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Abstract 

Embolic coiling is the mainstay endovascular intervention for intracranial aneurysms. To 

enable better plan treatment, various computational algorithms are developed to simulate 

coil deployment in patient-specific aneurysms. Some fast algorithms use simplified physics 

to model a coil as a series of connected segments randomly marching to fill the aneurysmal 

space, resulting in unrealistic coil configurations. To make the coil deployment more realistic, 

we implemented a new geometric path planning algorithm using a governing constraint based 

on a coil’s tendency to restore its preshape geometry. Each successive coil segment advances 

from the tip of the previous segment along the preshape to mimic actual coil behavior upon 

release from the catheter. Upon collision with the aneurysm wall or already deployed coils, 

the segment would rotate its direction just enough to avoid the collision. Deployment of the 

entire coil is followed by a smoothing operation, emulating bending energy minimization to 

remove sharp kinks. We simulated coil deployments in several patient-specific aneurysms 

and compared results qualitatively against clinical angiograms. Furthermore, we virtually 

deployed coils in idealized geometries and evaluated simulated results against in-vitro exper-

iments as well as published simulation results from previous methods. Our method did not 

produce unrealistic kinks on the coils near the corners and aneurysmal surfaces as with the 

previous methods as well as captures the gross coil behavior and configurations exhibited in 

experiments. Therefore, incorporating the coil preshape greatly improves coil behavior and 

generating more realistic coil configuration than previous pseudo-physics based models. 
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Chapter 1 

Introduction 

Endovascular coiling is the most prevalent treatment for Intracranial Aneurysms (IAs) and 

it is carried out by inserting a coil inside an aneurysm using a catheter that tries to fill the 

aneurysm cavity [1]. Ideally, coils induce complete thrombosis of the aneurysm sac overtime 

such that it is excluded from circulation to prevent its rupture. However, 30% of coil treated 

patients experience recanalization and regrowth of IAs, which in turn re-establish blood flow 

into an aneurysm [2, 3]. Therefore, there is a need for computational tools that can simulate 

endovascular interventions and the subsequent hemodynamic modifications in patients to 

help clinicians assess such impacts of coil embolization prior to IA treatment. 

Over the past decade, various computational methods have been developed to model 

endovascular coil treatment. These methods fall into a wide spectrum, ranging from implicit 

methods on one end to finite element methods on the other end. In some of the studies, coils 

have been represented implicitly to resemble the filling of the aneurysm with coils. This im-

plicit representation is generated by a random distribution of blocked cells or modeling whole 

aneurysm as a porous medium model. These implicit models are computationally efficient, 

but such simplified methods cannot capture more complex behaviors of coils, such as their 

non-uniform distribution in the IA sac. Consequently, these methods are not appropriate for 

assessment of post-treatment hemodynamics.[4, 5, 6, 7] On the other end of the spectrum, 
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Finite Element Methods model coils based on the actual coil dynamics and simulate the most 

realistic and accurate coil configurations. [8, 9] However, simulations using finite element 

methods are computationally expensive, which is currently obstructing these techniques to 

be used in a clinical workflow to predict post-treatment outcomes. Therefore, there is a need 

of a computational tool which can explicitly model coils with higher efficiency. 

To overcome the above limitations, various methods are developed based on pseudo-

physics which will explicitly mimic real-life coil deployment. In one of the study, Cebral et 

al. [10] generated coil using advancing front technique.[11, 12] In that method, starting from 

the initial ‘front’ of objects, new objects are added, until no further objects can be introduced. 

In another study by Morales et al. [13, 14], they developed a virtual coiling technique for 

image-based aneurysm models by using Dynamic Path Planning Algorithm. This virtual 

coiling technique inserts one by one the desired coils inside an aneurysm. While representing 

the coil explicitly, these methods will try to recapitulate the clinical coil distribution and 

thus resulting in better coil configuration than implicit coil representation. But still, these 

Dynamic Path Planning and advancing front techniques give completely random deployment 

as they have don’t have any physics associated with it. 

In a real-life, when a coil is deployed in free space, it will assume the shape of its pre-

shape to restore its stress-free minimum energy state. To preserve this property of coils, 

we came up with a new fast virtual coiling method in which the deployment path of the 

coil is guided by its distinct preshape geometry. This constraint will help to recapitulate 

actual post-treatment coil distribution which would be a major improvement over previous 

pseudo-physics techniques having random deployment. This method is an improvement to 

the previous method by Danyang et al. [15]. Thus this method is able to simulate realistic 

coil deployment with high computational efficiency by neglecting physics to simplify the pro-

cess and mimicking the actual coil distribution by adding a pseudo-path to follow during the 

deployment. We evaluated the robustness of our method by simulating 12 patient-specific 

aneurysm cases with varying size and shapes. Further, we qualitatively compared our sim-
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ulated deployment results with angiographic images of 3 patient-specific cases treated with 

endovascular coiling. We simulated coil deployment in idealized geometries and compared 

our result with Dynamic Path Planning Algorithm.[13, 14] Finally, we also compared our 

deployment result with the in-vitro experiment in idealized geometries as it was done in 

previous study by Rahul et al. [16]. 
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Chapter 2 

Methods 

In this method, we simplify coil dynamics by neglecting all the physical forces acting on 

the coil during the deployment and just mimic its behavior of following preshape and only 

changing directions to tackle any obstacles. This simplification is based on the fact that when 

actual coils are pushed into an aneurysm sac from the tip of the catheter, coil dynamics try 

to restore its preshape geometry to attain minimum energy state. In this section, we present 

the workflow, testing, and evaluation of our Geometric Path Planning algorithm. 

2.1 Geometric Path Planning Algorithm 

A brief demonstration of our implemented workflow is described in Fig. 2.1. This workflow 

consists of three steps: Generating Inputs; Simulating Coil Deployment; and Post-processing. 

Detailed explanations of all the steps are presented in the following sections. 

2.1.1 Algorithm Inputs 

Before simulating the coil deployment, we need to generate the aneurysm sac and coil pre-

shape geometries. These geometries would act as an input required to simulate the coil 

deployment. 
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Figure 2.1: Workflow for Simulating Coil Deployment. It is divided into 3 steps. Step 1: 
Generating Inputs; Step 2: Simulating Coil Deployment; and Step3: Generating 3D Surface 
Mesh. 

Coil Modelling 

Coils are manufactured to have a specific resting or preshapes such as complex or helical, 

which they assume when deployed in free space. When deployed inside an IA sac, they will 

also try to recapture these resting shapes. Embolic coils have a multiscale geometry with 

3 levels: primary wire, secondary spring-like structure, and tertiary structure formed by 

winding the secondary structures which is known as preshape. The mechanical properties 

of these multiscale structures govern the dynamic behavior of the coil during deployment. 

To simplify the mechanics in our algorithm, we assumed that the coil is only made up 

of the continuous cylindrical tertiary structure and would neglect primary and secondary 

structures. As input to our algorithm, we used previously-derived 3D parametric equations 

to describe the centerline of a pre-shaped, tubular, coil geometry with a fixed length [8]. As 

shown in STEP 1 of Fig. 2.1 this coil centreline is discretized from end-to-end with a set of 

ordered vectors (Φ) starting from the head of the previous vector to the tail of successive 
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vectors. n o 
~Φ = φi ∈ V3 : i = 1, 2, . . . , ncoil (2.1) 

~where φi is the orientation of ith segment of the preshape and ncoil is the total number 

of segments in the coil. As input to our algorithm, to describe the pre-shaped, tubular, coil 

geometry with a fixed length we use this set of vector representation (Φ) and radius (rcoil). 

This vector orientations of preshape geometry will guide the coil during the deployment. 

Aneurysm Model 

Process of getting an isolated surface mesh of the aneurysm sac for the input is shown in 

STEP 1 of Fig. 2.1. 3D IA geometries and parent vessels are reconstructed from patient-

specific angiographic imaging. VMTK 1.4.0 (www.vmtk.org) was used to convert these 3D 

Angiographic images into an unstructured triangulated surface mesh. Further ANSYS ICEM 

CFD 16.1 (www.ansys.com) software is used to clean the unnecessary artifacts and scale the 

surface mesh geometry. Later, IA sac is isolated from the parent vessel to simulate coil 

deployment. This IA sac is represented as a set of triangular faces (F ) and vertices (V ) of 

these triangular faces. 

2.1.2 Simulating Coil Deployment 

In this fast virtual coiling method, coil dynamics is simplified by neglecting all the physical 

forces acting on the coil during the deployment and just mimic its behavior of following 

preshape and only changing directions to tackle any obstacles. A user-defined point (h0) 

and direction are chosen inside the IA sac for deployment initiation. Conveniently, in most 

of the cases, we choose the volumetric centroid of the IA sac as the initiation point and the 

direction of the deployment is defined by unit vector form centroid of the neck–plane to the 

volumetric centroid of the IA sac. Coil segments march iteratively until all the successive 

segments are deployed. As shown in STEP 2 of Fig. 2.1, the first segment is deployed at the 
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initiation point in the starting direction. Successive segments are deployed from the head of 

the previous segments, such that the angle between those consecutive segments is the same 

as the angle between those respective segments in the preshape unless there are any Collision 

Detections. This governing condition is mathematically described in the Eqn. (2.2). 

~hi = hi−1 + Rφi (2.2) 

where hi is the location of the head of the ith segment and R is the Rotation Matrix and 

initially, it is equal to the identity matrix. 

Coil – Surface Collision Detection 

During the deployment, the algorithm should be able to detect the collision between the 

current segment and aneurysmal wall to avoid the deployment outside the IA sac. To detect 

these collisions following function is implemented. This function returns the total number 

of collisions such that the shortest distance between the segment and all the faces of IA sac 

is less than the radius of the coil [15, 17]. Pseudo code of this function is described below. 

Step i. Calculate the distance between the segment and the vertices of IA sac. 

disj = khi − v~ j k for j = 1, 2, . . . , Vtotal (2.3) 

where hi is location of head of current segment, v~ j is coordinate of jth vertex of 

IA sac and Vtotal is the total number vertices of IA sac. 

Step ii. Mark all the surface faces f if disj is less than some arbitrary value. 

n o 
~M = f ∈ F : v~ j ∈ f ∀disj 6 2(kφik + rcoil) (2.4) 
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Step iii. Check for the collision with set all marked faces by using following equation 

⎧ ⎪⎨Segment intersect triangle(fm) at a unique point 
cm
i = 1 if ⎪⎩Shortest distance between segment and triangle is less than rcoil 

(2.5) 

Step iv. Calculate total number of collisions detected 

X 
Collisionsurface = c im (2.6) 

m 

Coil – Coil Collision Detection 

During the deployment, the current segment tends to penetrate previously deployed segments 

or previously deployed coils. These collisions increase as the density of the segments inside 

the aneurysm increases. To avoid such intersection algorithm should detect collision between 

the current segment and previously deployed segments or segments of previously deployed 

coils after every iteration. To detect these collisions following function is implemented. The 

main idea behind this algorithm is to mark all the segments having the shortest distance less 

than that of twice the radius from the current segment [15]. Pseudo code of this function is 

described below. 

Step i. Calculate the distance between the head of current segment and the head of 

previously deployed segments. 

disj = khi − hj k for j = 1, 2, . . . , i − 1 (2.7) 

Step ii. Calculate shortest distance (dissj ) between two segments if disj 6 4rcoil 

Step iii. Check for the collision by using following equation. 

cj
i = 1 ∀j s.t. dissj 6 2rcoil (2.8) 
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Step iv. Calculate total number of collisions detected 

X 
Collisioncoil = c i (2.9)j 

j 

Collision Resolution 

Ideally, whenever there is an obstacle such as aneurysmal surface or previously deployed coil 

segments in the path of the coil during the treatment, the coil bends at that point and change 

its path and continues deploying further. This bending and changing of the path involve very 

complex physics which is very computationally costly to model. To simplify these physics, 

once a collision is detected with either surface or previously deployed segments, this function 

rotates the coil by the infinitesimally small angle at the point of collision detection and 

changes the direction of the deployment until the collision hence been avoided. Pseudo code 

of this function is described below. 

Step i. Let ~a = hi − hi−1 and ~b = hi−1 − hi−2. Let the normal to the plane formed by 

~a and ~b and Axis of Rotation be n̂ which is calculated by following equation. 

~ ~a × b 
n̂ = (2.10)

~k~akkbk 

Step ii. Let Δθ be the arbitrary angle by which we want to rotate the segment for the 

deployment. Then the 3D Rotation Matrix R based on Euler Angles is given 

by the following Rodrigues’ relation. 

Rij = cos(Δθ)δij + (1 − cos(Δθ))ninj − sin(Δθ)�ijknk (2.11) 

Step iii. Following equation will rotate the segment ~a along the axis n̂ by an angle of 

Δθ. 

a~∗ = R~a (2.12) 
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Use same Rotation matrix R during deployment of the successive segments until next 

collision detection. 

Removing Sharp bends 

To mimic reality, we are bending the coil after every collision detection until a collision-free 

path is available. Due to these, certain times the bending angle becomes too large such that 

there are some sharp bends (kinks) in the deployment. These sharp bends are not realistic. 

In reality, whenever there is a bend the stresses increase at that point and these stresses get 

distributed over the entire coil such that we have a smooth deployment. Hence to make our 

deployment more illustrative to reality, we need to get rid of these kinks. To get rid of these 

sharp turns we can use different smoothing methods inbuilt in MATLAB but the problem 

with those methods is that when we smooth our deployment the length of the coil changes 

which is not realistic and unacceptable. 

To overcome such a problem, a new method is developed and implemented which keeps 

the length constant. This method fits a quadratic curve passing from two endpoints of two 

segments having sharp turns such that the arc length of the curve is equal to the sum of 

the length of two segments (S) given by the following equation. This process would mimic 

bending energy minimization in the actual coil deployment. 

~S = kφik + kφ~ 
i−1k (2.13) 

Using point hi and hi−1 as endpoint constraint and S as a length constraint, there exists 

a unique solution for α and β in the quadratic equation y = αx2 +βx. Further this quadratic 

equation can be interpolated between n new points to get smooth deployment. 
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Pseudo Code 

A pseudo-code for this fast virtual coiling algorithm is shown in Table 1. It describes the 

sequence of the functions executed that are mentioned previously to deploy the coil inside 

an intracranial aneurysm. 

Algorithm 1 Geometric Path Planning Algorithm 
Input: Preshape centerline Vectors Φ, radius rcoil, triangulated IA sac: F &V 
Output: Location of Head of deployed segments hi for i = 1, . . . , ncoil 

1: Initialization User Defined h0 & R0 and coil = 1 
2: while coil ≤ T otalCoil do 
3: Initialization i = 1 & R = R0 

4: while i ≤ ncoil do 
5: Compute hi {Using Eqn. (2)}
6: Initialization Collisiontotal = 0 & count = 0 
7: while Collisiontotal > 0 or count == 0 do 
8: Compute total number of coil-surface collision Collisionsurface 

9: Compute total number of coil-coil collision Collisioncoil 

10: Compute Collisiontotal = Collisionsurface + Collisioncoil 

11: if Collisiontotal > 0 then 
12: Rotate segment by Δθ 
13: Update the Rotation Matrix R 
14: end if 
15: Increment count = count + 1 
16: end while 
17: Increment i = i + 1 
18: end while 
19: Perform Final Smoothing Operation 
20: coil = coil + 1 
21: end while 

2.1.3 Post Processing 

The output of the Virtual coiling algorithm is the coordinates of centerlines of segments of 

the deployed coils. The process of generating a tubular surface mesh of deployed coil is shown 

in STEP 3 of Fig. 2.1. To obtain these surface geometries, we first export these coil geomet-

rical centerlines coordinates to CAD software PTC CREO Parametric 4.0 (www.ptc.com). 

After that generate a spline curve passing through these centerline coordinates to obtain a 
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centerline trajectory. This centerline trajectory is swept with the circular profile having a 

diameter equal to the diameter of the coil as it was used during the treatment procedures. 

This will generate surface mesh around the centerline of the deployed coil. 

2.2 Evaluating the Virtual Coil Deployment Algorithm 

2.2.1 Deployment on Patient-Specific IA Geometries 

To demonstrate the robustness and assess the performance of this algorithm, we implemented 

and virtually simulated coiling treatment on 12 patient-specific aneurysms having different 

sizes and geometries. All aneurysms are previously treated with coil embolization. 

2.2.2 Qualitative Comparison with angiographic images of coil 

treated IAs 

To demonstrate that our algorithm can robustly mimic the real-life coil-treatment cases, we 

simulated three patient-specific coil deployments and compared with their respective post-

treatment angiographic images. The treatment parameters for each of the case is as follows. 

For the 1st IA is treated with 4 coils, having a respective length of 240mm, 200mm, 150mm 

and 100mm and each having 0.1778mm radius. For the 2nd IA was treated with 4 coils 

having a respective length of 150mm, 80mm, 40mm and 20mm. For case 3, 2 coils having a 

respective length of 170mm and 70mm and 2 coils of 60mm each were used for the treatment. 

2.2.3 Validating Periphery to Core Coil Density Distribution 

In reality, the coils tend to be located near the periphery when the packing density of the 

coil is low. And as the packing density increases, coils start feeling the core region and radial 

distribution becomes more homogeneous [18]. Fast virtual coiling method should be able 

to mimic this characteristic of the coiling mechanism. To validate this behavior following 
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validation was performed. 

First of all, images from the 3-D geometries of IA sac and deployed coils were cut with 

the plane. As shown in Fig. 2.2, this plane is passing through the center of an aneurysm 

and its direction in longitudinal to parent artery. One IA sac was treated with 5 different 

configurations by keeping the starting point as the centroid and only changing the start-

ing directions for each configuration. Each configuration was treated with 4 different coil 

preshape combinations so that length of coil and coil density varies: 6mm × 20cm, 6mm × 

20cm + 5mm × 5cm, 6mm × 20cm + 5mm × 10cm, 6mm × 20cm + 6mm × 20cm. 2-D 

coil density is calculated in core and periphery regions which are described in Fig. (2). The 

region within one coil diameter from the aneurysm surface is considered periphery and rest 

is considered core. Coil density is calculated by taking the ratio of black pixels in the region 

to a total number of pixels in that region. 

Figure 2.2: Illustration of a cut plane on a coiled aneurysm and definition of radial partitions: 
Core and Periphery. The region within one coil diameter from the aneurysm surface is 
considered periphery and rest is considered core. 
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2.2.4 Qualitative Comparison of Simulated Deployment with Dy-

namic Path Planning 

Previously, Morales et al [13, 14] applied their coiling algorithm to a hexahedron geometry 

and found that their deployment results were not physical, producing “kinks” at corners of 

the hexahedron. To determine whether our method emulated the true coil behavior First, 

we choose same ideal hexahedron geometry having 4mm × 4mm base and 1.5mm height. A 

coil having length 20cm and coil diameter as 0.25mm is virtually deployed in the geometry. 

After that, we tested our code on a sphere with 5mm radius and having a bleb on the top 

with radius 0.5mm as it was done in Dynamic Path Planning. 3 coils having length 10cm 

and coil diameter as 0.25mm were virtually deployed in the geometry. Results of both these 

test can be compared to published result by dynamic path planning. 

2.2.5 Qualitative Comparison of Simulated Deployments with In-

vitro Deployments in Idealized Geometry 

During in vitro experiments, we deployed a real 5mm × 15cm complex-shaped coil into a 

transparent 8mm × 8mm × 3mm hexahedron phantom. We conducted the experiments 

independently 3 times using the same coil, retrieved after every experiment. So that we 

can get variation in coil distribution. It is difficult to reproduce the same coil deployment 

configuration as it is in reality because the final deployed coil configuration varies with the 

initial condition of coil deployment. Hence for comparison, 5mm × 15cm coil was virtually 

deployed 3 times with three starting directions in the cuboid having the same dimension 

as the phantoms. Similar viewing planes from the virtual experiments were captured for 

comparison. 
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Chapter 3 

Results 

3.1 Coil Deployment Results on Patient-Specific Aneurys-

mal Geometries 

Figure. 3.1 represents the results of the deployment of coils in 12 different patient-specific 

aneurysm models. This technique clearly produces good agreement of the coils in all aneurysm 

models, independently of their geometrical parameters. It is illustrated that at lower Packing 

Density (PD), it was seen that the coils sparsely fill the aneurysm volume and as the PD 

is increased, the coil begins to occupy the entire volume of an aneurysm, a more uniform 

distribution is observed across the aneurysm sac. 
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Figure 3.1: Geometric path planning technique applied to 12 aneurysm cases. Variation in 

volume of these cases is from 4mm3 to 133mm3 . Variation in Packing Density is from 4% 

to 31%. 

3.2 Qualitative Comparison with the Angiographic Im-

ages 

To demonstrate that our algorithm can be applied to clinical cases, we virtually simulated 

the real coil treatment for 3 cases having the same coil parameters as the actual treatment. 

Fig. 3.2 shows the angiographic images of the coil deployment as compared to the virtual 

coil deployment results. From the figure, it is clear that simulations using our method were 

able to mimic real coil deployments. This comparison shows the reliability and robustness 
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of our method to model real-life treatment. 

Figure 3.2: Comparison of simulated coil deployments on 3 patient-specific geometries to 

their respective 3D angiographic images. Case 1 and case 3 are bifurcation aneurysm and 

case 2 is a side wall aneurysm. 

3.3 Validating Periphery to Core Coil Density Distri-

bution 

Figure. 3.3 shows a plot of Periphery to Core Density ratio vs total coil density for each 

preshape. From the figure, it is clear that as the total coil density increases, Periphery to Core 

density ratio approaches unity as coil distribution becomes more uniform and homogeneous. 

A similar trend was reported by Morales et al. [13, 18] in the study of an animal model. 
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Our quantitative comparison based on in slice coil densities recapitulated a significant trend 

in the radial partitions which complies with the realistic results. 

Figure 3.3: Quantitative comparison results of coil density in different aneurysmal parti-
tions for 5 different coil configurations. Initially coil density was significantly greater in the 
periphery than in the core but as total packing density increases coil distribution becomes 
uniform and homogeneous. 

3.4 Qualitative Comparison with deployment by Dy-

namic Path Planning 

It can be clearly observed in the Fig. 3.4, sharp kinks formed near the corners when the coil 

is deployed using Dynamic Path Planning technique. This is because when coil deployment 

is simulated by Dynamic Path Planning, the coil segments will be deployed in a straight line 

until there is a collision as it doesn’t have any physics or governing path of preshape. To 

avoid that collision it will bend and follow the surface of the aneurysm wall. But when the 

coil having the same parameters is deployed in the same hexahedron geometry by Geometric 

18 



Path Planning, it avoids the sharp corners and gives more realistic deployment. Moreover, 

in the second experiment, our method can completely avoid the same bleb which is more 

realistic than dynamic path planning. In reality, since the bleb is this small, if the coil is 

deployed inside the bleb then it would have very high stress concentration. To distribute 

this stress concentration, the bending should be decreased and eventually coil will move out 

of that bleb. 

Figure 3.4: Comparison of simulated coil deployments by Geometric Path Planning and 
Dynamic Path Planning (Morales et al. 2013) in idealized geometries: sphere with bleb 
and hexahedron box. First row contains deployment simulation by our method and second 
row is the published images of simulation by Dynamic Path Planning [13, 14]. Black dashed 
circles are marked around the kinks formed in the deployments. The qualitative comparison 
shows that deployment by GPP seems more realistic as the deployment is smooth, unlike 
DPP which is random with some unrealistic kinks. Sphere with bleb and box geometry for 
simulation using GPP were generated using the exact values reported by Morales et al. 2011 
and 2013. 
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3.5 Qualitative Comparison with In-vitro Idealized Ge-

ometry 

In this study, in vitro comparison between physical deployment in idealized hexahedron and 

the same geometry virtually treated with our method is done [16]. Each deployment has 3 

configurations. It can be clearly seen from Fig. 3.5. that both groups, the corners of the 

hexahedron geometry remained void of any coils, the center of the geometry contained a 

mass of coils, and the coils made large loops opposed to the walls of the models. This result 

acts as proof that our method can more accurately deploy coils in idealized geometry rather 

than forming unrealistic kinks near the corners. 

Figure 3.5: Comparison of simulated and in vitro coil deployments in a box. The real coil 
was deployed 3 times in ideal geometries generating 3 different coil configurations. Different 
virtual coil configurations were simulated with different starting directions. Qualitatively 
comparison shows that virtual simulation results are quite similar to real deployments. All 
the deployments had voids in corners, high concentration of coil near the centroid of the box 
and large coil loops following coil’s preshape which are represented by red-dashed circles. 
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Chapter 4 

Discussion & Future Work 

In this study, we presented an improved pseudo-physics based virtual coiling technique for 

the treatment of intracranial aneurysm based on geometric path planning using coil preshape. 

This geometric path planning algorithm simplifies coil dynamics by neglecting all the physical 

forces acting on the coil during the deployment but mimics the behavior of the coil at 

attaining its preshape under stress-free conditions. While not representing the real physics, 

this method is motivated by its potential to achieve a computational efficiency than a physics-

based finite element method. Even though it is difficult to simulate the exact location and 

complex shape of the coil inside the real aneurysm, these simplifications help to recapitulate 

the macroscopic properties of the coil such as packing density and coil distribution. 

In this method, each successive segment advances from the tip of the previous segment in 

the direction of the preshape which would mimic actual coil behavior to follow the preshape. 

The direction of the segment is only rotated when the algorithm detects the collision of the 

segment with the aneurysm wall or previous coil segments. These collision detection functions 

are optimized to make our algorithm robust enough to simulate deployment irrespective of 

size and shape of patient-specific aneurysm geometries. To test that our method capable and 

robust enough to simulate deployment in complex geometries, an experiment was performed 

on twelve patient-specific aneurysm cases. From the experiment, it was confirmed that our 

21 



method has the capability to simulate deployment over a wide range of geometries with 

varying size and morphology. Furthermore, the comparison of our method to angiographic 

images of treated IA cases showed that our method is reliable and is able to mimic the actual 

coil configurations. 

Our virtual coiling technique produces more realistic results when compared to other fast 

virtual coiling techniques such as the widely known Dynamic Path Planning [13, 14]. Unlike 

dynamic path planning which simulates coil deployment by randomly marching segments 

resulting in forming unrealistic kinks, our method simulates coil deployment guided by coil 

preshape. To confirm this fact, we simulated coil deployment on idealized geometries like 

hexahedron and sphere with a bleb and compared it with similar deployment results by 

dynamic path planning. This comparison showed that our method was able to avoid the 

unrealistic kinks formed near the corners in a dynamic path planning algorithm. 

Our study establishes the potential of our novel coiling technique to function as a com-

putational tool that can simulate endovascular interventions in patients accurately and ef-

ficiently. However, there are still limitations to our method. First, as there is no actual 

physics involved in simulating deployment by our method, it is difficult to incorporate the 

material properties of the coils and surfaces during the simulation. Second, unlike finite 

element methods for virtual coil treatment which recapitulates the realistic complex coil 

behavior by accurately modeling the device mechanics, our methods use simplified physics-

based approach making coil deployment static and inflexible. Due to this fact, at any point 

of collision, only current segments rotate to find a new collision-free path for the deployment. 

Certain times during the deployment the coil segments could be densely packed in a par-

ticular region of IA sac. Thus, there may not exist any collision-free path for the imminent 

segments to deploy which results in an intersection with the previously deployed segments. 

This will result in the decrease in the overall volume of the deployed coils. 

In order to overcome these limitations, we need to incorporate some kind of simplified 

repulsive forces based on the material properties of the coil. Due to this, it would be easier to 
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make process dynamic and involve two way coupling of the interaction forces between current 

segment and previously deployed segments. This dynamic behavior of the coil segments 

would help to reduce the overlap between the coil segments and thus preserving the actual 

volume of the coil. With these changes, our model will have the capability to simulate 

coil deployment with comparable accuracy but computationally efficient than finite element 

methods. 

23 



Chapter 5 

Conclusion 

In this work, a virtual coiling method for simulating the treatment of intracranial aneurysm 

models was proposed. This method simplifies the physics and tries to mimic real coiled 

aneurysm and their macroscopic behavior such as densities, shape and coil distribution by 

following the governing preshape geometry. This method is an improvement to previously 

developed dynamic path planning algorithm for the virtual treatment of intracranial algo-

rithm. Moreover, when compared to angiographic images of actual coiled cases justifies the 

reliability of our algorithm. Finally, there are some limitations related to the flexibility and 

intersection of the coils, when fixed in future work, our method when coupled with CFD 

solvers can be implemented as a computational tool to investigate post-treatment outcomes 

prior to actual treatments. 
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Appendix A 

Optimizing Starting Point of 

Deployment 

Figure A.1: Position of 5 different starting point for case P10 used for simulating deployment. 

Since this method lacks physics and just mimic the coil deployment by following the direction 

of the preshape, it is highly static and inflexible, unlike FEM based approach. Due to 

this static nature of the deployment, coil distribution may vary with the variation of the 
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initiation point and direction. To study and optimize the effects of change in starting points, 

an experiment was performed on 12 patient-specific cases. Each case was treated with 5 

different configurations by changing the starting point of deployment but keeping direction 

constant. An illustration of these 5 different starting point positions for the case of P10 is 

shown in Fig. A.1. 

Each IA sac is divided and evaluated in two ways. The first partition is done by dividing 

IA Sac along the longitudinal direction into 3 regions, named neck, dome, and fundus as 

shown in Fig. A.2 [13]. These partitions are arbitrary and made such that their longitudinal 

height are almost equal. The second partition divides the IA sac radially into two regions 

core and periphery as shown in Fig. A.2B. The region within one coil diameter from the 

aneurysm surface is considered periphery and rest is considered core. Total packing density 

and packing density in each region is calculated. The PDs of the region is normalized by 

total packing density. 

Figure A.2: Definition of the Partitions: (A) in longitudinal direction and (B) in radial 
direction in case P10. 

Figure. A.3 presents box-plots of the coil density of each region in the longitudinal di-

rection. Each box-plot contains a range of normalized packing density in each region for 12 

IA cases having the same starting point. Since this method is static and the position of the 
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segments don’t change after the deployment, a region containing the starting point has a 

higher density than other regions. Looking at the plot it can be seen that the region farthest 

from the starting point will be having least coil density. It is clearly visible in box-plots of 

deployment near neck plane and deployment near fundus. As can be seen from the figure, 

results of the deployment at centroid are more uniform in all the 3 regions and follow the 

closest trend to results of deployment by FEM. Hence, the centroid of IA sac is the most 

optimum starting point in this method. 

Figure A.3: Boxplots of densities per region of aneurysm treated with 5 different coil config-
urations. Grey shade represents dominance of region having higher packing density. 
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Appendix B 

Optimizing Computational Time 

As mentioned in the Method section, after every iteration code checks for collision detection 

of the current segment of the coil with previously deployed coil segments as well as the IA 

sac surfaces. These functions are a major part of the computation and take up to 90% of 

the computational time. Moreover, the computational time of code would increase with the 

increase in a number of segments in preshape because code runs a collision detection algo-

rithm through more number of data points. To quantify these variations in computational 

time with respect to the number of segments of the coil following experiment was performed. 

In this experiment, we keep the IA sac the same for all the cases of deployment. Length of 

the coil is 10cm. Initiation point is at the centroid of IA sac. The number of segments varies 

from 100 to 300 with an increment of 20. All the functions and codes are developed and com-

piled in MATLAB 2017a. The experiment was performed on Intel(R)Xeon(R) CPU E5 − 

2620v3, 2.40GHz, 32GB RAM,Microsoft Windows 7 64 − bit operating system. 

As you can see from Fig. B.1, initially, when all the functions are developed and com-

piled in MATLAB, the time taken to deploy 100 segments and 300 segments are 21.782s 

and 181.5613s. Since this method is solely based on computational geometry and there is no 

physics involved, the decreasing number of segments will only decrease the accuracy. Hence 

to have an accurate method with higher computational efficiency, these computational ex-
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pensive functions mainly Collision Detection are converted to executable C-Mex functions 

using in-built MATLAB app MATLAB Coder. Later a similar experiment was performed 

as described earlier and it can be seen from Fig. B.1, the maximum computational time is 

38.5087s which for 300 segments which is the most optimum and acceptable result. 

Figure B.1: Variation of Computational time with respect to Number of segments of coil. 
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Appendix C 

Overlap of Coils 

As described earlier, this fast virtual coiling method lacks physics and just concentrate on 

mimic the actual coil deployment. As a result of this, it lacks flexibility and it is highly static. 

Due to this, an only possible solution to avoid a collision is to change the direction of the 

current segment during deployment since previously deployed segments cannot be moved. 

Due to this lack of flexibility, many times during the deployment there comes a situation 

when segments in a certain region of IA sac are densely packed and there no solution for the 

upcoming segments to deploy without intersecting with the previously deployed segments. In 

such situations, the algorithm is pushed back by 2-3 segments and redeployed in a different 

direction. This is repeated for a certain number of times till the collision-free path is available. 

If still there is no collision-free path is available then code lets the segment to intersection 

through each other and move to the next segment. This is one of the biggest limitations 

of this fast virtual coiling method. Overlap of coils is responsible for the reduction in the 

volume of the deployed coil than the actual preshape which may change the packing density 

as compare to actual treatment. 

To study this behavior following experiment was performed. Deployment results from all 

12 patient-specific cases are obtained. After the deployment, a surface mesh is generated. 

Surface-wrap operation is performed which will eliminate all the intersecting surfaces and just 
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give an external surface mesh of the deployment. The volume of surface-wrap is calculated. 

Percentage difference of actual volume of preshape before deployment and volume of the 

surface wrap will give us percentage overlap of coils. The result of all the cases was plotted 

against total packing density. 

As you can see in Fig. C.1, as the packing density increases the coil deployments tends 

to intersect more. This result can be used to estimate the length of the coil to be deployed 

such that it can compensate for the decrease in volume due to overlap. 

Figure C.1: Variation in overlap with respect to the total packing density of the coil. Dotted 
line indicates the linear trend in the scatter plot. 
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