data suggests that in human, naturally occurring, aneurysms most of the contrast 

transport in and out of the aneurysm is occurring by convection with minimal or lack of the 

diffusive component. Indeed most human aneurysms tend to occur at flow impingement points 

where the axis of the aneurysm tends to coincide with the direction of the oncoming flow. In the 

animal model the choice of the location of the aneurysm is dictated by many other factors and as 

such, the axis of the aneurysm does not coincide with the direction of the flow accentuating 

phenomena such as diffusion that may be negligible in the human case. 
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The mathematical model used in this study has been applied by other groups and 

successfully delineated the convective and diffusive components of contrast transport. Struffert 

et al. 
106

 created elastase induced aneurysms in 16 rabbits with mean height 6.2+/-2.4 mm, width 

3.5+/-1 mm, and neck, 3.4+/-1.1 mm. They successfully fitted their time density curves (contrast 

concentration washout curves) to the mathematical model proposed by Sadasivan et al
57

. Even 

though their contrast injections were not standardized or automated (hand injections were 

performed
106

), the study concluded that it is feasible to use the convective-diffusive model to 

determine flow diversion efficacy. 

This study shows significant differences (p=0.0625), although strictly speaking it did not 

hit the arbitrary significance value of 0.05, between the washout coefficient calculated 

immediately post flow of aneurysms that eventually went on to occlude at six months vs the ones 

that did not occlude at the end point. This suggests it may be a potential predictive parameter of 

long term aneurysm occlusion at the time of treatment. One of the reasons that significance at the 

95% value was not attained may be attributed to the small sample size of n = 9 in each group. 

Another possibility is that a 6 month follow up time is too short, particularly because 5 of the 9 

aneurysms in the non-occluded group had only a small remnant at follow up.  

Yet another possibility is that the washout coefficient is not the optimal parameter for the 

task and another parameter may be sought that may yield more definitive results. 
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CHAPTER 5: CLINICAL ANGIOGRAPHIC WASHOUT ANALYSIS 

This chapter describes clinical washout data acquisition and analysis. The need to predict 

the efficacy of flow diversion has been described in detail in the Introduction. Angiographic 

image analysis on data acquired at a high frame rate in patients can be used to quantify the 

alteration in contrast transport mechanics post flow diversion, which in turn can establish a 

threshold or parameter to predict long term treatment outcomes after flow diversion.  The 

angiographic analysis and mathematical modeling presented in Chapter 4 for the in vivo 

experiments are utilized for the analysis of clinical data.  

METHODS 

Clinical angiographic data acquisition 

Following IRB approval, consent for high speed angiographic imaging was obtained from 

patients scheduled for flow diversion treatment.  This work aimed to enroll and acquire high 

speed angiograms in 40 aneurysms. Table 3 shows the aneurysm location, morphology and 

number of flow diverters deployed for each case. Angiographic data was acquired before and 

after flow diverter deployment in each patient using a state of the art Artis zee biplane 

angiography unit (Siemens Medical, Erlangen, Germany). Contrast injections were performed at 

6 ml/sec for duration of 1 second and a 2.5 second injection delay through a 5Fr injection 

catheter with the catheter tip position maintained constant. Contrast injections were performed 

using a power injector (Medrad, Warrendale, Pennsylvania) as described in chapters 3 and 4.  

Angiographic data was acquired in either single- or dual-plane as determined by the physician 

performing the treatment. The selection of the plane was done based on the position of the 

aneurysm.  



 

82 
 

Table 3 describes the aneurysm location, size, and morphology information for the 

patients. The number of flow diverters implanted in patients during treatment and their device 

specifications are mentioned in Table 4. 

Table 3: Details of aneurysm location, aneurysm dimensions, and morphology for the 

clinical cases analyzed. 

Patient 

number(ID) 

Aneurysm location  Aneurysm 

dimensions 

Aneurysm 

morphology 

Patient 1 (RH001) Basilar artery Length = 2.5cm, 

width = 11mm, 

Total size ~ over 4 

cm 

Giant partially 

thrombosed 

fusiform 

Patient 2 (RK002) Right cavernous 

segment ICA 

2.5x2.3x2.4 cm  

neck 11mm 

Giant bilateral 

saccular 

Patient 3 (LP004) Left ophthalmic 

segment ICA 

4.3x3.6x3.4 mm Saccular sidewall 

Patient 5 (FC005) Left cavernous 

segment ICA 

Length = 3.6 cm, 

Width = 9.6 mm 

Giant fusiform 

Patient 6 (LC006) Left ICA terminus 3.8x2.0 mm Saccular terminus 

Patient 7 (RH008) Left ophthalmic 

segment ICA 

2.8x3.5x3.8 mm 

Neck 4.1 mm 

Saccular 

Patient 8 (AA010) Left vertebral artery Length 16 mm, 

Width 11 mm 

Large fusiform 

Patient 9 (EAM011) Left PCOM 

segment ICA 

3.6x2.6 mm Saccular wide-

necked sidewall 

Patient 10 (DT012) Right cavernous 

segment ICA 

Length > 4cm 

(petrous and 

cavernous 

segments) 

Giant bilateral 

fusiform 

Patient 11 (MN015) Right ophthalmic 

segment ICA 

10 mm,  

neck 4mm  

Large saccular 

wide-necked 

Patient 12 (PC016) Right ophthalmic 

segment ICA 

14x12.5x9.9mm, 

Neck 7mm 

Large saccular 

wide-necked 

Patient 13 (LT018) Left ophthalmic 

segment ICA 

11.5x6.3x6.3 mm, 

Neck 5.6 mm 

Large multi-

lobulated saccular 

wide-necked 

Patient 14 (MZ019) Right ophthalmic 

segment ICA 

10.8x8.2x5.3mm, 

Neck 6.3 mm 

Large saccular 

wide-necked 

Patient 15 (KD020) Right ophthalmic 

segment ICA 

5.6x3.5x4.3,  

Neck 4.7 mm 

Saccular sidewall 

wide-necked 

Patient 16 (CM021) Right cavernous 

segment ICA 

16x13 mm,  

neck 6.5 mm 

Large saccular 

wide-necked 

Patient 17 (RG022) Right ophthalmic 4.2x3.6x3.8 mm Sidewall saccular 
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segment ICA 

Patient 18 (DF023) Left cavernous 

segment ICA 

2x1.45 cm Giant partially 

thrombosed saccular 

wide-necked 

Patient 19 (LM025) Right superior 

hypophyseal 

segment ICA 

6.1x5x5.7mm, 

Neck 3.1mm 

Saccular sidewall 

Patient 20 (DL026) Right superior 

hypophyseal 

segment ICA 

4.9x4.7x.6.3mm, 

Neck 3.9 mm 

Saccular sidewall 

Patient 21 (MN027) Right PCOM 

segment ICA 

3.8x3.3x3.4 mm, 

Neck 3.5 mm 

Saccular sidewall 

Patient 22 (VB028) Left superior 

hypophyseal 

segment ICA 

4.8x.43 mm 

Neck 2.6 mm 

 

Saccular sidewall 

Patient 23 (VK029) Left ophthalmic 

segment ICA 

7x7 mm, 

Neck 4.5 mm 

Saccular sidewall 

wide-necked 

Patient 24 (MA031) Left PCOM 

segment ICA 

6mm Saccular sidewall 

wide-necked 

Patient 25 (DW032) Left MCA 1.57x1.2cm Large fusiform 

 

Table 4: Number of flow diverters implanted at treatment procedure 

Patient number(ID) No of flow diverters (Pipeline 

embolization device (PED)) 

deployed  

Patient 1 (RH001) 3 PEDs  

(PED1 4.5x35mm,  

PED2 4.5x20mm,  

PED3 4.5x16) 

Patient 2 (RK002) 5 PEDs  

(PED1 5x35mm, 

PED2 5x30mm, 

PED3 5x30mm, 

PED4 5x30mm, 

PED5 5x12mm) 

Patient 3 (LP004) 3 PEDs  

(PED1 4.25x20mm, 

PED2 4.25x18mm, 

PED3 4.25x16mm, 

Patient 5 (FC005) 7 PEDs  

(PED1 5x20, 

PED2 5x20mm, 

PED3 4.75x20mm, 

PED4 4.5x20mm, 
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PED5 4.25x20mm, 

PED6 4x20mm, 

PED7 3.75x20mm) 

Patient 6 (LC006) 1 PED 3.75x12mm 

Patient 7 (RH008) 3 PEDs  

(PED1 4.25x14mm, 

PED2 4x12mm 

PED3 4x12mm) 

Patient 8 (AA010) 4 PEDs, 

(PED1 4.75x30, 

PED2 4.75x25mm, 

PED3 4.75x20mm, 

PED4 4.75x16mm) 

Patient 9 (EAM011) 2 PEDs, 

(PED1 4.5x20 

PED2 4.5x20) 

Patient 10 (DT012) 12 PEDs, 

(PEDs 1-6 5x35mm, 

PEDs 7-11 5x30mm, 

PED12 5x25mm) 

Patient 11 (MN015) 2 PEDs, 

(PED 1-2 3.75x18mm) 

Patient 12 (PC016) 2 PEDs, 

(PED 1 4.5x16mm 

PED 2 4.5x20mm) 

Patient 13 (LT018) 2 PEDs, 

(PED 1 4.25x20mm 

PED 2 4.00x14mm) 

Patient 14 (MZ019) 1 PED 4x20 mm 

Patient 15 (KD020) 2 PEDs, 

(PED 1 3.5x16mm 

PED 2 3.25x16mm) 

Patient 16 (CM021) 1 PED 5x20 mm 

Patient 17 (RG022) 2 PEDs, 

(PED 1 4.25x16mm 

PED 2 4x14mm) 

Patient 18 (DF023) 2 PEDs, 

(PED 1 5x30mm 

PED 2 4.75x30mm) 

Patient 19 (LM025) 3 PEDs, 

(PED 1 3.5x16mm 

PED 2 3.5x16mm 

PED3 4x20mm) 

Patient 20 (DL026) 2 PEDs, 

(PED 1 3.75x20mm 

PED 2 3.75x20mm) 
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Patient 21 (MN027) 1 PED 3.75x18mm 

Patient 22 (VB028) 1 PED 4x20mm 

Patient 23 (VK029) 2 PEDs, 

(PED 1 4.25x20mm 

PED 2 4.25x14mm) 

Patient 24 (MA031) 3 PED Flex, 

(PED 1 4x18mm 

PED 2 3.5x12mm 

PED 3 4x18 mm) 

Patient 25 (DW032) 2 PED Flex, 

(PED 1 3.75x16mm 

PED 2 3.5x20mm) 

 

To address concerns over radiation exposure, a variable frame rate (VFR) protocol was 

incorporated in collaboration with Siemens. Through VFR the angiograms are acquired 

efficiently with reduced radiation dosage to the patients where a high frame rate is utilized 

during the early portion of the run when maximal contrast transport occurs. Hence the rapid 

wash-in and wash-out phases of contrast transport inside the aneurysm are captured at a good 

resolution. For the second half of the angiogram when contrast transport in minimal or none, the 

frame rate is reduced to 7.5frames/sec from 15frames/sec. Follow up imaging was acquired in 

the patients at 6 months. 
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Figure 50: Top: ROI segmentation pre (left) and post (right) in patient CM021 and 

quantified washout curves pre and post (center) Bottom: ROI segmentation pre (left) and 

post (right) in patient LM025 and quantified washout curves pre and post (center) 

 

Angiographic image analysis 

The angiographic data acquired during the patient treatment was anonymized and 

exported from the Siemens angiographic machine. The angiographic image analysis was 

performed in MATLAB as described in detail in Chapters 3 and 4. The aneurysm region of 

interest was manually segmented and the contrast concentration-time curve within the region of 

interest was recorded. Angiographic image segmentation and washout curve generation are 

demonstrated in Figure 50 for two patients.  
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Image artifact correction – signal processing 

Two sources of artifacts were noted on the recorded washout curves – venous overlay and 

catheter leakage. The corrections used for these artifacts are described below. 

Interference into the aneurysm ROI from venous overlay altered the contrast 

concentration time curves for some of the patients in the study (Figures 51, 52). To correct for 

the overlay, a ROI was marked on the veins located close to the aneurysm and a venous washout 

curve was recorded. The average gray scale intensity was calculated by dividing by the number 

of pixels as:  

   𝐶𝑎𝑣𝑔 =  
𝐶𝑣𝑒𝑖𝑛

𝑛𝑝𝑖𝑥𝑣𝑒𝑖𝑛
                               20 

Within the aneurysm ROI, the region of interference with the vein was identified and 

segmented to obtain the number of pixels altering the aneurysm signal (Figure 51, 52). The 

contrast concentration time curve of venous interference was then calculated by multiplying the 

average vein gray scale intensity with the number of pixels with interference to obtain Cvi.  

𝐶𝑣𝑖 =  𝐶𝑎𝑣𝑔 × 𝑛𝑝𝑖𝑥𝑅𝑂𝐼𝑣𝑒𝑛𝑜𝑢𝑠𝑖𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒   21 

Based on careful qualitative evaluation of the high speed angiography data as well as the 

quantitative washout aneurysm ROI and washout venous ROI curves, start and end points of 

venous interference were identified (Figures 51, 52). The original altered washout curve was 

then corrected by subtracting out the venous overlay values within the start and end points as: 

                      𝐶𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑  =  𝐶 − 𝐶𝑣𝑖                                                    22 
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Where, C and Cvi were concentration time curves constraint within the duration of venous 

overlay on the aneurysm ROI defined by the start point and end point previously identified. The 

above correction was implemented in MATLAB.  

 

Figure 51: Example of venous overlay correction in patient DW032. Top panel represents 

the pre device data and bottom panel represents the post device data. Left image represents 

aneurysm ROI segmentation in red. Center left represents segmentation of venous ROI 

overlaying the aneurysm in blue and center right represents the venous ROI marked to 

calculate the average venous contrast drainage. Plots on the right represent the washout 

curves prior to correction (red) and post venous overlay correction (blue). 
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Figure 52: Venous overlay correction in patient MA031. Top panel represents the pre 

device data and bottom panel represents the post device data. Left image represents 

aneurysm ROI segmentation in red. Center left represents segmentation of venous ROI 

overlaying the aneurysm in blue and center right represents the venous ROI marked to 

calculate the average venous contrast drainage. Plots on the right represent the washout 

curves prior to correction (red) and post venous overlay correction (blue). 

 

Besides venous washout interference, clinical contrast washout data was affected strongly 

by the leakage of contrast from the injection catheter following completion of the injection. The 

contrast continued to be aspirated from the contrast filled 5French injection catheter that was 

utilized in the patients. This aspiration was because of the fluid forces and the suction generated 

from the blood flow to the stagnant contrast inside the catheter. Resulting contrast interference 

was observed with each cardiac cycle and eventually reduced with time within the 20 second 

high speed angiographic run. Maximum interference was observed within the first few seconds 

after completion of the injection.  

After this problem of contrast leakage from the injection catheter was observed in the 

data from initial set of patients, a 3-way stopcock was used between power injector tubing 

connected to the contrast syringe and the 5 Fr injection catheter tip positioned within the 
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patient’s intracranial artery being imaged. The stop cock served as switch that was manually 

switched off immediately following completion of the contrast injection from the power injector 

to disconnect the contrast supply.  

In several patient data-sets the concentration time curve correction was done through 

notch filtering. As applied in the previous chapter for rabbit data the notch filter removes a 

particular frequency from the signal. For persistent leakage of contrast from the catheter tip that 

arrived with every cardiac cycle a notch filter was applied to eliminate the particular frequency 

(Figure 53). 



 

91 
 

 

 
Figure 53: Application of notch filter to eliminate the contrast leakage signal from the 

concentration time curves for large (top panel) and giant (bottom panel) patient aneurysms 

respectively pre and post flow diverter implantation (effect of contrast leakage on the 

amplitude of ripples in the curve dampened following device deployment. 

 

Although the notch filter was found to be suitable for large size aneurysms (Figure 53), in 

smaller sized aneurysms (<5-6mm), the secondary peak overshoot attributed to the contrast 

leakage was higher than the primary peak and could not be eliminated through a notch filter. In 

such cases, the signal was corrected by constructing a lower envelope through the valleys of the 

washout curve (Figure 54). A previously written envelope function in MATLAB 

[www.mathworks.com/matlabcentral/fileexchange/24902-envelope] was utilized and the 
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resulting signal was an interpolation between user guided points. This removed what may have 

been interference in the form of a secondary peak. 

 
Figure 54: Lower envelope filter applied on raw concentration time curve obtained from 

patient LC006. The raw unfiltered concentration time curve is in blue and the lower 

enveloped filtered curve is in red. 

Mathematical modeling 

The amplitude for each washout curve prior to normalization was measured as: 

Cmax – Cmin                                                   23 

The final corrected washout curves for each patient pre and post flow diversion were then 

normalized. The normalized curves were fitted to the mathematical model is described in detail 

in chapter 3, equation 17. 

Data analysis 

To quantify the exposure of contrast inside the aneurysm during the high speed angiographic 

image acquisition, the parameter Area under curve (AUC) for the final corrected washout curves 
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was calculated as: 

    𝐴𝑈𝐶 = ∫ 𝐶(𝑡)𝑑𝑡
𝑇

0
                                                             24 

Where, C(t) is the concentration time function for the given washout curve going from 0 to end 

of the acquisition time period, T 

Additionally total contrast exposure inside the aneurysm was determined as a quantifiable index 

given by the area under curve from zero to infinity as: 

      𝐴𝑈𝐶𝑖𝑛𝑓 = ∫ 𝐶(𝑡)𝑑𝑡
∞

0
                                                     25 

The mean transit time of the curves which gives us the median for each contrast injection and 

corresponding high speed angiogram was quantified as: 

𝑀𝑇𝑇 =
∫ 𝑡.𝐶(𝑡)𝑑𝑡
𝑇
0

∫ 𝐶(𝑡)𝑑𝑡
𝑇
0

       26 

Experimental design and statistical analysis 

As determined for chapter 4, a sample size of 40 was required for the diagnostic test on 

outcome of flow diverter treatment in the clinical group through washout analysis.  

For each patient the corresponding pre and post washout parameters calculated including 

the mean transit time, washout curve amplitude, convection time decay coefficient,  area under 

curve, and area under curve zero to infinity were compared using non parametric Wilcoxon 

matched-pairs signed-rank test in GraphPad InStat.  
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To establish a quantifiable index or threshold to predict the efficacy of flow diverter 

treatment in terms of aneurysm occlusion the parameters for the occluded and non-occluded 

groups were compared using non-parameter Wilcoxon test.  

RESULTS: 

 So far high speed angiographic data has been acquired on 38 aneurysms of 32 patients 

and the contrast washout has been analyzed. Table 5 presents the imaging follow-up and 

occlusion status for each patient. Typically flow diversion in patients requires 6 to 12 months to 

completely occlude the aneurysms following treatment
39, 43

.  

Total of 33 patients with 38 aneurysms have thus far been enrolled and underwent flow 

diversion treatment and high speed angiographic imaging. Follow up imaging has been acquired 

in 32 of the 38 aneurysms enrolled so far. From the 38 aneurysms based on a size threshold in 

the range of 3-4 mm, 24 aneurysms were selected for this preliminary angiographic analysis. 

Follow up data at 6 months after treatment was available on 19 of the 24 aneurysms included for 

the analysis. From these 19 aneurysms with available follow-up treatment outcome, complete 

occlusion was noted in 11 aneurysms at 6 month follow up (57.9%). The remaining 8 patient 

aneurysms were found to be filling. From the 8 non occluded aneurysms, 4 aneurysms underwent 

repeat treatment for the persistent filling observed. The other 4 aneurysms were reported to 

occlude at a future follow up time point with altered anti-platelet medication regimen prescribed 

by the physician (Appendix B).  

Looking collectively for aneurysms sized 6 mm and smaller enrolled in this study, only 1 

aneurysm out of 22 (3.7%) required repeat treatment through flow diversion (96.3% occlusion 

rates without secondary intervention). Complete occlusion at 6 months was observed for 14 out 
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of 22 aneurysms (63.6%). In comparison all sizes above this group including fusiform aneurysms 

4 out of 10 (40%) reported complete occlusion at 6 months. At further follow up 6 out of 10 

(60%) were occluded completely (Appendix B). Repeat treatment with Pipeline device 

implantation was required in 4 out of 10 (40%) patients. All giant aneurysms (3 saccular and 1 

fusiform) required repeat treatment. 

Table 5: Treatment outcome at 6 month follow up, and repeat treatment information for 

each patient (TBD-to be determined). 

Patient 

number(ID) 

6 month follow up 

outcome 

Repeat 

PED 

treatment 

Patient 1 

(RH001) 

Not occluded, residual 

aneurysm filling 

Yes 

Patient 2 

(RK002) 

Not occluded, 

Persistent  filling 

Yes 

Patient 3 

(LP004) 

Completely occluded No 

Patient 5 

(FC005) 

Not occluded, giant 

residual aneurysm 

Yes 

Patient 6 

(LC006) 

Completely occluded No 

Patient 7 

(RH008) 

Completely occluded No 

Patient 8 

(AA010) 

Completely occluded No 

Patient 9 

(EAM011) 

Not occluded, residual 

filling 

No 

Patient 10 

(DT012) 

Not available TBD 

Patient 11 

(MN015) 

Not occluded, residual 

filling 

No 

Patient 12 

(PC016) 

Completely occluded No 

Patient 13 

(LT018) 

Completely occluded No 

Patient 14 

(MZ019) 

Completely occluded No 

Patient 15 

(KD020) 

Not occluded, residual 

filling 

No 

Patient 16 Not occluded, minimal No 
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(CM021) residual filling 

Patient 17 

(RG022) 

Completely occluded No 

Patient 18 

(DF023) 

Not occluded, 

persistent residual 

filling 

Yes 

Patient 19 

(LM025) 

Completely occluded No 

Patient 20 

(DL026) 

Completely occluded No 

Patient 21 

(MN027) 

 TBD 

Patient 22 

(VB028) 

Completely occluded No 

Patient 23 

(VK029) 

Scheduled September 

2015 

TBD 

Patient 24 

(MA031) 

Scheduled Jan 2016 TBD 

Patient 25 

(DW032) 

Scheduled Jan 2016 TBD 

 

Representative examples of the angiographic image analysis and washout curve 

mathematical model fitting are presented in Figures 55-58. Figures 55, 56, and 57 represent 

patients CM021, LM025 and RG022. All other cases are presented in Appendix B. Figure 58 

represents patient FC005 with a giant fusiform aneurysm that did not occlude at 6 months follow 

up. 
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Figure 55: Angiographic image analysis for patient CM021. Top panel represents the 

aneurysm ROI segmented pre and post device angiographic images and 6month follow up 

angiogram showing minimal residual filling. Bottom panel shows the mathematical model 

fitted on the washout curves obtained from angiographic image analysis. 
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Figure 56: Angiographic image analysis for patient LM025. Top panel represents the 

aneurysm ROI segmented pre and post device angiographic images and 6month follow up 

angiogram showing complete occlusion of the aneurysm. Bottom panel shows the 

mathematical model fitted on the washout curves obtained from angiographic image 

analysis. 
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Figure 57: Angiographic image analysis for patient RG022. Top panel represents the 

aneurysm ROI segmented pre and post device angiographic images and 6month follow up 

angiogram showing complete occlusion of the aneurysm. Bottom panel shows the 

mathematical model fitted on the washout curves obtained from angiographic image 

analysis. 
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Figure 58: Angiographic image analysis for patient FC005. Top panel represents the 

aneurysm ROI segmented pre and post device angiographic images and 6month follow up 

angiogram showing aneurysm filling. Bottom panel shows the mathematical model fitted on 

the washout curves obtained from angiographic image analysis. 

 

The post flow diversion angiographic washout parameters were significantly different 

than the pre washout parameters as determined from the paired test comparisons shown in 

Figures 59-61 and Table 6. The significant differences demonstrate the changes in contrast 

transport due to flow diverter deployment.  

The amplitude of washout curves reduced significantly following flow diversion in the 

patients (Figure 58) (p=0.0016). Pre device washout amplitude was 1284.4±1939.8 and post 
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device washout amplitude was 899.3±1329.8. Mean transit time (MTT) quantifying the median 

of contrast transport during each washout was significantly higher post flow diversion in patients 

(Figure 59) (p=0.0001). The mean MTT pre device for the patient group was 3.9±1.2s and post 

device was 5.5±2.2s. Results for time to peak (TTP), AUC, average inflow and outflow of 

contrast within the aneurysm were significantly different post flow diversion. 

Table 6: Washout parameter results derived from concentration time curves pre and post 

flow diverter treatment (* indicates statistically significant) 

Parameter Pre (mean±SD) Post (mean±SD) P value 

 1284.4±1939.8 899.3±1329.8 0.0016* 

MTT (sec) 3.9±1.2 5.5±2.2 0.0001* 

TTP (sec) 1.78±0.89 2.47±1.32 0.0001* 

AUC 4995.2±9248.57 7100.48±14342.87 0.0366* 

AUC inf 6496.1±9597.8 11170±20517 0.074 

conv (sec)  3.0±3.0 7.74±7.1 0.0001* 

Inflow 643.67±972.05 303.63±379.04 0.0001* 

Outflow 81.18±123.96 49.49±69.565 0.0065* 

 

The stagnation of contrast within the aneurysm represented by intra-aneurysmal contrast 

transport decay time constant was significantly higher following the treatment of aneurysm 

through deployment of Pipeline flow diverter (Figure 60) (p<0.0001). Mean contrast transport 

decay time constant pre device was 3.0±3.0s and post device was 7.74±7.1s. Thus, flow 

diversion altered intra-aneurysmal contrast transport mechanics which are representative of the 

hemodynamics. The alteration was in the form of reduction in intensity represented by washout 

amplitude and increased stagnation represented by increased mean transit time and decay time 

constant.  
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Figure 59: Comparison of the contrast concentration washout mean amplitude pre and 

post flow diverter implantation (p=0.0016) 

 

 
Figure 60: Comparison of mean transit time obtained from the contrast concentration time 

curves pre and post flow diverter implantation (p = 0.0001)  
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Figure 61: Comparison of mean convective time coefficient obtained from mathematical 

model fitting of the contrast concentration time curves pre and post flow diverter 

implantation (p<0.0001). 

 

The primary goal of this clinical study has been to identify the parameters of contrast 

transport that may delineate the differences between occluded and non-occluded groups and thus 

establish thresholds that may be applicable in a diagnostic test for flow diversion efficacy. 

The scatter plots demonstrate similar spread for the pre device values for the patients 

from both occluded and non-occluded groups (Figures 62-64). No significant differences were 

found when comparing the washout curve amplitudes between the occluded and non-occluded 

groups (Figure 63). However the spread appears to reduce the range for the occluded group post 

occlusion. For mean transit time data, the spread within the scatter plot appears similar for the 

pre device values for both groups (Figure 64). Post flow diversion scatter for mean transit time 

show a trend towards a shift in the range (higher) for the occluded and non-occluded groups. 

Among the occluded aneurysm group, there appears to be an increase in scatter for the results 

post flow diversion. Despite the range, the MTT results post flow diversion show a trend towards 

increased values for the occluded group in comparison with the non-occluded group. The mean 

and standard deviation values for the occluded and non-occluded group comparisons are given in 
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Table 7. 

Table 7: Occluded vs Non occluded comparison of washout parameters pre and post flow 

diversion (* indicates statistical significance). 

Parameter Non-Occluded Occluded P value 

pre 1637.1±1621.7 511.29±846.1 0.075 

post 1328.3±1127.7 304.21±426.9 0.0328* 

MTTpre (sec) 4.20±1.61 3.81±1.01 0556 

MTTpost (Sec) 5.75±1.71 5.33±2.42 0.395 

conv(sec)pre 4.34±4.33 2.58±2.29 0.272 

conv(sec)post 6.49±4.15 8.50±9.01 0.840 
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Figure 62: Scatter plot comparison of convective decay time coefficient obtained from 

mathematical model fitting on the contrast concentration time curves among the occluded 

and non-occluded aneurysm groups pre and post flow diversion. 

 

 
Figure 63: Scatter plot comparison of the washout amplitude among the occluded and non-

occluded aneurysm groups pre and post flow diversion. 
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Figure 64: Scatter plot comparison of mean transit time obtained from the contrast 

concentration time curves among the occluded and non-occluded aneurysm groups pre and 

post flow diversion. 

DISCUSSION: 

This is the first study to the knowledge of the author, performing quantitative analysis on 

intra-aneurysmal hemodynamics based on mathematical modeling of high speed angiography 

data acquired in patients before and after flow diverter deployment. Angiographic image analysis 

to study contrast concentration curves has been previously applied to study the alterations in 

intra-aneurysmal hemodynamics within in-vivo and in-vitro aneurysm models. Sadasivan et al 

applied the method developed earlier by the same authors on some clinical angiographic image 

data over a decade ago 
66

. However, the acquired angiographic data did not have sufficient 

temporal resolution to perform mathematical modeling on the washout curves and delineate the 

components of convection and diffusion. Sadasivan et al extensively applied this model for 
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comparing different flow diverter designs deployed in the rabbit elastase induced aneurysm 

model. 

Previously, investigators attempted qualitative approaches through grading scales for the 

assessment of flow diversion treatment efficacy for brain aneurysms. Based on qualitative visual 

assessment of angiographic image data, clinicians have attempted to grade and stratify 

aneurysms based on the contrast washout. These scales were based on the contrast residence 

within the aneurysm at different stages of an angiogram while the contrast washes out of the 

arteries, capillaries, veins and beyond to a near permanent or infinite stagnation. These scales 

may involve some intra-observer variability but provide a quick tool to separate different 

aneurysm morphologies. However, usage of qualitative data for estimation of treatment efficacy 

of flow diversion might not provide the most accurate outcome and may involve guesswork. 

In 2010, the first grading scale for angiographic assessment of brain aneurysms following 

flow diversion treatment was proposed by O’Kelly et al., known as the O’Kelly Marotta grading 

scale 
110

. The primary basis for this grading scale was a combination of intra-aneurysmal contrast 

stasis and angiographic filling. By combining level of stagnation within the aneurysm and area of 

aneurysm filling, the temporal and spatial aspects of contrast concentration mechanics were 

evaluated in a qualitative manner.   

Grunwald et al. proposed a simplistic 5 point grading system based on qualitative 

evaluation of the angiographic image data from aneurysms following flow diversion treatment
111

. 

The scales ranged from 0 to 4 with 0 being the case with convective inflow jet entering the 

aneurysm following treatment with very little change in pattern, 1 being diffusive flow into the 

aneurysm, 2 with residual filling of the dome, 3 with residual filling of the neck region and 4 
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being complete occlusion. Within our study we observed pattern 0 for most small sized 

aneurysms (<5 mm) and 1 for some sidewall saccular aneurysms and within the large and giant 

saccular aneurysm. Some aneurysms were a mixture of 0 and 1. Hence, application of such 

scales is user dependent and qualitative providing only ballpark idea. We mainly observed 

patterns 3 and 4 at 6 month and further follow ups. We did not observe any residual filling of 

aneurysm dome in our study.  

High speed angiography was first applied for intra-aneurysmal hemodynamic studies by 

Tenjin et al. comparing the contrast concentration time curves for regions of interests within the 

aneurysm and the parent vessel
112

. The investigators acquired angiographic images at 

30frames/sec which may expose the patient to additional radiation. The contrast dye washout 

curves were fitted to gamma-variate and exponential functions to determine time to peak and 

mean transit time. The study did not involve any patients treated with flow diverters. But this 

paved the way for application of functional angiography to study intra-aneurysmal 

hemodynamics, a tool that clinicians can acquire data for during routine endovascular 

procedures. 

Reduction in the washout curve intensity amplitude levels following flow diversion is 

indicative of reduced contrast transport intensity which may be a lumped physical analog to 

kinetic energy of intra-aneurysmal fluid flow. The mean transit time increased significantly post 

flow diversion in the patients. Longer contrast residence and delay in wash in as well as washout 

of the contrast are the end results of a flow diverter implanted across the aneurysm. Contrast 

transport decay time constants increase in magnitude following flow diversion. The combination 

of these parameters is an effective validation for the intra-aneurysmal contrast transport 

modeling from high speed angiography image data as a tool to study intra-aneurysmal 
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hemodynamics. The alteration in contrast transport mechanics observed from this set of patients 

establishes the functionality of flow diversion as a whole. 

The mathematical model used in this study was previously developed and applied to the 

contrast concentration washout curves in the elastase induced aneurysms created in rabbits 
53, 54, 

57
. These model fitted well to the contrast dye transport mechanics within the rabbit aneurysms 

with the diffusive components rising following flow diversion and overall increase in the 

convective and diffusive decay time constants. However in case of the clinical washout data, the 

contrast transport phenomena was mostly represented by the convective component with very 

low or no contribution from the diffusive process. Sidewall aneurysms smaller in size with a 

narrower neck and elliptical morphology represented diffusive components and demonstrated a 

response similar in rabbit elastase induced aneurysm model. Washout coefficient, a parameter 

derived using the ratios (post/pre) of diffusive components of contrast transport as well as 

concentration time curve amplitude was quantified for the rabbit study in Chapter 5. Due to the 

lack of diffusive component of contrast transport in clinical angiographic data the washout 

coefficient was not quantified for clinical data.  

Other groups have applied the mathematical model used for this clinical study for in vivo 

rabbit elastase induced aneurysm model acquired high speed angiography data at 

30frames/sec
106

. Time to peak, and time to half peak (mean transit time) calculated and discussed 

in this work were hypothesized to alter following flow diversion. Separately inflow and outflow 

were calculated as the averaged slope of the fitted mathematical model during wash in and wash 

out phases of contrast. The same group very recently applied angiographic analysis in clinical 

patients. This was done through inbuilt tools on the Siemens processing workstation that applied 

the mathematical model towards calculation of time to peak, inflow and outflow values
113

. The 
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group analyzed 38 aneurysms in 36 patients, and at follow up 26 were completely occluded 

(68%). Significant increase in time to peak (82%) and reduction in inflow (37%) and outflow 

(35%) were observed. The study was able to predict occlusion for saccular aneurysms with a 

sensitivity of 89% and specificity of 82% through thresholds of 15% reduction in inflow and 

35% reduction in outflow. Current work found significant differences between pre and post 

angiographic parameters. Statistical significance was not obtained for the washout parameters 

obtained through mathematical model fitting between the occluded and non-occluded groups. 

However, post flow diversion the value for inflow was just significantly lower for the occluded 

group (128.86±137.58) in comparison with non-occluded group (431.49±356.91) (p=0.041). 

Showing a similar trend, the outflow slope values were significantly lower (p =0.026) for the 

occluded group (17.31±22.84) as compared to the non-occluded group (77.263±63.773). There 

was no significant difference in the inflow and outflow values before flow diverter deployment. 

The post/pre ratio of the inflow and outflow parameters (important to predict efficacy) was not 

significantly different between the occluded and non-occluded groups (inflow: p=0.642 and 

outflow: p = 0.4504). The parameters inflow and outflow as described are based on the change in 

contrast concentration at specific points at the center of the aneurysms. Our study calculated the 

contrast concentration time curves over the entire aneurysm and not only at specific points.  

Towards the prediction of flow diversion efficacy temporal high speed angiographic data 

has been transformed into blood flow velocity information. Angiographic image data was 

acquired at a high frame rate of 60 frames/sec 
114

. The data was acquired in 24 patients enrolled 

in the study and flow was quantified for 21 out of the 24 patients. By applying an approach used 

in previous studies, the ratio of absolute mean velocity amplitude parameters post to pre was 

calculated. They found a threshold value of 1.03 (p<0.035) for the mean aneurysm flow 
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amplitude ratio to detect complete thrombosis of aneurysms at 6 to 36 months without additional 

device intervention. The sensitivity and specificity of this predictive index were 88% and 73% 

respectively. The essential purpose of flow diverters remains to decouple the aneurysm from the 

parent vessel and provide a layer or mesh construct for endothelialization and vascular 

reconstruction. Aneurysm occlusion is not immediately apparent following flow diverter 

implantation. However, the magnitude and direction of intra-aneurysmal flow velocity vectors 

are modified causing alterations in flow patterns. The level of alteration of intra-aneurysmal flow 

is one of the crucial factors that affect endothelialization of the flow diverter construct, 

thrombosis within the aneurysm and subsequent complete occlusion of the aneurysm. From 

angiographic image data, washout curve amplitude intensity, mean transit time, and the decay 

time coefficients are the parameters of contrast concentration mechanics that may be physically 

equivalent or related to hemodynamic parameters like flow velocity or kinetic energy. The 

pulsatile flow impingement on the neck of intermediate (5-10mm) and large sized aneurysms 

(>10) may be higher than smaller aneurysms. The reduction of intra-aneurysmal kinetic energy 

may have to be at a different level for larger aneurysms than small sized wide necked aneurysms 

(<5mm) to assist with endothelialization of the aneurysm neck. For example, a smaller wide 

necked saccular aneurysm may occlude at 6 months with only a 50% reduction in kinetic energy 

immediately after flow diverter deployment while a larger aneurysm with up to 70-80% 

reduction in kinetic energy may have residual filling at 6-12 months.  

The design of the clinical study was done based on the in-vivo washout studies in rabbits. 

The rabbit elastase induced aneurysm model is a robust model to replicate aneurysms of similar 

morphology, size, and shape. The injection catheter can also be positioned at a similar location 

within the ascending aorta to obtain repeatable contrast concentration washout curves pre and 
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post flow diverter treatment. Hence the variance is not very high for the obtained washout curves 

and the subsequent contrast transport parameters obtained through mathematical model fitting. 

The data analyzed for this study was from 24 patients with a large range in aneurysm sizes going 

from 4 mm to fusiform aneurysms with a length dimension of 96 mm. As a result the contrast 

transport mechanics differ within patients and bring about a wide spread in the data, reducing the 

statistical power of the study. In comparison to the analysis on washout data from the rabbit 

study in Chapter 4, more parameters including area under curve, mean transit time and average 

inflow and outflow slope were quantified for the clinical data. This was done to investigate any 

possible differences between the occluded and non-occluded groups no apparent for the 

convective and diffusive components derived from mathematical model fitting. As seen from the 

scatter plots for occluded and non-occluded aneurysms, there is some visible trend hinting at 

differences. However, statistical significance could not be obtained at this stage. Washout data 

from more patients will need to be acquired.  

It might be useful to establish data-sharing collaborations with other big cerebrovascular 

clinical centers where endovascular flow diversion treatment is offered. Within the aneurysm 

data-sets, fusiform morphologies may need to be analyzed separately from the saccular aneurysm 

morphologies. Size might need to be considered as well to stratify the aneurysms into groups of 

large (>10 mm), giant, and small (<5mm), and intermediate (5-10 mm). This data would help 

understand the contrast mechanics and flow diversion effect for different aneurysm sizes and 

morphologies resulting in establishment of thresholds separating the occluded and non-occluded 

groups and formation of more accurate diagnostic tests for groups of aneurysm size and 

morphologies.  
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The issue of increased radiation exposure to patients is crucial. Radiation exposure can be 

minimized through application of single plane angiography for the high speed angiography runs. 

Application of variable frame rate (VFR) at our institute reduces the number of frames acquired 

from 300 to 240 for a typical 20 second run. More tests need to be done on in-vitro phantoms to 

verify if lower frame rates would provide adequate temporal resolution to capture the contrast 

transport mechanics in an accurate manner.  
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CHAPTER 6: PATIENT SPECIFIC CFD MODELING  

CFD analysis was performed on the data from three patients. Patient 1 (CM021) is a 73 

year old female with a large proximal cavernous aneurysm of the right ICA with the aneurysm 

neck, height, and width of 6.5, 13, and 16 mm, respectively. The patient was treated with 1 PED 

size 5mm x 20mm (diameter x length). Patient 2 (LM025) is a 50 year old female with superior 

hypophyseal aneurysm in the paraclinoid segment of the right ICA. The aneurysm neck, height, 

and width measured 3, 6.1 and 5.7 mm respectively. This patient was treated with 3 PEDs , 

device 1: 3.5mm x 16 mm, device 2: 3.5mm x 16mm, and device 3: 4mm x 20mm. Devices 2 

and 3 were telescoped within device 1 resulting in a denser flow diverter construct. The 

additional devices were deployed to ensure complete wall apposition of the flow diverter 

construct within the tortuous segment of the ICA siphon. Patient 3 (RG022) is a 50 year old 

female with ophthalmic segment aneurysm of the right ICA. The aneurysm neck, height, and 

width measurements were 4.2 mm, 3.6 mm and 3.8 mm respectively. The patient was treated 

with 2 PEDs, device 1: 4.25mm x 16 mm and device 2: 4mm x 14mm.  

METHODS 

CFD model construction: 

Flow modeling was performed on geometries derived from rotational angiography data 

acquired at time of flow diverter treatment using the Siemens Artis Zee biplane angiography 

unit. The DICOM axial slices were imported in VolView (Kitware, Clifton Park, NY) to create a 

volume reconstruction in the *.vti format. The volumetric imaging data in the *.vti format were 

imported into  a cardiovascular image based modeling software SimVascular 

(www.simvascular.org) (Figure 65) 
115

. Centerlines were created for the parent and branch 
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vessels using a semi-automatic method to function as a framework for the model
116

. Contours 

delineating vessel lumen were created using 2D level set segmentation moving orthogonally 

along the centerlines
115, 116

. The centerline contours were exported from SimVascular. These 2D 

segments were imported into a commercial CAD package Rhinoceros 5 (McNeel North 

America, Seattle, WA) to loft them together and obtain volumetric ‘NURBS’ bodies (Figure 65).  

 
Figure 65: Top Left: Patient specific geometric model construction for CFD simulations 

through import of axial slice volume and 2D level set segmentation in SimVascular; Bottom 

Left: import of 2D artery contours to Rhinoceros for lofting to form a solid body; Top 

Right: Volumetric reconstruction from patient’s Rotational Angiography scan; Bottom 

Right: corresponding CFD model. 
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Patient specific flow diverter construction 

Pipeline embolization devices consisting of 48 wires of 30µm diameter, braiding angle 

130 degrees were  simulated in their deployed orientation adhering to the vessel wall (US patent 

application US 13/489,436)
117

. To construct the simulated device in situ first the boundary of the 

parent artery was obtained. A smoothed centerline for the boundary of the parent artery was 

determined using an open source program, The Vascular Modeling Toolkit (VMTK) 

(www.vmtk.org). VMTK software was then utilized to obtain circumferential contours of the 

parent artery orthogonal to the centerline (Figure 66). Device wire centerlines were calculated 

using in house algorithms in MATLAB 2013 (MathWorks, Inc. Natick, MA.) to geometrically 

simulate the implanted device along the artery wall. The centerlines were imported into 

SolidWorks 2013 (Dassault Systemes, Waltham, MA) and individual wires were swept to obtain 

the stent geometry in its deployed form. 

 

Figure 66: Parent artery boundary used to obtain lumen centerlines and cross sections of 

the boundary going orthogonal to the centerline used to calculate the flow diverter wire 

centerline configurations in the patient geometry specific implanted format. 

http://www.vmtk.org/
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For the purpose of reducing the computational effort in solving the flow field only the 

diverter wires across the aneurysm neck were used in the modeling. The rest of the device was 

cropped out as shown in the Figure 67. 

. 

 

Figure 67: Flow diverter wire centerlines were intersected with the aneurysm boundary 

(left) to crop the wires (center) and restrict the device to be just sufficient to provide neck 

coverage; (right) Flow diverter solid model generated by lofting a circular cross section 

along the wire centerlines; the flow diverter is positioned inside the patient specific model. 

 

Boundary conditions and numerical analysis 

Flow was assumed to be laminar and incompressible. No slip boundary conditions were 

applied as well as rigid walls for all CFD models. The fluid was assumed to be Newtonian with a 

viscosity of 4.0 cP and a density of 1.05 gm/ml.  

 Flow simulations  employed conservation of mass (continuity) and balance of fluid 

momentum (Navier-Stokes) using a nodal based finite element method (FEM) discretization 

scheme with the commercial package ADINA 9.0 (ADINA R&D, Watertown, MA). A Galerkin 

finite element upwinding scheme was applied. The model geometries (especially the ones 
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including the stents) were discretized using an automated free-form meshing scheme utilizing 

Delaunay triangulation and surface refinement algorithms with 4-node tetrahedral elements to 

obtain a highly anisotropic grid with the area around the flow diverter wires more refined than 

the rest of the fluid domain (Figure 68). Following discretization, nodal coordinates on the inlet 

face are obtained.  Since the geometry is floating in three dimensional space, the inlet nodes are 

rotated to a two dimensional plane and fully developed Womersley flow profile is imposed on 

this section. The flow profile was calculated from a population averaged pulsatile flow waveform 

for the internal carotid artery that was obtained from the literature 
102

 and interpolated to fit  on 

the rotated nodal points (Figure 68). The time varying waveform of fully developed velocity 

profiles was then rotated back to the original coordinates and imposed on the nodes in the inlet 

face (Figure 67). The simulations started from a zero velocity flow field and an initial flow ramp 

was applied at the inlet to establish a flow field of the same order of velocity that can be 

expected in the vessel. Thereafter the simulations were run for 3 cardiac cycles using the 

Womersley inlet profile to ensure that initial transients decayed and the flow field was 

repeatable.  
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Figure 68: Reconstructed volume body model for patient 1(CM021)imported in ADINA 

along with the flow diverter and discretized into tetrahedral mesh; inlet nodal coordinates 

extracted and imposed with a pulsatile flow waveform in the form of a fully developed 

Womersley velocity profile. 

 

 Reconstructed  arterial segments  with Pipeline flow diverter virtually implanted within 

patient geometries CM021, LM025 and RG022 are shown in Figures 68, 69, and 70, 

respectively. Figure 71 shows a CFD model constructed for patient DF023 who had a giant 

saccular partially thrombosed sidewall aneurysm treated with 2 flow diverters. The extremely 

complicated vascular geometry and the deployment of two large flow diverters resulted in 

difficulties obtaining the fluid domain and the final mesh size (exceeding 5 million elements with 

a coarse resolution for flow diverter wires) was too large to run on the 16core/64GB RAM linux 

server (KingStar supercomputer, Sunnyvale, CA) dedicated to this study. Simulations were not 

conducted on this geometry. 



 

120 
 

 
Figure 69: Reconstructed computational model for patient 2 (LM025) with flow diverters 

virtually deployed in position across the aneurysm (left), and the finite element mesh 

generated in ADINA with the cropped flow diverter virtually deployed in position (center) 

and expanded view on the right. 

 

 
Figure 70: Patient 3 (RG022) modeling; volumetric reconstruction of CTA slices (left), 

reconstructed CFD model with flow diverter virtually implanted (center), and ADINA 

finite element mesh of the model with cropped flow diverter implanted. 
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Figure 71: CFD model construction for DF023, a 75 year old female patient with a giant 

partially thrombosed aneurysm on the cavernous segment of LICA; rotational 

angiographic volume (left); parametric CAD model of patient geometry (center left); 

simulated flow diverter (center right); Pipeline device virtually implanted in the patient’s 

parent artery (right). 

 

RESULTS: 

 Analysis of the computational results shows reduction in flow activity inside the 

aneurysms post device implantation. The velocity flow fields at peak systole for Patients 1, 2, 

and 3 are presented in Figures 72, 73, and 74, respectively. Overall, the velocity magnitude 

within the aneurysm was reduced but the characteristics of the flow, such as direction or location 

of high velocity spots did not change based on qualitative inspection of velocity maps. The larger 

aneurysm (Patient 1: CM021) that was treated with a single device demonstrated some 

stagnation and reduction in flow (Figure 72). Patients 2 and 3 had sidewall aneurysms in which 

the reduction in intra-aneurysmal flow was more pronounced than for Patient 1 as can be seen in 

Figures 73 and 74.  Flow entered the aneurysm through the distal neck both pre and post device 

implantation, however, the presence of the flow diverter reduced the impingement on the 
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aneurysm wall.  

 

 
Figure 72: Spatial maps of peak systolic velocity for Patient 1 (CM021) before (left) and 

after (right) flow diverter implantation obtained from CFD results demonstrating 

reduction in the velocity magnitude post flow diversion. 
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Figure 73: Spatial maps of peak systolic velocity for Patient 2 (LM025) before (left) and 

after (right) flow diverter implantation obtained from CFD results demonstrating 

reduction in the velocity magnitude post flow diversion. 

 

 
Figure 74: Spatial maps of peak systolic velocity for Patient 3 (RG022) before (left) and 

after (right) flow diverter implantation obtained from CFD results demonstrating 

reduction in the velocity magnitude post flow diversion. 

Intra-aneurysmal kinetic energy was quantified from nodal velocity vectors within the 

entire aneurysm volume as described in chapters 2 and 3. The temporal evolution of intra-

aneurysmal kinetic energy is shown in Figure 75 for the three patients. Beat averaged kinetic 
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energy for the three cases pre and post flow diversion is shown in Figure 76.  The kinetic energy 

values were spatially averaged to obtain a more objective comparison between aneurysms of 

different sizes. The beat averaged kinetic energy pre device implantation was highest for patient 

2; KE = 284.46 (cm/sec)
2
. Patient 1 had a mean kinetic energy 112.97 and patient 3 had the 

lowest kinetic energy of 75.716 (cm/sec)
2
. Post device implantation, patient 1 had the highest 

mean kinetic energy at 54.23 (cm/sec)
2 

while patients 2 and 3 had  much lower kinetic energy  of 

2.99 (cm/sec)
2
 and 3.26 (cm/sec)

2
, respectively (Figure 76).The flow diverter induce a marked 

reduction in kinetic energy within the aneurysm  particularly  for  patient 2 (LM025) where 3 

devices were deployed telescopically. The peak kinetic energy during systole before device 

implantation (Figure 75) as well as the spatially averaged kinetic energy (Figure 76) were the 

highest for Patient 2 despite being considered a sidewall aneurysm. This is potentially a 

consequence of the sharp bend in the artery just proximal to the aneurysm that redirects the bulk 

flow into the aneurysm due to a sharp angle of attack. Percent reduction in intra-aneurysmal 

kinetic energy post flow diversion, as described in chapter 3, is shown in Figure 77. 
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Figure 75: Spatially averaged intra-aneurysmal temporal kinetic energy plots for Patient 1-

CM021(top), Patient 2-LM025(middle) and Patient 3-RG022 (bottom) obtained from 
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velocity vector results of CFD simulations; pre (blue) and post (red) device implantation 

plots are shown. 

   

 

Figure 76: Mean spatially averaged kinetic energy results pre and post flow diverter 

implantation for the three patients derived from CFD simulations. 

 

 The reduction in mean intra-aneurysmal kinetic energy was highest for Patient 2 at 

98.95% followed by Patient 3 who had 95.7% reduction. Patient 1 had the lowest percentage 

reduction at 52% (Figure 77).  
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Figure 77: Percentage reduction in mean spatially averaged kinetic energy post flow 

diverter implantation for the three patients 

 

DISCUSSION 

The clinical flow simulations on two patients produced very similar reduction in the beat 

averaged kinetic to those obtain in the in vitro experiments on sidewall aneurysms described in 

chapter 3. The in vitro study on Pipeline and FRED demonstrated a 97-98% reduction of kinetic 

energy inside the aneurysm post device implantation. These values are comparable to the results 

for Patients 2 and 3. Not surprisingly, the flow diversion effect in these cases gets augmented 

through telescoping of multiple Pipeline devices to ensure sufficient flow reduction.  

Following flow diverter deployment a reversal in flow pattern was observed in Chapters 

2 and 3 where CFD simulations were performed on the sidewall aneurysm model. Tortuosity of 

the parent artery and the location of the aneurysms immediately after a sharp bend was 
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responsible for head on entry of flow into the aneurysm and hence the flow patterns never 

reversed inside these patient aneurysms during the cardiac cycle. 

In our simulations a flow waveform obtained from the literature was used as inflow 

boundary condition since flow data was not acquired in the patients during the procedure. The 

outlet flow distribution was unknown as well therefore we used zero pressure as outlet boundary 

condition. A more physiological outflow boundary condition can be applied by using a 3-element 

Windkessel model, however, this approach is more beneficial when some flow information is 

obtained directly from the patient such as flow distribution and pressure data for the patients. 

Another simplification used in the present calculations is the assumption of rigid walls. Using 

deformable walls as boundaries can help in improving the physiologically relevant details of the 

flow field such as near wall phenomena which can be used to calculate variables such as shear 

stresses or near wall residence time of cellular elements. However, for calculations of bulk 

variables such as kinetic energy in the aneurysm simplifications as used here are justified.  Our 

study used a cropped version of the flow diverter to increase the computational efficiency and 

reduce grid generation complications due to distorted elements particularly around the device 

filaments when multiple devices (>2-3) are used. Telescoping of devices may affect the flow in 

the parent artery and the aneurysm mostly during the initial days post device implantation before 

a neointima is established. The lack of modeling of multiple devices on the flow field both in the 

parent artery and at the neck of the aneurysm is a potential source of some errors. For example, 

FRED (MicroVention), which has been described in detail in Chapter 3, is a dual layered flow 

diverter composed of an outer thick wire braided device and an inner fine wire braided flow 

diverter. Hence the entire length of the device along the circumference of the artery should be 

modeled to minimize potential errors. 
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Clinical CFD and correlation with angiographic contrast washout: 

 As part of this study CFD simulations were compared to  high speed angiograms that 

were obtained in the patients before and immediately after flow diversion to establish a 

correlation between data obtainable clinically vs calculations that need to be executed off line. 

Apart from the convection decay time constants, the average slopes of the washout curves during 

the wash-in and wash-out phases
106, 113

 are plotted alongside the kinetic energy in Figures 78-80. 

For the three patients both wash-in and wash-out slopes reduced post device implantation in 

concert with reduction in kinetic energy. For Patient 2 the reductions in kinetic energy, wash-in 

slope, and wash-out slope were more prominent than for Patient 1 and Patient 3. The convection 

time constant, related to the wash-out, was inversely related to kinetic energy. The convection 

time constant signifies the time of contrast transport through the aneurysm and is expected to 

increase post device implantation.  Change in the convection time constant is more pronounced 

for Patient 2 as reflected in the slopes of wash-in and wash-out as well. 

 
Figure 78: Angiographic parameters and kinetic energy results for Patient 1. 
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Figure 79: Angiographic parameters and kinetic energy results for Patient 2. 

 

 
Figure 80: Angiographic parameters and kinetic energy results for Patient 3. 

 

Since only three patients were analyzed it is too small of a sample size to draw statistical 

conclusions. However, a trend can be observed when correlating angiographic parameters to 

mean percentage change in kinetic energy post flow diversion (Figures 81-83). Convective decay 

time constant relates weakly to kinetic energy for this set of three patients. Change in the 

angiographic concentration time curve during the wash-out phase quantified by the average slope 
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was more prominent than the wash-in phase and seemed to correlate better with the respective 

kinetic energy data (Figure 82). Additional data is needed to draw any conclusions regarding the 

relationship between washout parameters and the CFD derived kinetic energy inside the 

aneurysm.  

 
Figure 81: Percentage change in the convective decay time constant vs percentage change 

in mean kinetic energy with a trendline indicating weak correlation (p=0.54). 

 

 
Figure 82: Percentage change in the average slope of angiographic wash-in vs percentage 

change in mean kinetic energy with a trendline indicating weak correlation (p=0.423). 
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Figure 83: Percentage change in the average slope of angiographic wash-out vs percentage 

change in mean kinetic energy with a trend line indicating weak correlation (p=0.382). 

 

These preliminary results testing the correlation between experimental angiographic data 

and flow results from CFD simulations appear promising. Data from CFD analysis on models 

from a few more patients can possibly establish a correlation with statistical significance. The 

level of agreement between contrast transport mechanics (rate of change in intensity and 

stagnation) and the CFD velocity derived kinetic energy results provide validation for the CFD 

simulations. Understanding of intra-aneurysmal hemodynamics post flow diversion in clinical 

patient models thus seems feasible through CFD analysis.  
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CHAPTER 7: CONCLUSION AND RECOMMENDATIONS 

 

This work was based upon the hypothesis that angiographic and computational fluid 

dynamics parameters can predict the long-term outcome of flow diversion treatment for cerebral 

aneurysms. To test the hypothesis, this work evaluated flow diversion treatment of cerebral 

aneurysms via in-silico, in-vitro, in vivo, as well as clinical studies. This is the first study to 

apply combined angiographic and numerical analysis of intra-aneurysmal hemodynamics in 

various experimental and computational models for evaluation of flow diversion performance.  

This is the first study to compare five commercial neurovascular devices in a bench-top 

experimental set up as well as computational flow simulations based on the exact experimental 

device geometry obtained using microCT. The bench top experiments and CFD simulations 

between neurovascular devices in a sidewall aneurysm delineated differences in the capacity to 

alter intra-aneurysmal flow between high porosity stents and low porosity flow diverters. 

Significant differences noted in the experiments between the Pipeline and FRED flow diverters 

were not observed in the CFD simulations. This could be due to alterations in the Pipeline wire 

configuration, which is sensitive to deployment technique and flow rig forces, between 

simulation and experiment. For a more robust comparison, multiple samples of the same device 

must be compared with microCT imaging/CFD simulation and experiments. Future comparison 

studies for the neurovascular devices evaluated in this work can be performed in a patient 

specific aneurysm geometry. The aneurysm position and orientation within the experimental 

setup must be maintained constant to obtain consistent mixing of contrast and reduce 

experimental variability. 
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Overall, however, this work confirms that experimental high speed angiographic image 

analysis can be applied to evaluate stent/flow diverter designs and CFD simulations can 

complement the experimental data adding value to the development process. Additionally this 

work provides valuable data to neurointerventionalists on the comparative performance of the 

evaluated devices. 

The image-to-fluid domain mesh construction process used in this study, whether 

experimental microCT to CAD or patient rotational angiography to CAD, involved multiple 

laborious steps and is not suitable for simulating the large sample sizes required for statistical 

conclusions. An image to mesh technique (I2M) currently being developed to obtain finite 

element grids directly from segmented medical imaging data has the potential to overcome the 

time deficit of generating solid models
118-120

. The meshes obtained from the I2M technique may 

be validated against the results obtained in the current study prior to future application. Once 

validated and verified, I2M techniques may offer a more efficient pathway to simulation and 

replace the current model construction process. Apart from being unable to handle Boolean 

operations of tortuous/complex geometries, ADINA has the additional drawback of mesh 

generation via Delaunay triangulation which introduces slivers in the finite element meshes when 

discretizing complex geometries involving a huge transition in edge sizes. The I2M technique 

steps away from the freeform Delaunay triangulation algorithms and offers a body centered 

cubic lattice based structured grid that can produce highly anisotropic meshes with a smooth 

transition in size of the elements to avoid any simulation instabilities. 

The intra-aneurysmal concentration-time curves recorded in both the rabbit model and in 

patients were well quantified by the mathematical model used here and the angiographic analysis 

showed significant differences in contrast transport due to flow diverter deployment. However, 
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due to low sample sizes (n~10 per group) in both studies, only trends could be noted between 

aneurysm occluded and non-occluded groups. The rabbit study noted near statistically significant 

differences in the washout coefficient values between the occluded and non-occluded groups. 

This could be attributed to the sample size of n=9 for each group, which was lower than the 

target sample size of n=10 for each group. The washout coefficient, a single term based on the 

parameters obtained from angiographic analysis captured the intra-aneurysmal contrast 

mechanics differences between the occluded and the non-occluded groups. With respect to the 

rabbit elastase induced model, the washout coefficient value could function as a diagnostic tool 

to predict treatment efficacy. Based on the data from this work, the washout coefficient is 

expected to increase for the occluded groups and hence a threshold defining the minimum value 

of the washout coefficient could serve as the diagnostic test of flow diversion efficacy. Since, the 

parameter is based on diffusive components of contrast transport obtained from the mathematical 

model; the washout coefficient for clinical patients could not be obtained due to the dominant 

convective contrast transport. The power of especially the clinical study to predict aneurysm 

occlusion was low considering the sample size of n~10 per group in the analysis while the total 

enrollment was 40 patients. The patient data was affected by the heterogeneous nature of 

aneurysm shape, size and morphology for the cohort of patients analyzed. The occlusion rates 

were lowest for the fusiform geometries. In case of clinical patients the current definition of the 

washout coefficient is not valid since no diffusive transport is observed in most of the cases. The 

washout coefficient should be defined based on the convective contrast transport parameters 

instead and tested for differences between the occluded and non-occluded groups. Individually 

the convective decay time constant did not differ significantly between the occluded and non-

occluded groups but trends of differences could be noted. These trends can be confirmed 



 

136 
 

following collection and analysis of data from more patients added to the current cohort. 

Provided a large pool of data from clinical patients is available, the patient data-sets may then be 

stratified based on their aneurysm morphologies or locations and then tested for differences 

within those subgroups.  

In the rabbits, 55% of the un-occluded aneurysms presented with minimal residual filling 

and it can be speculated that given a longer follow up time, these aneurysms might have 

completely occluded. Future studies should potentially involve a longer follow up of up to 1 

year. Alternately, near complete occlusion (≥95% of the aneurysm occluded) could be used as a 

measure of treatment success instead of complete occlusion (100% of aneurysm occluded) used 

here. These values are justified and have been included in clinical studies
43, 103

.  

In patients with small (under-4mm) aneurysms, the effect of flow diversion was not 

detectable through angiographic analysis (concentration-time curves were nearly the same pre- 

and post-flow diversion). Almost all these aneurysms completely occluded at follow-up and thus, 

conducting angiographic analysis to predict flow diversion outcome in small aneurysms may be 

unnecessary. 

The rabbit model produces homogenous aneurysm morphologies with similar contrast 

transport behavior resulting in lower variance between the samples. In contrast, the cohort of 

patients in the clinical study demonstrated heterogeneous morphologies, thus exhibiting higher 

variance in contrast transport behavior. The analysis, thus, may need to be conducted in a larger 

group of patients, potentially via multi-center collaborations, to overcome the intra-group 

variances and obtain statistical significance between the occluded and non-occluded groups. In 

order to mitigate radiation exposure to the patients from high speed angiography, angiographic 
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data can be acquired utilizing a VFR protocol at the lowest possible frame rate that successfully 

resolves contrast transport mechanics.  The overall results indicate that angiographic analysis can 

help determine a predictive or diagnostic tool for flow diversion efficacy. 

Although based on a small sample, the patient-specific CFD modeling with flow diverter 

implantation was complemented by the clinical angiographic analysis. This portion of the study 

indicates potential applicability of CFD in aneurysm treatment planning through virtual flow 

diverter implantation and assessment of long-term treatment efficacy prior to treating the patient. 

Future patient geometry based simulations may apply FSI instead of CFD to incorporate the 

compliance of blood vessels in the models. Whenever flow information in the form of phase 

contrast MR data is available, the outlet flow may be modeled accordingly. The outlet boundary 

conditions may include the proximal as well as distal capillary bed resistance. Availability of 

patient’s blood pressure values will also be crucial towards implementation of accurate 

physiologic boundary conditions. 
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APPENDIX A: Rabbit data 

Angiograms and washout curve analysis data for 15 rabbits are presented below. In general, pre-

treatment, post-treatment, and follow-up angiograms are shown left to right in the top row. The 

bottom panels show the mathematical model fit to the washout curve data. Both the convective 

and diffusive components of the model are also shown. For each curve, the red color indicates 

the raw normalized angiographic washout curve. The blue color indicates the mathematical 

model fitted to the data. The cyan indicates the diffusive component of the model and the green 

indicates the convective component. 

 
Figure 84: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R11-007 
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Figure 85: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R11-008 
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Figure 86: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R11-020 
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Figure 87: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R11-027 
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Figure 88: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R11-028 
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Figure 89: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R11-029 



 

153 
 

 

Figure 90: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R11-142 
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Figure 91: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R11-145 
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Figure 92: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R12-037 
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Figure 93: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R12-039 
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Figure 94: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R13-197 



 

158 
 

 

Figure 95: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R12-043 
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Figure 96: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R12-045 
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Figure 97: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R12-046 
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Figure 98: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R12-047 
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Figure 99: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R12-049 
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Figure 100: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R13-197 
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Figure 101: Angiographic image analysis and washout curve mathematical modeling for 

Rabbit R13-198 
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Appendix B: Clinical data 

Patient1: Patient presented with a giant partially thrombosed mid-basilar fusiform aneurysm. The 

patient was enrolled for the washout study.  The patient was treated with 3 Pipeline devices. At 6 

month follow up the patient presented with filling of the aneurysm and was treated with 

additional 4.5x20 mm Pipeline device. The angiographic images of the patient at treatment, 6 

month follow up, and repeat treatment are included. 

 
Figure 102: Angiographic image analysis and follow up data and the washout curve 

mathematical modeling for Patient RH001 
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Patient 2: Patient presented with giant cavernous RICA aneurysm. The patient underwent 

treatment through flow diversion through deployment of 5 Pipeline devices. At 6 month follow 

up the patient presented with minimal residual filling of the aneurysm from the proximal aspect 

of the Pipeline construct as seen in figure. The patient was then followed up at 12 months and the 

residual filling persisted and hence the patient was brought in for repeat aneurysm treatment 

done through deployment of 3 additional Pipeline devices telescoping inside the proximal aspect 

of the previous construct: PED1-5x20m, PED2-5x12 mm, PED3-5x16mm. A follow up at 6 

months from this repeat treatment procedure demonstrated again the persistent minimal residual 

filling from the proximal aspect and a third treatment procedure was conducted through 

deployment of 2 PEDs: PED1-5x20mm, PED2-5x20mm. At the next 6 month follow up the 

patient demonstrated minimal residual filling from approximately the spot. The patient has in all 

10 Pipeline devices deployed to embolize and occlude the giant cavernous RICA aneurysm. 
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Figure 103: Angiographic image analysis (top) and follow up data (bottom) and the 

washout curve mathematical modeling (center) for Patient RK002 
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Patient 3 LP004: 51 year old female patient with left ophthalmic segment ICA aneurysm was 

treated with 3 Pipeline devices. Follow up at 6 month recorded complete occlusion of the 

aneurysm as seen in the angiogram. 

 

Figure 104: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient LP004 
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Figure 105: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient FC005 
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Figure 106: Follow up data for Patient FC005 in biplane A(top) and biplane B(bottom) 

 

Patient 4 FC005: 52 year old female patient presented with giant bilateral cavernous internal 

carotid artery aneurysms. The RICA cavernous region aneurysm was treated by coiling the 

internal carotid artery and sacrificing the RICA. The giant LICA fusiform cavernous aneurysm 

measured longest at 9.6 cm and supraclinoid segment of 3.5 cm. The patient was treated through 

deployment of 7 Pipeline devices (specifications in table). The aneurysm was persistently filling 

at 6 months with some reduction in size. Retreatment of the giant cavernous fusiform LICA 

aneurysm was conducted through implantation of another 7 PEDs to create a denser construct 

and reduce flow inside the aneurysm. At 6 months following repeat treatment (12 month to 

original treatment date), the aneurysm was completely occluded. Angiographic snapshots from 

biplane A(antero-posterior) and biplane B(lateral) views are included to demonstrate the shape 

and size of the aneurysm. 
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Patient 5 LC006: Patient with left ICA terminus aneurysm was treated with 1 Pipeline device. 

Complete occlusion of the aneurysm as seen in the angiogram was recorded at 6 month follow up 

to treatment. 

 

Figure 107: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient LC006 
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Patient 6 RH008: Patient with left ophthalmic segment internal carotid artery aneurysm was 

treated through deployment of 3 Pipeline devices. Follow up to treatment at 6 months 

demonstrated complete occlusion of the aneurysm as seen in the angiogram 

 

Figure 108: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient RH008 
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Patient 7 AA010: 47 year old male patient with a large fusiform left vertebral artery aneurysm 

was treated through deployment of 4 Pipeline devices to create a parent vessel construct. 

Complete occlusion of the fusiform aneurysm was recorded at 6 month follow up to treatment. 
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Figure 109: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient AA010 

 

 

Patient 8 EAM011: Patient with aneurysm in the posterior communicating artery (PCOM) 

segment of left ICA was treated through deployment of 3 Pipeline devices across the aneurysm. 

Residual filling of the aneurysm was recorded at 6 month follow up angiogram upon which the 
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Plavix regimen for the patient was modified and aneurysm occlusion was confirmed through 

MRA done 75 days from procedure. 

 

Figure 110: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient EAM011 

 

 

 

Patient 9 DT012: 17 year old male patient with giant bilateral cavernous region fusiform ICA 

aneurysms with a multi systemic smooth muscle dysfunction syndrome was treated for the right 
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ICA aneurysm through deployment of 12 Pipeline devices to create a construct for remodeling of 

parent artery. The aneurysm measured more than 4 cm long from the cavernous to petrous 

segments. Segmented angiograms marking ROI are demonstrated long with the 12 Pipeline 

construct. The patient did not return for 6 month follow up angiogram. 

 

Figure 111: Angiographic image analysis (top) and the washout curve mathematical 

modeling (bottom) for Patient DT012 (excluded from study because no follow up available) 

 

Patient 10 MN015: 66 year old female patient with large ophthalmic segment right ICA 

aneurysm was treated through deployment of 2 Pipeline devices. Follow up at 6 months 
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demonstrated residual filling of the aneurysm along the posterior aspect of the fundus. The 

anterior aspect was noted to have remodeled along the parent artery. Minimal residual filling 

with reduction observed from previous follow up was observed at 15 month follow up 

angiogram. Follow at 34 months demonstrated slight remnant. 

 
Figure 112: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (middle) and further follow up (bottom) for Patient MN015 



 

178 
 

Patient 11 PC016: 67 year old female patient with a 13 mm large ophthalmic segment right ICA 

aneurysm was treated with 2 Pipeline devices. The treated aneurysm was completely occluded as 

seen during 6 month follow up to treatment. 

 

Figure 113: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient PC016 
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Patient 12 LT018: 68 year old female with large ophthalmic segment left ICA aneurysm was 

treated through implantation of 2 Pipeline devices. Complete occlusion of the treated aneurysm 

was observed during the 6 month follow up to treatment. 

 

Figure 114: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient LT018 
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Patient 13 MZ019: 71 year old female patient with large ophthalmic segment right ICA 

aneurysm was treated through implantation of 1 Pipeline device across the aneurysm. Complete 

occlusion of the aneurysm was recorded at 6 month follow up as seen in the angiogram. 

 

Figure 115: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient MZ019 
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Patient 14 KD020: 66 year old female patient with ophthalmic segment right ICA aneurysm was 

treated through implantation of 2 Pipeline devices. 6 month follow up presented diminished 

aneurysm with minimal residual filling and complete occlusion was observed at 12 month follow 

up. 

 

Figure 116: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient KD020 
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Patient 15 CM021: 73 year old female patient with large cavernous segment right ICA aneurysm 

was treated through deployment of 1 Pipeline device. Near complete occlusion was observed at 6 

month follow up with a small neck remnant in the posterior genu of the cavernous segment of the 

aneurysm. The patient is expected for a second follow up. Patient data was used for CFD 

modeling. 
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Figure 117: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient CM021 

 

 

 

 

 

Patient 16 RG022: 50 year old female patient with ophthalmic segment right ICA aneurysm was 

treated through deployment of 2 Pipeline devices. 6 month follow up demonstrated complete 

occlusion of the aneurysm. Patient data was used for CFD modeling. 
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Figure 118: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient RG022 

 

 

 

 

 

Patient 17 DF023: 75 year old female patient presented with a giant LICA partially thrombosed 

cavernous aneurysm. The patient was treated with 2 Pipeline devices. Follow up at 6month 

presented persistent residual filling in the proximal aspect of the Pipeline construct. Repeat 
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treatment was performed with 3 additional Pipeline devices: PED1-4.75x20mm, PED2-

4.75x18mm, and PED3-4.75x16mm. Follow up at 6 months from repeat treatment demonstrated 

minimal residual filling to effect of near complete occlusion of the aneurysm. Patient data was 

used for construction of CFD model.
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Figure 119: Angiographic image analysis (top) and the washout curve mathematical 

modeling (middle) and follow up images (bottom) for Patient DF023 
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Patient 18 LM025: 50 year old female patient with superior hypophyseal right ICA aneurysm 

was treated through deployment of 3 Pipeline devices across the aneurysm. The aneurysm was 

completely occluded at 6 months follow up angiogram. Patient data was used for CFD modeling. 

 

Figure 120: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient LM025 
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Patient 19 DL026: 56 year old female superior hypophyseal right ICA aneurysm was treated 

through deployment of 2 Pipeline devices. Complete occlusion of the aneurysm was recorded at 

6 month follow up angiogram. 

 

Figure 121: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient DL026 
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Patient 20 MN027: 84 year old female patient with wide necked posterior communicating artery 

segment right ICA aneurysm was treated through deployment of 1 Pipeline device. Follow up 

angiography to treatment expected in September 2015. 

 

Figure 122: Angiographic image analysis (top) and the washout curve mathematical 

modeling (bottom) for Patient MN027 
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Patient 21 VK028: 39 year old female with superior hypophyseal left ICA aneurysm was treated 

through deployment of 1 Pipeline across the aneurysm. Complete occlusion of the aneurysm was 

reported at the 6 month follow up angiogram to treatment. 

 

Figure 123: Angiographic image analysis and follow up data (top) and the washout curve 

mathematical modeling (bottom) for Patient VB028 
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Patient 22 VK029: 50 year old female patient with wide necked ophthalmic segment left ICA 

aneurysm was treated through deployment of 1 Pipeline device. 6 month follow up expected in 

September 2015. 

 

Figure 124: Angiographic image analysis (top) and the washout curve mathematical 

modeling (bottom) for Patient VK029 
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Patient 23 MA031: 43 year old female patient with posterior communicating artery left ICA wide 

necked aneurysm was treated through deployment of 3 Pipeline devices. Follow up angiogram is 

expected in January 2016. 
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Figure 125: Angiographic image analysis (top) and the washout curve mathematical 

modeling (bottom) for Patient MA031 

 

 

Patient 24 DW032: 69 year old male patient with large fusiform middle cerebral artery (MCA) 

aneurysm sized 1.2 cm x 1.57 cm was treated through deployment of 2 Pipeline devices. Follow 

up angiogram is expected in January 2016. 
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Figure 126: Angiographic image analysis (top) and the washout curve mathematical 

modeling (bottom) for Patient DW032 

 


