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ABSTRACT 

 

Intracranial aneurysm (IA) healing after endovascular coiling has been studied extensively in 

silico and in vivo; however, it is still unclear what causes IAs to recur. In vitro models of IA 

thrombosis contribute to an understanding of why IAs recur by providing a way to interrogate 

acute healing mechanisms and to screen treatments. In this work, novel models of saccular 

bifurcation IA thrombosis were developed and used to explore how coil properties drive 

hemodynamics and clot formation. Two parallel plate flow chambers were designed: one to 

model thrombosis at the neck of a bifurcation IA and another to analyze thrombosis within a 

coiled “sac”. Clots were formed in the presence of coils during fluorescence imaging of fibrin 

polymerization and flow tracers. Clots were analyzed post-fixation using scanning electron 

microscopy. Comparisons with clotted coils in the absence of flow indicate that arterial shear 

rates were required to produce clot structure similar to that observed in vivo and differences in 

clotting on coils with different packing densities and designs. In order to determine whether coil 

arrangement and local packing density affect thrombosis, a coil arrangement was analyzed in 

which filler coiled coils were arranged parallel to one another to create areas of high local 

packing density. Slower flow with nondivergent streamlines and larger clots were observed 

around these coils compared to coils arranged circumferentially. Clot distribution over time was 

also affected by coiled coil arrangement. To determine whether coil secondary shape facilitates 

thrombosis, rectangular wires were braided together to create a novel braided coil design that 

was compared to the coiled coil design. In the neck model, braided coils produced more circular 

flow patterns and denser platelet-fibrin clot structure than coiled coils, but clot accumulation was 

not dependent on coil design. In the sac model, coiled coils reduced flow velocity and correlated 

with fibrous mesh clot when located at the neck. Braided coils promoted flow disturbances and 

faster velocities that correlated with less clot formation and dense platelet-fibrin clot structures. 

These results suggest that slow flow with nondivergent streamlines around coils may be optimal 

for the formation of large fibrous clots, and that framing coil design may have a stronger 

influence on coil structure within the sac than filling coil design. These results indicate that coil 

arrangement and design influence hemodynamics and thrombosis in coiled IAs. Extracellular 

matrix structure modulates cell behavior; therefore, coil arrangement and design likely impact 

cellularization and subsequent healing in IAs. Further studies are necessary to elucidate the 

effects of coil-mediated IA hemodynamics and clot structure on cellularization.  
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Figure 1: A: Representative image of a single coil that is used clinically. B: Coil placement 

inside an IA. A microcatheter containing the coil (tan) is placed at the neck of the IA. The coil 

(gray) is deployed directly into the IA. Once the IA is packed with coils, the coils are detached 

and the microcatheter is retracted. 

 

Figure 2: Schematic of idealized IA healing. Once coils are placed inside the IA (A), clot 

(green) begins to form around the coils (B). The clot is infiltrated by cells (purple and orange), 

including macrophages and fibroblasts, as endothelial cells begin to cover coil at the neck (C). 

After approximately six months, a monolayer of endothelial cells has covered the IA neck and 

the clot has been reorganized into vascularized tissue (D). 

 

Figure 3: The three core healing aspects are isolated and modeled in vitro. These aspects can be 

combined to generate models of interactions between the key components. The models 

developed in this manuscript fall under the “Blood Flow Model”. All three components can 

ultimately be incorporated into a novel “Cellularized Blood Flow Model”. It is important to note 

that many different models of cellularization under flow are possible, yet the models depicted in 

the figure assume that adherent cells are located along the inner dome wall in models exposed to 

flow and are located throughout the aneurysm in the absence of flow. 

 

Figure 4: Preliminary acoustic radiation force microscopy study of clotting on a coil. Relative 

PRP clot stiffness increases faster close to coils than away from coils. Inset shows relative 

measurement locations. 

 

Figure 5: Representative SEM images of coil and wire types used in the study. Inset shows the 

surface roughness of wire used in each coil type. “Clinical coils”, which are used clinically, 

consist of a smooth wire with a round cross-section that is coiled. “Ribbon coils” consist of a 

smooth wire with a rectangular cross-section that is coiled. “Braided coils” consist of rough 

wires with a rectangular cross-section that are braided. Inset scale bar, 5µm. 

 

Figure 6: A: Representative fluorescent confocal images and segmented fibers for each 

condition. Clots were formed in the presence of clinical coils, ribbon coils and braided coils, and 

in the absence of coils. Clots were formed in the presence of either a single coil or multiple coils 

balled together to increase coil packing. Scale bar, 100 µm. B: Fiber density of the clot was 

insensitive to sample type (one-way ANOVA, p=0.18). 
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Figure 7: A: Representative fluorescent confocal images and segmented fibers for each single 

wire sample condition. Clots were also formed in the presence of a single wire of each type. 

Scale bar, 100 µm. B: Fiber density was insensitive to sample type for each donor (two-way 

ANOVA, p=0.94). There was significant variability between donors (two-way ANOVA, 

p<0.05). 

 

Figure 8: Representative SEM images of clots formed in each coil condition. There were no 

differences in structure between sample types. Scale bar, 10 µm. 

 

Figure 9: A: Schematic of neck IA model flow chamber. Coils (red) are placed against the island 

and PRP is perfused through the chamber. Scale bar, 1 cm. B: Flow shear rate modulates clot 

morphology in flow chamber. Clot (green) is more heterogeneous, smaller and isolated to the 

coil (red outline) under flow (left), compared to clots formed without flow (right). A green arrow 

indicates the direction of PRP flow. Both clots were formed in the neck model. Scale bar, 

100µm. 

 

Figure 10: Schematic of sac IA model flow chamber. Coils (red) were placed inside a hole in the 
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Table 1: PRP flow conditions in Chapter 3 

 

Figure 11: A: Diagram of permeability assay setup. B: Darcy constant as a function of coil 

packing density. As the packing density of clots increased, the permeability decreased. *p<0.005, 

n=28. 

 

Figure 12: Representative images of coil arrangements in sacs (“Coil arrangement”), clot 

accumulation, and velocity profiles of flow tracers tracked at the neck and back of the dome for 

each coil condition. Particles moved slower around coils in a linear arrangement than in a 

circumferential arrangement. Flow velocity was slowed from neck to back of dome. Flow was 

faster without coils than with coils. In all images, neck opening is to the left and back dome is to 

the right (see inset diagram). Flow moved left to right. Aneurysm diameter, 5 mm. Velocity 

profile scale bar, 500 µm. 

 

Figure 13: Velocity profiles were translated into heat maps with lower maxima to identify 

differences in the slowest flow velocities at the neck and back of the dome for each condition. 

Heat maps with a maximum of 500 µm/sec show that particles moved slower around coils in a 

linear arrangement than in a circumferential arrangement at the neck. Heat maps with a 

maximum of 125 µm/sec show that flow velocity was slowed from neck to back in both 

arrangements, and that flow velocity was slower around a linear arrangement than a 

circumferential arrangement. Aneurysm diameter, 5 mm. Scale bar, 500 µm. 
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Figure 14: Quantitative analysis of clot sizes. Clot sizes are shown after 17 minutes of PRP 
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and 4 minutes of PRP flow and 10-minute perfusions for each condition (*p<0.05). Note 

differences in y-axis scale magnitude. Dotted outline represents a condition where two or fewer 

replicates were examined. 

 

Figure 15: A: Locations of clot accumulation for coils arranged linearly and circumferentially. 

Color scale indicates percent of total experiments that were clotted at each pixel in the sac. Red 

indicates locations of accumulation in all trials. Neck opening is on the left of each image (see 

inset diagram). Aneurysm diameter, 5 mm. B: Proportion of red pixels located in the front half 

and back half of the sac for each condition. Measurements were calculated after 17 minutes of 

recirculating flow, 4 minutes of single-pass flow with all perfusion times and 4 minutes of 

single-pass flow with 15 seconds of perfusion. 
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Color scale indicates percent of total experiments that were clotted at each pixel in the sac. Red 

indicates locations of accumulation in all trials. Neck opening is on the left of each image (see 

inset diagram). Aneurysm diameter, 5 mm. B: Proportion of red pixels located in the front half 

and back half of the sac. Two and three replicates were measured in the circumferential and 

linear arrangements, respectively. Additional replicates are necessary to draw accurate 
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Figure 17: Representative SEM images of clots. Above: Images of clots after 4 minutes of PRP 

flow in the single-pass model show wavy, short fibers, in both linear (left) and circumferential 

(right) arrangements. Below: Images of clots after 17 minutes of PRP flow in the recirculating 

model show more straight, longer fibers, in both linear (left) and circumferential (right) 

arrangements. Insets show a representative magnified section of each image, where fibers have 
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direction of flow. Neck width, 1 cm. B: Velocity profiles of flow around clinical coils (gray) in 

different replicates. Each column represents the profile in a single replicate. These profiles 

demonstrate how the coil placement and orientation affected hemodynamics. C: The velocity 

profiles were translated to heat maps to demonstrate differences in the slowest velocities. Flow 

tends to be slowest immediately leading up to and behind the coil. Velocity profile scale bar, 500 

µm. 
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braided coil placed in the neck model before PRP flow. A schematic of the island indicates the 

direction of flow. Neck width, 1 cm. B: Velocity profiles of flow around braided coils (gray) in 

different replicates. Each column represents the profile in a single replicate. These profiles 

demonstrate how the coil placement and orientation affected hemodynamics. C: The velocity 

profiles were translated to heat maps to demonstrate differences in the slowest velocities. Flow 

tended to be slowest behind the coil and in eddies surrounding the coil. Velocity profile scale 

bar, 500 µm. 

 

Figure 20: Images of clot accumulation (green) in each coil (gray) replicate tested in the neck 

model after 20 minutes of PRP flow. Each column represents a different experiment where PRP 

from the same blood draw was recirculated around a clinical coil and a braided coil in different 

chambers simultaneously. The location of the neck wall is represented as a black line. Flow 

moved left to right. Coil length, 1 cm. 

 

Figure 21: Average clot accumulation for all coil samples tested in the neck model after 20 

minutes of PRP flow. There was no significant difference between conditions (p=0.26).  

 

Figure 22: Quantitative analysis showed no correlation between wall-coil distance and clot 

accumulation. The distance between the coil periphery and the wall was plotted against the 

corresponding clot accumulation after 20 minutes of PRP flow in each sample for both clinical 

(blue) and braided (red) coils. Linear regression indicated no trend between wall-coil distance 

and clot accumulation for both clinical and braided coils (dotted lines). Open marker indicates 

PRP was recirculated at an average flow rate 1.3 mL/min faster than in the case of closed 
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Figure 23: Clot morphologies observed on clinical coils in SEM after 4 minutes of single-pass 

flow (above) and 20 minutes of recirculating flow (below) in the neck model. After 4 minutes of 

flow, platelets were observed adhered to the coil surface and often spread out (black arrows). 

After 20 minutes of flow, more aggregates of spread and adhered platelets were observed (black 

arrows). Dense regions of platelets and fibrin and fibrin meshes interspersed with platelet 

aggregates were observed in experiments were large regions of clot accumulated (*). Scale bar, 

10 µm. 

 

Figure 24: Clot morphologies observed on braided coils in SEM after 4 minutes of single-pass 

flow (above) and 20 minutes of recirculating flow (below). Dense regions of platelets and fibrin 

(white arrowheads) were observed on the coil surface and in “pockets” in the coil. Adhered and 

spread platelets were also present on the coil surface (black arrows). In some locations, “fuzzy” 

clot structures were observed that might indicate underdeveloped clot (white arrow). In the 
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sample where a large amount of clot accumulated, fibrin mesh was observed (*). Scale bar, 

10µm. 

 

Figure 25: Representative images of sacs filled with braided and SS coil types before clotting 

(“Coil design”), clot accumulation, and velocity profiles of flow tracers tracked at the back of the 

dome for each coil condition (“Velocity Profile”). Clot accumulation was greater and particles 

moved slower around SS coils in a linear arrangement than braided coils. In all images, neck 

opening is to the left and back dome is to the right (see inset diagram). Flow moved left to right. 

Aneurysm diameter, 5 mm. Velocity profile scale bar, 500 µm. 

 

Figure 26: Dome mixing analysis. A: Sample image analysis of a model that was coiled linearly. 

A field of view was not considered mixed until a uniform intensity was observed around the coil 

(t=10 sec). “t” indicates time after flow initiation. The sample was devoid of PRP at t=0 sec and 

was fully mixed at t=10 sec. Scale bar, 100 µm. B: Average time until a well-mixed field of view 

was observed at the back of the dome. (*p<0.05). 

 

Figure 27: Representative SEM images of clots on braided and SS coils. Above: Images of clots 

after 4 minutes of PRP flow in the single-pass model showed wavy, short fibers, on both braided 

coils (left) and SS coils in a linear arrangement (right). Below: Images of clots after 17 minutes 

of PRP flow in the recirculating model showed wavy, short fibers on braided coils (left) but 

straighter, longer fibers on SS coils (right). Braided coils presented clots with dense fiber and 

platelet aggregates (white arrowhead). Some areas on SS coils presented “fluffy” clot structures 

that might have indicated underdeveloped fibrin (white arrow). Insets show a representative 

magnified section of each image, where fibers have been outlined to illustrate differences in fiber 

structure. Scale bar, 5 μm. 

 

Figure 28: Representative images of sacs filled with braided and coiled coil (CC) types and in 

different arrangements (“Coil design”), clot accumulation, and velocity profiles of flow tracers 

tracked at the neck and back of the dome for each coil condition. Particles moved slower around 

coiled coils than around braided coils. Clot accumulation was not dependent on these conditions. 

Flow velocity was slowed from neck to back of dome in a sac with filling coiled coils, but not in 

a sac with filling braided coils. Flow was slower inside a sac with a framing coiled coil than a sac 

with a framing braided coil. In all images, neck opening is to the left and back dome is to the 

right (see inset diagram). Flow moved left to right. Aneurysm diameter, 5 mm. Velocity profile 

scale bar, 500 µm. 

 

Figure 29: Velocity profiles were translated into heat maps with lower maxima to identify 

differences in the slowest flow velocities at the neck and back of the dome for each condition. 

These heat maps emphasize the trend that flow velocity was slowed across and around coiled 
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coils (CC) in the framing and filling positions, respectively, but not across or around braided 

coils. Aneurysm diameter, 5 mm. Velocity profile scale bar, 500 µm. 

 

Figure 30: Quantitative analysis of clot sizes after 17 minutes of recirculating flow. Clinical coil 

arrangements are included for comparison. Dotted outline represents a condition where two or 

fewer replicates were examined. Significant differences shown in Figure 14 are not displayed.  

 

Figure 31: Quantitative analysis of clot sizes after 4 minutes of single-pass flow. Clinical coil 

arrangements are included for comparison. Dotted outline represents a condition where two or 

fewer replicates were examined. Significant differences shown in Figure 14 are not displayed. 

 

Figure 32: Representative SEM images of clots on hybrid coil designs. Since these designs 

consist of two different coil types, clot structure trends on the coiled coil (CC) surfaces (above) 

and braided coil surfaces (below) were outlined separately. In images of sacs filled with braided 

framing coil and CC filling coils (A-C), adhered platelets (black arrow) and dense clots of 

platelets and fibrin (white arrowheads) were observed on both CC (A-B) and braided coil (C) 

surfaces. In images of sacs filled with CC framing coil and braided filling coils (D-G), adhered 

platelets and dense clots of platelets and fibrin (white arrowheads) were observed on both CC 

(D) and braided coil (F) surfaces. Additionally, large areas of fibrin mesh were observed on both 

CC (E) and braided coil (G) surfaces, which were interspersed with small platelet and fibrin 

aggregates (white arrowheads). Scale bar, 10 µm. 
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Figure 33: Summary table of conditions tested and the models used to test them in each chapter. 

Chapter 2 utilized the stasis clot model and neck flow model to test the hypotheses that clot 

structure is insensitive to coil design and packing in the absence of flow (on clinical, ribbon and 

braided coils),  and that flow is necessary to recapitulate clot structure seen in ex vivo human IAs 

(comparing clots formed in the absence of flow to clots formed under 200s
-1

 shear flow. Chapter 

3 used the sac flow model to test the hypothesis that coil arrangements with high local packing 

densities promote space-filling clot formation under flow (comparing the linear arrangement, the 

circumferential arrangement and a sac without coils). Chapter 4 used the neck flow model and 

sac flow model to test the hypothesis that coil designs that create disturbed flow patterns promote 

space-filling clot formation under flow (comparing clinical coils and braided coils in the neck 

flow model, and comparing braided coils, stainless steel (SS) coils in a linear arrangement and 

hybrid designs in the sac model). 

 

Figure 34: A: Coiled coil arrangement modulated flow velocity (green arrows), initial 

distribution (dotted outline) and accumulation of fibrin mesh (dark green hatch) clot. B: Coil 

design modulated flow velocity and pattern (green arrows). The presence of braided coils 
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correlated with small areas of dense platelet-fibrin clot accumulation (light green), and a coiled 

coil in the framing coil position correlated with small areas of fibrin mesh accumulation (dark 

green hatch).  
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Left: PRP was anticoagulated with buffered sodium citrate to 3.2% and activated with 20 mM 

CaCl2. Middle: PRP was diluted to 51% in saline and anticoagulated with buffered sodium 

citrate, then activated with CaCl2. PRP used in the single-pass model was treated using the same 

protocol. Right: PRP was diluted to 24% in saline. This increases coagulation time so that 

coagulation around coils could be observed in the recirculating model. Fiber density is 

independent of dilution. High intensity locations show platelet-mediated fiber bundling. Scale 

bar, 100 µm.  

 

Figure 36: SEM image of three round wires braided together. Scale bar, 100 µm. 
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inset diagram). Flow moved left to right. Aneurysm diameter, 5 mm.  
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design. A: Representative SEM images of ECs cultured on a bare clinical coil (left), a clotted 

clinical coil (middle) and a clotted ribbon coil (right). Scale bar, 50 µm. B: Quantitative analysis 

of SEM images shows that the number of ECs per field of view is higher on bare tissue culture 

polystyrene dishes and clotted coils than bare metal coils. EC attachment was not dependent on 
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Figure 40: Preliminary studies show that the sac model can be lined with ECs. A: Phase contrast 

image of an EC monolayer on the bottom surface of the sac flow chamber. Scale bar, 100 µm. B: 

Nucleus staining shows that the EC monolayer extends up the dome wall (arrow). C: 

Endothelialized sac was coiled and clotted. ECs (green dots) were observed on clot (green line) 

that formed between the coils and the wall (red outlines). Inset shows magnified view. Scale bar, 
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CHAPTER 1: BACKGROUND AND SIGNIFICANCE  

Water coils anyways?  

 

Intracranial aneurysms (IAs) are a serious and prevalent condition with innumerable phenotypes 

that present a complex challenge to those who treat them. Unruptured IAs are present in 1 in 50 

Americans, and when one ruptures, it is 40% likely to result in fatality. Furthermore, IAs account 

for 3-5% of new stroke cases each year.
1
 Therefore, it is necessary that IAs are treated effectively 

and before rupture. Many treatment options have emerged for unruptured IAs, but the most 

commonly and widely used is endovascular coiling (Figure 1).
2
 Resected human IAs and animal 

models have revealed a general mechanism of optimal healing after treatment.
3–6

 However, in 

approximately 30% of IAs treated with coils, blood flow re-enters the aneurysm, causing it to 

recur and increasing the risk of rupture,
7
 but it is still unclear why this occurs in specific 

aneurysms. Although in vivo animal models of IA healing allow for evaluation of tissue 

pathology post mortem, these models cannot give insight into time-dependent mechanisms. In 

vitro models enable the isolation and control of clinically relevant factors such as aneurysm 

geometry
8,9

 and coil placement
10,11

 to determine their impact on IA healing processes. Coil 

designs that better promote aneurysm healing would reduce the rate of recurrence.  

 

1.1 A BRIEF HISTORY OF IA TREATMENT 

An aneurysm occurs when the blood vessel wall weakens due to loss of internal elastic lamina 

and extra-cellular matrix (ECM). The wall expands, creating a predominantly fusiform or 

saccular shape.
12,13

 Since most IAs are saccular (Figure 1B, left),
12

 treatment of saccular IAs will 

be discussed in this work. Saccular aneurysms are composed of the sac (also called a dome), 

which is the part of the vessel that expanded, and the neck, which is the opening into the 

aneurysm sac. They are predominantly categorized as sidewall, where the aneurysm sac is 

located on the side of a vessel (depicted in Figure 1B), or bifurcation, where the aneurysm sac is 

located at a fork or bifurcation in the vessel. IA size is typically characterized by the sac-to-neck 

ratio, which is the ratio of the maximum diameter of the sac to the maximum diameter of the 

neck. Daughter aneurysms can sometimes form, which are secondary aneurysms that form from 

the aneurysm wall. When the wall continues to weaken to the point of breakage, rupture occurs. 

IA diagnosis is often difficult: patients who have an unruptured or ruptured IA typically present 

with symptoms ranging from a persistent headache to coma or neurologic compromise. Cranial 

computed tomography (CT) imaging is typically used to identify and diagnose an IA.
7
 In some 

circumstances, such as if the IA is very small or if treatment poses a very high risk to the patient, 

the clinician may choose not to immediately treat the aneurysm but to continue to monitor it 

instead. However, often surgical or endovascular treatment is required, after or in addition to 

observation, to prevent rupture and subarachnoid hemorrhage in the brain.  
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1.1.1 Clipping 

Prior to endovascular coiling, unruptured IAs that required intervention and ruptured IAs were 

primarily treated with small metal clips that are positioned around the neck of the aneurysm, 

eliminating blood flow at the neck and excluding the IA from the parent vessel.
7
 This treatment 

is invasive, since it requires a craniotomy with clip placement. Clipping has been observed to 

correlate with more complications during surgery, longer hospital stay and higher treatment costs 

than coiling. The risks of clipping compared to coiling can be more serious depending on the 

depth of the IA into the brain and the patient’s history.
14

 However, recurrence rates tend to be 

lower in clipped IAs than in coiled IAs, and some IAs cannot be coiled due to high tortuosity of 

the vessel or incompatible aneurysm geometry; consequently, clipping is still used in certain 

circumstances. 

 

1.1.2 Coiling 

In the coiling process, small coils (approximately 300-1000 µm secondary diameter, Figure 1A), 

typically platinum and sometimes with a hydrogel coating,
15

 are inserted and packed into the 

aneurysm until it is as full as possible, then the coils are detached via electrolysis (Figure 1B).
16

 

The aneurysm is “occluded” when little to no blood flow is observed. The coils are radiopaque, 

allowing them to be visualized in fluoroscopy during positioning. IA rupture during coil 

placement is the most serious complication during coiling. The coils reduce blood flow into the 

aneurysm, allow a clot to form and help initiate a wound healing response that results in tissue 

formation that fills the aneurysm, preventing rupture. IA recurrence after coiling is 

approximately 25% higher than that after clipping, and coiled IAs that recur are often clipped.  

 

Figure 1: A: Representative image of a single coil that is used clinically. B: Coil placement inside an IA. A microcatheter 

containing the coil (tan) is placed at the neck of the IA. The coil (gray) is deployed directly into the IA. Once the IA is packed 

with coils, the coils are detached and the microcatheter is retracted.  
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Coiling effectiveness is dependent on myriad factors, including aneurysm geometry, vessel 

tortuosity, neck width, patient history and operator expertise.
7,17

 

 

Coil design can be modified on multiple levels. The “primary shape” describes the shape of the 

coil wire. Conventional clinically available coils consist of smooth wires that have a circular 

cross-section, but a variety of cross-section wire shapes and degrees of surface roughness can be 

utilized in coil design. The “secondary shape” of the coil is the orientation of the wire. For 

example, conventional coils are made up of wires that are wrapped around a cylinder to create a 

spring-like shape, but multiple wires can be braided to create a different secondary shape. Many 

commercially available coils are coated with a biodegradable material, modifying the secondary 

shape. The “tertiary shape” of the coil is described by how coils interact with each other. Many 

conventional coils are designed to fold into a ball, but some have been designed to fold into a 

helix or other complex shapes.
18,19

 This tertiary arrangement of coils can modulate intra-

aneurysmal hemodynamics, which likely modulates initial clot formation. 

  

1.1.3 Modified coils in clinical trials  

Novel coil designs have been developed and tested in clinical trials, yet they perform as well as, 

or in some cases worse than, bare platinum coils. Since 2007, a handful of studies using 

randomized, controlled trials have investigated the effect of “bioactive” coil coatings, such as 

Matrix, hydrogel, polyglycolic acid, and polylactic acid, on initial occlusion and long-term 

procedural outcomes. These coatings are designed to fill more space in the sac and promote cell 

adhesion and proliferation in order to increase the likelihood of occlusion and prevent the 

aneurysm from reccurring. However, there was little to no consistent improvement in patient 

outcome. In  one study, aneurysms treated with hydrogel-coated coils called HydroCoils were 

9% less likely to recur and had higher coil packing densities than those treated with bare metal 

coils,
20

 but the morbidity and mortality rates were higher with the use of HydroCoils, and there 

was no difference in retreatment rate despite a difference in recurrence rate.
21

 Four additional 

randomized controlled trials published between 2011 and 2014 tested coils that were coated with 

polyglycolic/polylactic acid copolymer, polyglycolic acid, or hydrogel, and each of the studies 

individually concluded there was no improvement in outcome after bioactive coiling compared 

to bare metal coiling.
22

 Specifically, there were no differences in rates of aneurysm recurrence, 

aneurysm rupture, additional intervention or stroke. Additionally, in an attempt to improve 

occlusion rates by modifying the mechanical stiffness of the coil, the use of “very soft” platinum 

coils increased packing density but did not improve short or long term patient outcome.
23

 The 

lack of consistent improvement in patient improvement and recurrence rates in these studies 

indicates that an improved coil design may not yet be identified. Endovascular coils are used in 

many types of IAs, often in conjunction with other devices such as stents, so improvements to 

coil design would increase treatment efficacy in the widest range of IAs.
2
 An understanding of 

the conditions that drive the variability in individual IA healing is necessary to determine how 

coil treatments fail and to design better coil designs.  
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1.1.4 Endoluminal devices 

IAs with wide necks (those with a sac-to-neck ratio of less than approximately 1.5)
17

 pose a 

challenge to coiling since parts of the coil called “coil remnants” that are not contained within 

the IA sac are more likely to occur in the parent vessel. This led to the invention of devices 

placed in the lumen of the parent vessel that assist or replace coiling. Balloon-assisted 

remodeling is one method used to improve the effectiveness of coiling in wide-neck IAs, where a 

balloon is inflated across the aneurysm neck during each coil placement to prevent protrusion 

into the parent vessel. This technique is commonly used in sidewall IAs, but balloons made of 

compliant materials have been used in bifurcation IAs to assist coiling and to reshape the neck 

and daughter vessels that make up the bifurcation.
24

  

 

Stents are another category of devices that are utilized in tortuous or wide-necked IAs and in 

other circumstances where coils alone are likely to fail. These devices are deployed in the parent 

vessel over the IA neck and are classified according to porosity as low coverage of the parent 

vessel wall (5-10%), intermediate coverage (approximately 15%) or high coverage 

(approximately 30%).
25

 Stents can help reduce recurrence rates; however, currently all stents 

require extended dual anti-platelet therapy, which can increase the risk of complications 

particularly in patients with intracranial hemorrhage. Low coverage stents, including the 

Neuroform and Enterprise stents, are constructed from nitinol tubes and are used in stent-assisted 

coiling to prevent coil protrusion into the vessel. Recurrence rates of stent-assisted coiling tend 

to be lower than coiling alone, but the complication rates of early stent designs were higher than 

coiling alone. Further studies are necessary to determine the safety and effectiveness of newer 

designs, such as the next generations of Neuroform and Enterprise stents and the Liberty and 

Solitaire stents. Intermediate coverage stents are composed of woven or braided nitinol fibers 

and can provide more support to the coils and lumen than low coverage stents. Nevertheless, 

these stents tend to have higher complication rates, allow less coil access through the stent struts 

to the IA and in the United States are only used in clinical trials.  

 

Flow diverters are high coverage stents that are most often used as an alternative to coiling and 

clipping, especially for IAs with wide necks. Flow diverters rely on the mechanism where the 

majority of blood flow is redirected from the aneurysm through the parent vessel, slowing flow 

into the aneurysm and allowing it to thrombose and often regress in size.
17

 Recurrence rates of 

the pipeline embolization device (PED), made of platinum-tungsten and cobalt-chromium-nickel 

microfilaments, and the silk flow diverter (SFD), made of nitinol and platinum microfilaments 

and recommended for use with coils, are approximately 10% lower than that of coiling alone.
25

 

Flow diverters are also more effective in treatment of IAs with wide necks. However, drawbacks 

include delayed occlusion of the IA, which may cause the expansion of the sac and/or increase 

the risk of rupture, and elimination of blood flow into perforating branches of the cerebral 

arteries, which can cause stroke. The SFD is not yet available in the United States, and the 
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Surpass flow diverter and flow redirection endoluminal device (FRED), which demonstrate 

approximately 1% and 20% lower recurrence rates than that of the PED, respectively,
25

 are not 

yet available outside of clinical trials. 

 

Flow diverters have been shown to be successful in treating wide-neck aneurysms, but are not 

yet recommended to be used in bifurcation aneurysms
2
 and have more restricted availability than 

endovascular coils. It is possible that another factor contributing to the more widespread use of 

coils over flow diverters is the operator’s experience with the device, which affects treatment 

selection and patient outcome.
17,25

 Flow diverters have more recently become present in clinical 

use than coils, and so fewer interventional neuroradiologists, neurosurgeons and neurologists 

may be comfortable using them in patients. As more clinicians become accustomed to flow 

diverters, the prevalence, success and applications of their use are likely to increase.  

 

1.1.5 Intra-aneurysmal flow diversion devices 

A more recent category of devices has emerged that are placed directly within the IA sac. These 

devices are potentially beneficial in that they can slow blood flow in the IA but may not require 

dual anti-platelet therapy or induce parent vessel occlusion.
25

 However, only a handful of these 

devices are currently being used in clinical trials. The woven endo-bridge (WEB) device, for 

instance, is optimal for bifurcation aneurysm treatment, but has demonstrated variable occlusion 

rates (7-56%) and recurrence rates (14-35%) in trials to date.
26,27

 The pCONus device is a stent-

like device designed for coil-assistive intra-aneurysmal and endoluminal placement in 

bifurcation IAs. One end is deployed into the neck of the IA, which opens up into leaflets that 

anchor the device in the sac and prevent coil protrusion, which are attached to a low coverage 

stent that is placed in the parent vessel lumen. This process of placing a stent partially inside the 

IA sac is called the “waffle cone technique”.
28

 While the pCONus device alone is not effective in 

slowing flow into the IA, the pCANvas device, in which a membrane covers the leaflets, has 

been shown to reduce flow rate into the sac without coils. The pCONus device is not yet 

available in the United States. 

 

New IA treatment devices outside of endovascular coil design have been developed and tested, 

but coils continue to be the most versatile and accessible in IA treatments.
2
 Therefore, 

alternatives to coiling will not be covered in the scope of this work from this point forward. In 

order to develop more effective coil designs, however, the mechanism by which IAs heal such 

that they are prevented from rupture needs to be understood. 

 

1.2 IA HEALING PARADIGM AND ITS SHORTCOMINGS 

The generally accepted mechanism of coiled human IA healing has been deduced from many 

studies involving animal models and resected human IAs.
3
 Briefly, blood flow in the aneurysm is 

slowed and clotting is initiated by the presence of coils in the dome (Figure 2B). Unorganized 

thrombus forms within the aneurysm sac and around the coils, and immune cells begin to enter 
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the sac. In the next week, the fibrin clot thickens, immune cell and myofibroblast infiltration 

increase and endothelial cells (ECs) begin migrating across the neck. Throughout the two to four 

weeks after treatment, more cells infiltrate the sac and remodel the clot into “organized 

thrombus” (Figure 2C). In the second and third months, apoptosis begins and the number of 

macrophages and myofibroblasts in the sac decreases, while endothelialization of the neck 

progresses and thrombus is further remodeled into tissue. Through three to twelve months, the 

dome becomes mostly acellular with some multinucleated giant cells due to a lingering foreign 

body reaction and is filled with vascularized connective tissue and sometimes collagen. A 

complete layer of fibrous tissue and ECs is formed across the aneurysm neck (Figure 2D). By 

this time, the aneurysm sac is effectively isolated from the parent vessel.  

 
Figure 2: Schematic of idealized IA healing. Once coils are placed inside the IA (A), clot (green) begins to form around the coils 

(B). The clot is infiltrated by cells (purple and orange), including macrophages and fibroblasts, as endothelial cells begin to cover 

coil at the neck (C). After approximately six months, a monolayer of endothelial cells has covered the IA neck and the clot has 

been reorganized into vascularized tissue with few multinucleated giant cells (D). 

 

Although this mechanism is accepted as the ideal progression of a well-healed aneurysm, many 

aspects of this process are not well defined in the literature. In contrast with the aforementioned 

mechanism of a homogeneous, organized thrombus in healed IAs, some studies of stable, healed 

human IAs show tissue heterogeneity. In one study, organized, vascularized tissue was present 

with EC coverage in some areas of a healed IA, but unorganized thrombus and a lack of 

endothelialization were found in other areas of the same IA.
4,29

 In other cases, organized 

thrombus was not accompanied by endothelialization,
30

 or endothelialization was accompanied 

by unorganized thrombus at early healing stages,
31

 indicating that organized thrombus may not 

be necessary for endothelialization. Endothelialization of IA thrombus and cell phenotypes 

associated with rupture are variable between patients, and their relationships to recurrence are 

unclear.
12,30,31

 This variability may be partly due to the absence of an objective distinction 

between organized and unorganized thrombi. Moreover, the prevalence and role of cell-derived 

matrix proteins in human IA healing are not well understood. Collagen content is variable 

between healed IAs, ranging from virtually absent
4
 to dense regions.

32,33
 In some cases, cartilage 

or bone forms in the IA dome, the source of which is currently unknown.
3
 Additionally, matrix 

metalloproteases and pro-apoptotic genes have been cited as indicators of both normal IA 

healing
3
 and rupture.

34
  

 

In the same vein, multiple theories have been proposed regarding the cause of IA rupture. Both 

low and high wall shear stresses have been associated with IA rupture,
35–37

 indicating that the 



Chapter 1: Background and significance  7 

 

relationships between IA hemodynamics, cell behavior and ECM are complex. A binary theory 

to explore this complexity
12,38

 states that low wall shear stress and oscillatory flow patterns cause 

“inflammatory-cell-mediated” destructive remodeling, where large, thick-walled atherosclerotic 

aneurysms form. In contrast, high wall shear stress and a positive wall shear stress gradient cause 

“mural-cell-mediated” destructive remodeling, where small, thin-walled aneurysms form. In 

these circumstances and in IAs that contain both types of remodeling, the aneurysm is at risk for 

rupture. This hypothesis begins to shed light on the variability in shape, cell phenotype and 

hemodynamics in human IAs and shows how these characteristics of the IA can cause different 

intra-aneurysmal conditions and therefore different IA physiologies and outcomes. These 

theories are a step towards understanding the spectrum in IA healing in order to develop more 

effective treatments for individual patients. 

 

1.3 IA HEALING MODELS: A HISTORY 

Animal and computational models have been the most common tools used to better understand 

how and why coiling fails in saccular IAs. The two most widely used IA animal models are the 

venous pouch model and the enzymatic model. The venous pouch model consists of removing a 

section of a vein, typically the external jugular vein, and grafting it to the common carotid artery 

to produce an aneurysm.
39

 This model is often performed in swine, where the IA is coiled 

immediately after aneurysm formation since spontaneous thrombosis tends to occur in the 

venous pouch.
4
 Unlike human IAs, the venous pouch aneurysms tend to be resistant to rupture 

and the venous areas have different physiology than arterial aneurysms. The healed aneurysm is 

typically characterized by more collagen and fibrosis than most human healed IAs.
4
 In the 

enzymatic model, typically performed in swine, rabbits, rats and mice, a section of the left or 

right common carotid artery is incubated with elastase or papain for about 20 minutes. An 

aneurysm is formed after approximately two weeks and is coiled.
40

 Leakage of elastase out of the 

region of interest can be lethal to the animal.
39

 The phenotype of the healed aneurysm is more 

similar to human healed IAs but is typically characterized by slightly less collagen and 

unorganized thrombus formation than in most human IAs.
4
 Computational models generally 

model hemodynamics in various aneurysm sizes and shapes and often correlate these parameters 

with rupture and daughter aneurysm incidence.
8,36,41,42

 Many computational studies analyze the 

relationships between intra-aneurysmal hemodynamics and coil packing density or 

placement.
11,18,43,44

 However, a few of these models analyze thrombosis in the IA and are 

described below.
45–47

 Ex vivo aneurysms that were resected from patients provide some insight 

into IA healing in humans but are often limited to IAs that recurred, a challenge to understanding 

the histology of an IA that is protected from recurrence.  

 

The aforementioned general healing mechanism is based on information from these animal and 

computational models and does not explain why bioactive coils and other treatments fail in 

certain patients, indicating that this paradigm is incomplete. In vitro models provide an important 

supplement to in vivo animal models and ex vivo human samples and make up an underexplored 
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niche in the field of IA healing. They provide new insight into human-specific IA healing 

mechanisms by using human-derived materials, allowing analysis of the system at early time 

points and providing control over each variable in the system. Validation of computational 

models via in vitro studies is beneficial in that it ensures accuracy of the models and allows 

computational studies to move forward to more complex models and informative outputs. In 

vitro models shed light on mechanisms in IAs in vivo and allow faster and cheaper screening of 

treatments that can supplement animal studies, computational models and clinical trials. 

 

1.4 IA HEALING MODELS: THE EMERGENCE OF IN VITRO MODELS 

In vitro models that are designed to determine the mechanisms of healing and efficacy of coil 

designs in IAs begin to interrogate some of these mechanisms by focusing on one of the three 

overall components of IA healing: thrombosis, cellularization, and hemodynamics within the IA. 

Visualizations of in vitro models that focus on one or more of these components are depicted in 

Figure 3.  

 

1.4.1 Device thrombogenicity studies 

Intra-aneurysmal thrombus formation is the first stage of healing and sets the scaffold for cell 

migration and tissue formation into the aneurysm. Formation occurs within the first few days of 

treatment,
3
 making it difficult to observe in animal studies in vivo. Yet, it is not completely 

understood what is the role of thrombus in healing, including how thrombosis is influenced by 

IA dimensions, location and other characteristics, and how thrombus structure, formation rate 

and size affect long term patient outcome. In vitro thrombosis models (Figure 3, “Thrombosis”) 

provide an analysis of short-term endpoints in thrombus formation that are costly and difficult to 

observe in vivo and examine the dependency of clot formation on factors that cannot be easily 

controlled in vivo but can differ between patients, such as IA shape, hemodynamics and coil 

organization.  

 

In vitro studies that aim to compare coil thrombogenicities typically examine the rate and extent 

of clotting on coils and coil surface materials. The majority of these experiments involve the use 

of blood without flow or an aneurysm sac geometry. These stagnant thrombogenicity studies are 

fast and relatively inexpensive methods for screening different metal coatings and materials, and 

often agree with clinical trial literature. For example, multiple in vitro studies concluded that 

coils with nylon fibers promoted faster clot formation and higher thrombin generation in stagnant 

human blood than bare metal coils.
48,49

 A retrospective analysis of results in 474 patient 

aneurysms treated with nylon fibered coils, bare metal coils or both demonstrated a higher 

occlusion rate in aneurysms treated with fibered coils than in those treated with only bare metal 

coils.
50

 These results suggest that the nylon fibers promoted more clot formation that prevented 

blood flow from entering IAs. Stagnant clotting models examine thrombin generation, platelet 

adhesion, clotting time, RBC attachment and other phenomena in real time that are challenging 



Chapter 1: Background and significance  9 

 

or currently infeasible to analyze in vivo. This information provides an understanding of clot 

dynamics in response to coil surface material, which is an important property of treated IAs.  

 
Figure 3: The three core healing aspects are isolated and modeled in vitro. These aspects can be combined to generate models of 

interactions between the key components. The models developed in this manuscript fall under the “Blood Flow Model”. All three 

components can ultimately be incorporated into a novel “Cellularized Blood Flow Model”. It is important to note that many 

different models of cellularization under flow are possible, yet the models depicted in the figure assume that adherent cells are 

located along the inner dome wall in models exposed to flow and are located throughout the aneurysm in the absence of flow. 

 

1.4.2 Cellularization studies 

The next phase of healing during and after initial clot formation is cellularization of the clot and 

coils within the IA, which is vital to stable healing and recurrence prevention. While 

cellularization of the aneurysm occurs throughout the entire healing process and is observable 

with long-term endpoints in animal studies, cellular gene and protein expression and motility of 
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individual cells are difficult to analyze in animal models in vivo. In vitro models are better suited 

than in vivo models for tracking individual cells. They also have the capability to isolate and 

analyze cell types and introduce them in co-culture models to obtain both individual cell 

behaviors and cell-cell interactions within and between cell types.  

 

In vitro studies of cellularization (Figure 3, “Cellularization”) in the literature incorporate cell 

types including vascular smooth muscle cells (VSMCs), endothelial cells (ECs), fibroblasts, 

endothelial progenitor cells, and neointimal cells. These studies typically examine cell adhesion 

and viability in stagnant medium on coated coils, but most do not incorporate hemodynamics or 

interactions with fibrin clot. These studies suggest fibroblasts are most proliferative on coils 

coated with basic fibroblast growth factor,
51

 type I collagen or fibronectin;
52

 ECs are most 

proliferative on Cerecyte coils,
53

 which contain polyglycolic acid fibers,
54

 or on coils coated with 

type I collagen;
55

 and VSMC coverage occurs the fastest on coils impregnated with type I 

collagen fibers
56

 or on coils coated with ion-implanted type I collagen.
57

 Some studies measure 

aspects of cellularization on geometries other than coils. For instance, cell density on coated 

platinum surfaces after high flow shear stress has been measured in vitro as an indicator of cell 

adherence.
57

 Other studies assessed biomaterials as potential coil coatings by measuring cell 

migration towards solutions of monocyte chemotactic protein-1
58

 or towards nitrogen-rich 

plasma-polymerized biomaterial.
59

  Using short-term endpoints and live imaging, in vitro models 

of cellularization provide new information about the dynamics of cell behavior on coils that 

cannot be examined in vivo. 

 

Analyses of how coil presence, coating, packing density and other characteristics affect cell 

behavior provide invaluable insight into the IA healing process and the factors that promote or 

inhibit IA healing. Continued expansion of these models would provide more information on 

individual aspects of IA healing. However, these cellularization studies, like thrombogenicity 

studies, are limited in that they do not account for intra-aneurysmal hemodynamics.  

 

1.4.3 Flow dynamics studies 

Thrombosis and cell biology literature show that clotting
60,61

 and VSMC,
62

 fibroblast
62,63

 and 

EC
64,65

 behaviors are sensitive to flow shear and pattern. During acute thrombosis, ECs and 

VSMCs are exposed to flow, which determines whether they promote inflammation and 

coagulation in the IA. EC phenotype in terms of procoagulant and proinflammatory state and 

SMC phenotype in terms of growth and ECM secretion also affect one another,
66,67

 and EC 

phenotype modulates platelet-driven clotting in the IA.
68

 Additionally, ECs at the neck are 

exposed to flow throughout endothelialization: flow shear rate and pattern affect EC 

proliferation, apoptosis and monolayer barrier function that dictate the stability and progression 

of endothelialization across the neck. Therefore, hemodynamics plays an important role in 

multiple stages of the IA healing process. However, without a controlled environment where 

hemodynamics can be manipulated, the relationships between hemodynamics and IA recurrence 
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cannot be directly evaluated. Since hemodynamics fluctuates between different patient 

aneurysms, the study of intra-aneurysmal flow dynamics is vital to understand variability in 

mechanism in IA healing. Blood flow rate and IA geometry cannot be modified in vivo to reveal 

relationships between aneurysm geometry, coiling and flow pattern and velocity, so tunable in 

vitro models of coiled IAs that examine different flow rates and geometries are necessary to 

analyze these relationships. 

 

Due to the importance of IA hemodynamics to recurrence, it is not surprising that the largest 

category of in vitro IA models in the literature is those that characterize flow patterns within 

saccular aneurysms (Figure 3, “Hemodynamics”). Most of these studies measure the wall shear 

stress and velocity distributions throughout IAs with different geometries and sizes,
8,9,36,69

 parent 

vessel characteristics,
69–71

 coil arrangements and coil packing densities.
10,11,72

 These studies are 

often conducted using particle image velocimetry within a polymer aneurysm model or 

computational methods to simulate blood flow; some studies use both to determine the accuracy 

of the computational model. They provide relationships between hemodynamics and IA 

characteristics that combined with information about how similar flow patterns dictate fibrin 

polymerization, platelet phenotype and vascular cell behavior, prove useful in predicting how the 

course of IA healing will be affected. In cases where patient information is used to calculate the 

aneurysm dimensions, shear stress distributions are correlated to incidence of rupture
9,36,69

 or 

recanalization
73

 in order to better understand how flow dynamics affect patient outcome. With 

this information, optimal treatment strategies can be identified that are specific to IA geometry. 

For example, given an IA with a specific location, dimension and parent vessel size, a physician 

may better evaluate whether the IA should be coiled and with what coil configuration, and if the 

patient is at high risk for recurrence. A few hemodynamics models have stepped further to 

include thrombus formation or cell behavior to more directly evaluate how flow patterns affect 

aspects of IA healing.  

 

Few in vitro studies evaluate the relationship between intra-aneurysmal flow dynamics and 

thrombosis (Figure 3, “Blood Flow Model”) or EC behavior (Figure 3, “Cell Flow Model”). 

Hemodynamics and subsequent thrombus formation were investigated in a computational model 

of thrombosis in a saccular IA that was treated with a flow diverter.
45

 Using a series of 

biochemical reactions to model the different stages of fibrin polymerization under flow, the study 

revealed a theoretical progression of three-dimensional clot development in a variety of IA sac 

morphologies, with and without coils. Although the study does not explore coiling, it provides a 

controlled system that predicts thrombosis rate and occlusion and begins to elucidate 

relationships between IA dimensions (i.e. size and aspect ratio), hemodynamics and thrombosis.  

Another computational model provides information regarding platelet and red blood cell 

accumulation in an IA with a given geometry and flow rate, which indicates the location and 

structure of IA thrombus formation.
46

 A platelet-rich clot is degraded more slowly than a more 

fibrin-rich clot,
74

 so IA clot structure predicted by the model provides information about the 
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potential rate of clot fibrinolysis and cell-mediated thrombus reorganization into tissue. Both of 

these models predict properties of thrombus formation in response to IA characteristics and 

hemodynamics that provide insight into cellularization and tissue formation. However, these 

computational models are predictions of how clot would form in an IA; a model with complete 

blood biochemistry in vitro is necessary to fully elucidate the relationships between 

hemodynamics and clotting in patient IAs. 

 

Thrombosis under flow in vitro was analyzed in a silicone model sidewall aneurysm that was 

treated with a flow diverter and perfused with recirculating whole blood.
75

 Although this study 

did not examine coiling, it is the only in vitro model of thrombosis in an IA under flow. A 

glycerol-water blood substitute was used to define the velocity profiles within aneurysms that 

were treated with diverters of different porosities, while whole blood clots were formed and 

dissected for clot structure in a parallel experiment. Velocity magnitude and clot red blood cell 

content were decreased with increased flow diverter porosity. This study provides insight into the 

relationship between velocity profile and structure of acute clot formation in aneurysms treated 

with flow diverters. These initial clotting time points would be more costly to observe in animal 

models and are not widely examined in the literature to date. While computational models of 

thrombosis and hemodynamics can quickly and relatively inexpensively predict clotting 

mechanism based on hemodynamics, in vitro models are necessary to confirm these predictions. 

With a better understanding of clotting mechanism in IAs, optimal personalized treatments can 

be prescribed that are dependent on IA geometry, location, and other characteristics. 

 

EC morphology and its correlation to location and wall shear stress in a saccular bifurcation IA 

were evaluated in an endothelialized aneurysm model in vitro.
76

 A compliant aneurysm was 

modeled based on patient image data, constructed, lined with ECs and perfused with cell 

medium. ECs in the sac had the same morphology as those cultured in the absence of flow, while 

ECs in the parent vessel had an elongated morphology. This indicates that EC intracellular 

signaling in the IA dome wall was responsive to slow circulating intra-aneurysmal flow, 

producing new information about relationships between cell behavior and flow dynamics that are 

specific to IA geometry and intra-aneurysmal flow patterns. The addition of coils to this model 

would also provide valuable information regarding how coil-mediated hemodynamics impacts 

EC phenotype and coil endothelialization. In vitro models that incorporate the effects of IA flow 

dynamics on processes in IA healing can elucidate the sensitivity of these processes to variables 

such as flow pattern that are specific to IAs.  

 

In vitro models of IA flow dynamics provide information about how aneurysm characteristics 

and treatments dictate intra-aneurysmal hemodynamics and in some models, how these 

relationships affect clot formation or cell behavior. This information would be more difficult and 

expensive to obtain in vivo and can help guide optimal treatment of specific aneurysms. 

Although the aforementioned models reveal direct relationships between IA hemodynamics and 
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clotting or EC behavior, they are a minority in the field of in vitro IA models, and none of the 

hemodynamics models in the literature to date investigate the thrombogenicity or cell 

compatibility of coil design or material. Hemodynamics models, like coil thrombogenicity and 

cellularization models in the literature, are limited. Combining these models with technologies 

available in related fields would produce in vitro systems that better recapitulate in vivo human 

IA conditions, and allow a better understanding of treatment effectiveness and optimal design. 

IA in vitro models are incomplete in that they do not identify the relationships between 

hemodynamics, thrombosis and cell behavior, which are vital to IA healing. 

 

The extension and continued development of these in vitro models would produce information 

important to the field of IA healing. However, existing models can be improved in order to better 

understand complex IA healing phenomena, namely how IA hemodynamics drives thrombosis 

and cellularization, and the relationships between them. A larger variety of in vitro models that 

recapitulate aspects of human IA healing are necessary to supplement animal models, ex vivo 

samples and computational models in order to elucidate mechanisms that drive complete IA 

healing and the variability in individual IA healing, to determine how coil treatments fail and to 

screen new coil designs. 

 

1.5 IN VITRO MODELS OF THROMBOSIS UNDER FLOW 

Acute clot accumulation and structure are important to cellularization during IA healing since the 

clot provides an initial scaffold for cellularization and tissue formation.
3
 Additionally, fibrous 

matrix structure influences EC behavior,
77

 EC phenotype affects clotting,
68

 and fibrinogen 

concentration influences fibroblast behavior,
78

 indicating that acute clot structure also influences 

vascular cell infiltration and coverage, and vice versa, in IA healing.  Nevertheless, it is unclear 

why thrombus frequently does not reorganize into tissue in patient IAs,
4,29

 underlining the need 

for models that perturb IA thrombosis in order to elucidate the factors that drive it.  

 

In vitro models of thrombosis under flow in fields outside of IA healing provide insight into the 

factors that likely facilitate clot structure and accumulation in IAs. Low wall shear stress allows 

the formation of more fibrin fibers than high wall shear stress, which promotes platelet-rich 

clots.
61

 Fibrin fiber morphology under flow is also modulated by wall shear stress.
79

 Zones of 

recirculating flow patterns promote clot accumulation.
80

 These findings point to a relationship 

between flow pattern and thrombosis in saccular IAs. Therefore, since blood flow rate and flow 

pattern in IAs are influenced by coil placement
11

 and increased packing density,
10

 coil-mediated 

regulation of blood flow into the aneurysm likely modulates clot formation and structure.  

 

A better understanding of the relationship between intra-aneurysmal hemodynamics and clotting 

in coiled saccular IAs would provide information about acute IA healing in vivo. In addition, an 

understanding of the clot structure on coils would provide insight into long-term clot and coil 
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compression, clot degradation and clot suitability for cell infiltration and remodeling. In vitro 

models of IA thrombosis under flow are necessary to elucidate these phenomena in IA healing. 

 

1.6 OBJECTIVES AND APPROACH OF THE STUDY 

In this work, three types of in vitro models were developed. Models of clotting on coils without 

(Figure 3, “Thrombosis”) and with (Figure 3, “Blood Flow Model”) arterial flow were developed 

in order to evaluate if flow shear is required to reproduce aspects of clot structure in vivo. A 

model of clotting on coils was developed that captures some of the hemodynamics at the neck of 

a coiled bifurcation IA. This model was designed to focus on clotting at the neck, since the neck 

is an area likely to recanalize in IA recurrence. This model assumes that the sac of the IA is fully 

packed with coils. Another model was developed in which clot formation occurs around coils in 

a sac similar to that of a bifurcation IA. This model allows the analysis of complex 

hemodynamics present within the IA dome and evaluates the effect of local packing densities 

and irregular coil designs on hemodynamics and subsequent clotting. 

 

Using these models, three hypotheses were evaluated in this work: 

1) Flow is necessary to recapitulate clot structure seen in ex vivo human IAs and to identify 

differences in performance of different coil arrangements and designs.  

2) Coil arrangements with high local packing densities promote space-filling clot formation. 

3) Coil designs that create disturbed flow patterns promote space-filling clot formation. 

 

The investigation of these hypotheses will be described in Chapters 2, 3 and 4, respectively. 

 

1.7 SIGNIFICANCE OF THE STUDY 

These models are the first to examine the dynamics of acute thrombosis in a coiled saccular 

bifurcation IA. They provide novel methods that were utilized to better understand the 

relationships between intra-aneurysmal hemodynamics and clot rate, structure and 

spatiotemporal dynamics in coiled saccular IAs. They also provide new methods to rapidly 

screen new coil treatments before use in animal studies. This work is the first to examine the 

effectiveness of a novel coil design in impinging the flow field and promoting thrombosis, and 

the first in vitro study of the effect of coil arrangement on hemodynamics and thrombosis.  

 

This work contributes new information to the field of IA healing that will contribute to existing 

perceptions of coil design development, coil placement during surgery, and the importance and 

contribution of in vitro models to understanding IA recurrence. With the combined use of tools 

including in vitro models, animal models, computational models, clinical experiences and ex vivo 

samples, we can understand what causes specific IAs to recur and work to prevent it. 
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CHAPTER 2: FLOW AND STASIS CLOTTING MODELS  

Clotting flow models aren’t mainstream enough: Shear flow is required to simulate 

physiological clotting and observe differences in thrombogenicity of coil designs  

 

2.1 RATIONALE 

Coil design has not changed significantly since 

its introduction in 1991.
16

 Small modifications, 

including hydrogel coating
20

 and metal 

softening,
23

 have been introduced with the goal 

of increasing coil packing in order to slow the 

inflow of blood, thereby promoting stable clots 

that lay the foundation for cellularized tissue. 

Stent modifications have been introduced that 

perform the opposite function: reducing clot 

formation within the diseased lumen. These 

developments in the stent literature can be 

applied to endovascular coils. Specifically, stent 

struts with micron-level surface irregularities increased platelet accumulation, clot formation, 

and intimal hyperplasia in atherosclerotic arteries.
81,82

 Additionally, endothelial cells were 

sensitive to stent strut edge angle under flow,
83

 indicating that platelets may also be responsive to 

edge geometry. Acoustic radiation force microscopy techniques
84

 were used in a preliminary 

study that suggests faster clotting occurs near the coil than away from it (Figure 4). These studies 

together suggest that modifications to coil wire shape and surface roughness may promote clot 

formation in a coiled IA. 

 

Many in vivo and computational studies have demonstrated the importance of high packing 

density to IA healing. Higher packing densities slow blood flow in the IA
10

 and reduce 

recurrence in humans
85

 and animal models.
86

 Also, thrombosis is known to depend on flow rate 

and pattern;
60,61

 however, most coil thrombosis studies in vitro are conducted in the absence of 

flow.
48,49

  Therefore, since the literature suggests that edged wire, surface irregularities and 

increased packing density promote thrombosis, an in vitro stasis clot model was used to test the 

thrombogenicity of packed coils and novel coil designs.  

 

In order to test the effect of flow on coil thrombogenicity, a flow chamber was developed and 

constructed that imitates some aspects of hemodynamics at the neck of a coiled saccular 

bifurcation IA. A bifurcation model was selected due to the oscillating flow patterns and higher 

recurrence rates in bifurcation IAs compared to sidewall IAs.
87,88

 The neck was chosen because 

EC coverage of the neck is one of the markers of an IA that is protected from recurrence.
3
 Clot 

coverage and structure at the neck is likely to affect cellularization
77,89–91

 and subsequent IA 

healing and is therefore important to examine in this study. 

 
Figure 4: Preliminary acoustic radiation force microscopy 

study of clotting on a coil. Relative PRP clot stiffness 

increases faster close to coils than away from coils. Inset 

shows relative measurement locations. 
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The study in this chapter tests the hypotheses that (1) edged and braided wire promote platelet 

adhesion and increased space-filling fibrin formation compared to clinical coils, and (2) flow 

shear is necessary to recapitulate clot structure in vivo. The results of this study may drive the 

future design of coils and coil thrombogenicity models in vitro.  

 

2.2 METHODS 

2.2.1 Coil preparation  

Ribbon coils and rectangular wires (Figure 5) were obtained from MicroDyne Technologies 

(Plainsville, CT). Ribbon coils (Figure 5, “Ribbon”) were constructed from two layers of wires 

with a 25 µm by 75 µm rectangular cross-section and smooth surfaces that were coiled to 

generate an outer diameter of approximately 400 µm. To create braided coils (Figure 5, 

“Braided”), wires with a 23 µm by 230 µm rectangular cross-section were supercoiled such that 

an indentation was made in the metal approximately every centimeter. These wires had micron-

sized surface irregularities that produced rough surfaces (Figure 5, “Braided” inset). Three 

supercoiled rectangular wires of equal length were braided. Commercially available aneurysm 

coils were used for the “clinical coil” condition (Figure 5, “Clinical”). All coils were soaked in 

70% ethanol for 1 hr and dried overnight in a biosafety cabinet before each experiment. Coils 

were adhered to a 12 mm round glass coverslips (Ted Pella Inc., Redding CA) for SEM imaging, 

24 mm
2
 No. 1.5 glass coverslips (Corning) or a 4-well Lab-Tek chambered glass slide 

(ThermoFisher Scientific) with one or two 2-5 µL drops of clear nail polish per sample. Samples 

were allowed to dry overnight in a biosafety cabinet.  

 

2.2.2 Clot formation without flow  

The UVa Institutional Review Board approved all protocols for blood donations (IRB-HSR 

Protocol No. 17524). Whole blood from healthy volunteers was drawn into 1.8 mL 0.109 M 

 

Figure 5: Representative SEM images of coil and wire types used in the study.  Inset shows the surface roughness of wire 

used in each coil type. “Clinical coils”, which are used clinically, consist of a smooth wire with a round cross-section that is 

coiled. “Ribbon coils” consist of a smooth wire with a rectangular cross-section that is coiled. “Braided coils” consist of 

rough wires with a rectangular cross-section that are braided. Inset scale bar, 5µm. 
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buffered sodium citrate vacuum-sealed tubes (BD) and immediately centrifuged at 100xg for 20 

min. The top layer of platelet-rich plasma (PRP) was collected from each tube and mixed by 

slight stirring with a pipette tip. Oregon green-tagged fibrinogen (Molecular Probes) and CaCl2 

were added to PRP to 0.010 mg/mL and 20 mM final concentrations, respectively. 10 µL of PRP 

solution was immediately added to each sample in 100% relative humidity. 75 µL of PRP 

solution was added to each coil ball sample. Clots formed for 2 hr at room temperature and then 

were imaged using confocal microscopy. After imaging, samples were fixed in 4% 

paraformaldehyde (PFA) for 20 minutes and rinsed in phosphate-buffered saline without calcium 

or magnesium ions (PBS) before preparation for SEM imaging. 

 

2.2.3 Flow chamber and coil preparation  

Polycarbonate chambers (Marlin Tool Inc., Cuyahoga Falls, OH) and tubing were rinsed in de-

ionized water, dried, and coated by circulation of 2.5% (w/v) bovine serum albumin (BSA) in 

modified HEPES-Tyrode’s buffer without phosphate or calcium ions (HT buffer)
74,92

 at 5 

mL/min for 6 hr. Chambers and tubing were rinsed in 20 mL PBS at 7.5 mL/min. Chambers and 

tubing were dried overnight. Immediately before each experiment, chambers and tubing were 

coated by circulation of 30 U/mL heparin in HT buffer at 5 mL/min for 2 hr and then rinsed with 

20 mL PBS at 12 mL/min. A 1 cm long coil was placed against the island support, and the 

systems were primed with PBS.  

 

2.2.4 Recirculating flow experiments  

Whole blood from healthy volunteers was drawn directly into 30-cc syringes pre-loaded with 12 

mL PBS and simultaneously mixed to dilute the whole blood to 50%. To slow clotting to an 

observable rate, this mixture was further diluted to 25% in PBS and immediately centrifuged at 

100×g for 20 min. The top layer of diluted PRP was collected from each tube and mixed by 

inversion. Oregon green–tagged fibrinogen (Molecular Probes) was added to PRP to 0.005 

mg/mL final concentration. PRP was immediately transferred to flow chambers via syringe at 7.5 

mL/min, and flow and confocal imaging were initiated (in stasis experiments within the 

chamber, flow was not initiated). After 17 minutes of recirculating flow, chambers were perfused 

with PBS for 10 minutes at 12 mL/min to remove excess fibrinogen, fixed in 5 mL 4% PFA for 

20 minutes, rinsed in 10 mL PBS at 12 mL/min, and imaged using confocal microscopy. PRP 

was used to imitate whole blood, as previously described,
93

 because it is less opaque and more 

suitable for optical measurements. 

 

2.2.5 Scanning electron microscopy (SEM) preparation  

After confocal imaging, 12 mm coverslips with adhered clotted coils were rinsed in solutions of 

increasing ethanol concentration in water (25% to 100%) and dried in a critical point dryer 

(Advanced Microscopy Facility, UVa). Samples were immediately imaged using SEM. 
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2.2.6 Image analysis  

Confocal images were analyzed using ImageJ.
94

 Fibers were segmented from background and 

overlayed with the original image to ensure consistent and accurate fiber coverage using the 

following steps. Visible pixels were adjusted to that the minimum intensity value was just larger 

than the first peak in the histogram. The maximum intensity value was set to half of the 

difference between he maximum intensity in the histogram and the second peak in the histogram. 

The image was set to 8 bit type. An Unsharp Mask Filter was applied with a radius of 4 pixels 

and mask weight of 0.6. A Bandpass Filter was applied that filtered large structures down to 100 

pixels and small structures up to 1 pixel, with no stripe suppression, 5% tolerance of direction, 

autoscaling and image saturation. The image was then thresholded via the Percentage algorithm 

with dark background. The mask was created by using the Analyze Particles macro, sizes 0 to 

infinity and circularity 0 to 0.4, showing masks. The mask was then overlayed with the original 

image to ensure that 5 to 10 fiber segments of the original image were not present in the mask. If 

not, the thresholded level was adjusted by 6 to 12 intensity levels. In this way, all of the masks 

were equally accurate to their originals, while preventing false positives, i.e. the creation of 

masks that were denser than their originals. Fiber density was calculated as a percent of the total 

area. Only areas outside of the metal surfaces were measured in order to eliminate light 

reflections off of the metal. Average fiber density was calculated from at least three images from 

different randomly selected locations in the sample. The OrientationJ plugin
95

 was also used to 

compare fiber orientation between images.  

 

2.2.7 Statistical analysis  

At least three replicates were analyzed for each condition in the stasis model. Two-way 

ANOVAs, one-way ANOVAs and student’s t-tests were used to evaluate variability within and 

between groups. 

 

2.3 RESULTS 

2.3.1 Coil design and coil packing did not modify clot structure in the absence of flow 

Edged, smooth wires that have rectangular cross-sections were coiled to create a “ribbon coil” 

design similar to clinically available coils that are made up of coiled round smooth wires that 

have a circular cross-section (Figure 5). Rectangular wires with surface irregularities that 

produced rough surfaces were braided to create an irregular secondary coil structure with pockets 

where platelets and fibrin may accumulate.  

 

Fluorescent images of clot mesh that had formed around each sample were segmented, converted 

into binary masks, and used to calculate fiber density (Figure 6A). Fiber density was found to be 

similar across all conditions (Figure 6B, p=0.18). In order to determine if this trend in clot 

structure is the same for all blood donors, fiber density was calculated in clots formed around all 

coil and wire types (Figure 7A) for four different donors. Fiber density across all conditions was 

similar for each donor (p=0.94); however, there was a significant difference between donors 
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(p<0.05, Figure 7B). SEM images of clots indicate no difference in fiber structure between the 

conditions (Figure 8).  

 

2.3.2 IA-like hemodynamics were required to reproduce physiological clot structure 

In order to evaluate the importance of flow in clot formation in coiled aneurysms, a parallel plate 

flow chamber was designed to expose coils to flow patterns mimicking those at the neck of a 

bifurcation saccular aneurysm (Figure 9A). An island in the middle of the chamber divided flow 

to create a bifurcation and supported the coil during flow. Flow leading up to the supported coil 

was laminar and fully developed. Inlet flow velocity was 1.6 cm/s. 

 

Clot formation in the flow chamber was compared in the presence and absence of flow. Clots 

that formed on 1 cm long clinical coils after 20 minutes of PRP flow at 200 s
-1

 shear rate were 

heterogeneous, clustered, and confined to the coil periphery (Figure 9B, “200 s
-1

 shear rate”). 

PRP clots that formed in the absence of flow were more uniform in fiber density and covered a 

large area around the coil (Figure 9B, “No flow”). Clots formed during fluid flow more closely 

 

Figure 6: A: Representative fluorescent confocal images and segmented fibers for each condition. Clots were formed in the 

presence of clinical coils, ribbon coils and braided coils, and in the absence of coils. Clots were formed in the presence of 

either a single coil or multiple coils balled together to increase coil packing. Scale bar, 100 µm. B: Fiber density of the clot 

was insensitive to sample type (one-way ANOVA, p=0.18). 
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resembled thrombus formed around coils in vivo
96

 than the more uniform clots formed in stasis, 

so subsequent coil clotting experiments were performed under flow. 

 

 

2.4 DISCUSSION 

This study demonstrates that novel models of endovascular coil clotting under flow are necessary 

to recapitulate clot structure observed in coiled IAs. This is consistent with in vitro thrombosis 

studies showing that clot structure is dependent on shear stress and flow velocity.
61

 Clots that 

formed in the absence of flow were characterized by similar fiber densities regardless of coil 

presence, shape, packing, secondary shape and wire shape. Yet coil packing and presence impact 

recurrence rate
85,86

 and flow velocity
10

 within IAs. Therefore, since coil packing impacts clot 

structure, but clot structure was similar for different packing densities, the stasis clot model may 

be insufficient to reveal differences in clot structure that form around coils with different packing 

densities in aneurysm models in vivo. In this study, fibrin formation was also insensitive to 

surface roughness and wire shape in the absence of flow. However, studies that demonstrated 

platelet dependence on surface roughness
81,82

 and endothelial cell dependence on strut angle
83

 

were conducted under flow, indicating that clot formation in the flow chamber (but not the stasis 

 

Figure 7: A: Representative fluorescent confocal images and segmented fibers for each single wire sample condition. Clots 

were also formed in the presence of a single wire of each type. Scale bar, 100 µm. B: Fiber density was insensitive to sample 

type for each donor (two-way ANOVA, p=0.94). There was significant variability between donors (two-way ANOVA, p<0.05). 
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model) may be sensitive to surface roughness and wire shape. These results guided the 

development of subsequent studies that are detailed in Chapters 3 and 4.  

The preliminary acoustic radiation force microscopy study described in Figure 4 indicated that 

clot located close to the coil formed and became stiff faster than clot located away from the coil. 

Results from the study detailed in this chapter indicate that clot structure was insensitive to coil 

presence in the absence of flow, but the timing of clot formation was not observed or measured.  

These results suggest that the rate of clot formation, but not clot structure, may be dependent on 

coil presence in the absence of flow. It is also possible that the ultrasound pulses used in the 

acoustic radiation force microscopy study may have been sufficient to perturb the clot closest to 

the coil surface, causing shear forces that affected clot rate.  

 

Figure 8: Representative SEM images of clots formed in each coil condition. There were no differences in structure 

between sample types. Scale bar, 10 µm. 

 

Figure 9: A: Schematic of neck IA model flow chamber. Coils (red) are placed against the island and PRP is perfused 

through the chamber. Scale bar, 1 cm. B: Flow shear rate modulates clot morphology in flow chamber. Clot (green) is 

more heterogeneous, smaller and isolated to the coil (red outline) under flow (left), compared to clots formed without flow 

(right). A green arrow indicates the direction of PRP flow. Both clots were formed in the neck model. Scale bar, 100µm. 
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The results from this study suggest that flow is necessary to reproduce clots similar to those 

observed in vivo. However, this study has limitations. The shortcomings of the flow chamber 

model itself will be addressed in Section 5.2, but there are additional limitations specific to this 

study. First, in the stasis model, nail polish was used to anchor the coils and prevent clot 

structure disruption caused by coil movement during handling but contains volatile compounds 

that are not typically used in thrombosis models. The nail polish was allowed to dry overnight to 

reduce these volatile compounds. Moreover, the same amount of nail polish was used for all 

conditions in each of the ball, single coil and single wire studies, and no nail polish was used in 

the absence of coils. Since fiber density was similar with and without coils, and consequently 

with and without nail polish, the dried nail polish likely had minimal effect on clot structure. In 

the flow chamber model, clot that formed on the coil under flow was more similar, but not 

identical, to clot that formed in vivo. This result may be at least partly due to the differences in 

blood chemistry and geometry between the model and IAs in vivo. Nevertheless, the model 

demonstrates the importance of flow in understanding coil performance and thrombogenicity. 

While it is not an identical representation of clotting in bifurcation IAs in vivo, the flow chamber 

model is sufficient to reveal differences in clotting under different shear conditions, which 

contributes new information to the field about coil thrombosis.  

 

The neck flow chamber model and stasis clot model provide new information about the impact 

of flow shear on clotting around coils. The flow chamber model developed in this study 

measures the spatial and temporal clot development around coils and its dependency on flow 

shear rate, which cannot be observed in animal or computational models. The model provides 

new information that supplements resected ex vivo human IAs and animal and computational 

models and in order to better understand the relationships between IA hemodynamics and clot 

formation, which will help guide the development of better coil designs. 

 

2.5 CONCLUSIONS 

The study indicates that shear flow is necessary to reproduce physiological clot structure in 

models of coiled saccular bifurcation IAs. Clot structure in the absence of flow was insensitive to 

coil presence, packing, secondary shape, or wire shape. This result is in contrast with studies in 

vivo indicating that coil presence indicating that coil packing affects initial IA occlusion
97

 and 

late recurrence,
85

 suggesting that flow models are necessary to reveal trends in coil performance 

in IAs. 
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CHAPTER 3: COIL ARRANGEMENT MODULATES HEMODYNAMICS 

AND CLOTTING  

Coil arrangement can turn the tides: Coil arrangements with local high packing density 

promote clotting in a coiled IA model in vitro  

 

3.1 RATIONALE 

Coil placement
11

 and increased packing density
10

 influence blood flow rate and pattern in IAs, 

and flow rate and pattern modulate clot progression and structure.
61,79

 Therefore, coil regulation 

of blood flow within the aneurysm likely modulates clot formation. Clots formed during PRP 

flow in Chapter 2 more closely resembled thrombus formed around coils in vivo
96

 than the more 

uniform clots formed in stasis, indicating that flow is required to produce physiological clot 

structure. However, the relationship between coil-dependent hemodynamics and intra-

aneurysmal thrombosis has not been directly evaluated. 

 

In this study, an in vitro bifurcation IA model was used to examine the sensitivity of thrombosis 

to clinical coil placement at the neck and in the dome. We hypothesized that clinical coil 

arrangements that create high local packing density promote faster, space-filing clot formation. 

The analyses in this study provide new information about coil impingement on the flow in a 

saccular bifurcation IA and its relationship to acute thrombosis. This information is a step 

towards understanding acute healing and coil treatment efficacy, which will help drive future 

coiling techniques. 

 

3.2 METHODS 

3.2.1 Flow chamber and coil preparation  

See Section 2.2.3: Flow chamber and coil preparation.  Commercially available platinum 

aneurysm coils (“clinical coils”) were used. A total of 33 mm of coil length, including a 12 mm 

framing coil, was used in each coiled 

sample. Linearly arranged filling coils 

were cut into 6 to 8 sections that were 

2 to 4 mm long. Circumferentially 

arranged filling coils were cut into 3 to 

4 sections that were crimped by hand 

using foreceps to assume curved 

shapes. Instead of ethanol cleaning, all 

coils were washed for 20 minutes in 

piranha wash (1 part 30% H2O2, 3 parts 

H2SO4) and rinsed in three tap water 

washes for 5 minutes each, then three 

deionized water washes for 5 minutes each, 24 hours prior to each experiment. For single-pass 

flow experiments, chambers (Figure 10) and tubing were rinsed and primed with modified 

 
Figure 10: Schematic of sac IA model flow chamber. Coils (red) were 

placed inside a hole in the island and PRP was perfused through the 

chamber. Scale bar, 1 cm. 
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HEPES Tyrodes’ buffer (HT buffer) instead of phosphate-buffered saline without magnesium or 

calcium ions (PBS) to prevent calcium phosphate precipitation during clotting, and a reservoir 

was also coated with bovine serum albumin (BSA) and heparin in the same way as the chambers 

and tubing. 

 

3.2.2 Recirculating flow experiments  

See Section 2.2.4: Recirculating flow experiments. Table 1 describes PRP flow conditions tested 

in this study. Red blood cells (RBCs) labeled with DiI (Sigma) were added to platelet-rich 

plasma (PRP) before flow at 500 cells/µL final concentration. DiI-RBCs acted as flow tracers in 

image analysis. Coils were placed by inserting the framing coil first, then inserting filling coils. 

Table 1: PRP flow conditions in Chapter 3 

Model type Sac model 

Flow type Single-pass flow Recirculating flow 

PRP flow time 4 minutes 17 minutes 

Buffer perfusion time 15 seconds or 10 minutes 10 minutes 

 

3.2.3 Single-pass flow experiments  

Whole blood from healthy volunteers was drawn 

directly into 60-cc syringes pre-loaded with 5.5 

mL buffered sodium citrate and simultaneously 

mixed to 0.0109 M final sodium citrate 

concentration. Blood was immediately centrifuged 

at 100×g for 20 min. The top layer of PRP was 

collected from each tube and diluted to whole 

blood concentration in HT buffer. Oregon green-

tagged fibrinogen (Molecular Probes) was added to 

PRP to 0.005 mg/mL final concentration. Red 

blood cells labeled with DiI were added to PRP at 

500 cells/µL final concentration. CaCl2 in water 

was added to PRP at 20 mM final concentration,
98

 

PRP was mixed by inversion and immediately 

transferred to the chamber reservoir, and flow and 

confocal imaging were initiated. Once PRP in the 

reservoir was depleted, chambers were perfused 

with PBS for 10 minutes or 15 seconds at 12 

mL/min, fixed in 5 mL 4% (w/v) PFA, rinsed in 10 

mL PBS at 12 mL/min and imaged. Table 1 describes PRP flow conditions tested in this study. 

 
Figure 11: A: Diagram of permeability assay setup. B: 

Darcy constant as a function of coil packing density. As 

the packing density of clots increased, the permeability 

decreased. *p<0.005, n=28. 



Chapter 3: Coil arrangement modulates hemodynamics and clotting 25 

 

3.2.4 Scanning electron microscopy (SEM) preparation  

Coils were removed from chambers post-imaging and rinsed in solutions of increasing ethanol 

concentration in water (25% to 100%), then in 50% hexamethyldisilazane (HMDS) in ethanol 

and finally in 100% HMDS.
99

 Coils were dried overnight and imaged using SEM. 

 

3.2.5 Image analysis  

Confocal images were analyzed using ImageJ.
94

 Clot area was calculated by selecting the pixels 

with grayscale intensity higher than the 97.5
th

 percentile of the background intensity distribution 

(background regions were manually selected in ImageJ). Total aneurysm area was identified by 

isolating the aneurysm sac boundary and manually eliminating artifacts caused by laser 

reflections from the metal. Clot size was calculated as the percentage of total aneurysm area (in 

pixels) that was composed of clot (in pixels). DiI-RBCs were manually tracked using the Manual 

Tracking plugin.
100

 Velocities, heat maps, and vector plots were calculated in MATLAB. 

Modified quiverc
101

 functions were used to generate color-coded vector plots.  

 

3.2.6 Clot permeability experiments  

For permeability experiments, 316 stainless steel wire was used to mimic coils. Three levels of 

packing were tested: 1, 30, and 60% of 100 µL total clot volume. The mass of wire was 

calculated based on metal density (8 g/cm
3
). Wire was inserted into open-ended tubes. Whole 

blood from healthy volunteers was drawn into sodium citrate vacutainer tubes and centrifuged 

for 20 minutes at 100×g. PRP was collected and incubated with CaCl2 at 10 mM final 

concentration then transferred to the packed open-ended tubes and allowed to clot for 2 hr in a 

humidified chamber. The tubes were connected to a reservoir containing PBS, which was 

positioned so that gravitational flow through the clot occurred at a pressure drop of 980 Pa 

(Figure 11A). The volume of effluent that passed through the column in 20 minutes was used to 

calculate the Darcy constant (Ks) using the following equation:
102

 

   
     

      
 

where Q is the total volume of effluent collected, L is the total length of the clot (1.5 cm), η is 

the viscosity of PBS (1.05 x 10
-2

 poise), A is the cross-sectional area of the clot (0.0225 cm
2
), 

and ∆P is the pressure drop across the clot (980 Pa). The Darcy constant measures the effective 

surface area of the clot that allows fluid to flow through the fibrin network, which corresponds to 

a measure of clot permeability. 

 

3.2.7 Statistical methods  

Preliminary power analyses based on clot size require a minimum of six replicates per coiled sac 

condition, allowing 5% and 20% probabilities of Type I and Type II errors, respectively. At least 

six replicates were analyzed for each coiled condition and at least three replicates were analyzed 

for the no-coil condition in both models. Two-way ANOVA and student’s t-tests were used to 

evaluate variability within and between groups, respectively. 
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3.3 RESULTS 

3.3.1 Increased coil wire packing reduced clot permeability  

To measure the ability of increased coil packing density in clots to impede blood flow, Darcy 

permeability was measured in clots formed around different packing densities of coil wire (1, 30, 

and 60%). The data show that increasing the wire packing density in PRP clots resulted in lower 

permeability values (Figure 11B): permeability of the 60% density clots was 44.6% less than that 

of the 1% density clots (p<0.005, n=28).  

 

These data suggest that areas of high packing density in the aneurysm sac facilitated the 

formation of clots that were less permeable to blood flow. These results guided the development 

of coil arrangements in subsequent experiments.  

 

 
Figure 12: Representative images of coil arrangements in sacs (“Coil arrangement”), clot accumulation, and velocity 

profiles of flow tracers tracked at the neck and back of the dome for each coil condition. Particles moved slower around 

coils in a linear arrangement than in a circumferential arrangement. Flow velocity was slowed from neck to back of dome. 

Flow was faster without coils than with coils. In all images, neck opening is to the left and back dome is to the right (see 

inset diagram). Flow moved left to right. Aneurysm diameter, 5 mm. Velocity profile scale bar, 500 µm. 
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3.3.2 Hemodynamics were dependent on coil configuration in IA sac flow chamber 

Since the island in the neck model (Chapter 2) does not support coils in arrangements with 

different packing densities, a saccular model was developed with a hole drilled into the island to 

create the sac (Figure 10). The sac had a 5 mm internal diameter and 3 mm neck opening, 

representing the average size of a small human aneurysm.
5
 Coiling consisted of a framing coil 

and filling coils (Figure 12, “Coil arrangement”). Coils were placed in either a linear 

arrangement, where filling coils were parallel to one another in order to reduce space and 

increase packing density between the coils, or a circumferential arrangement, where filling coils 

were placed in a spiral to imitate a 2-D arrangement of coil placement in patients. Sacs were 

coiled to 14% (v/v) metal packing density.
103

 

 

Images of fluorescent fibrin after 17 minutes suggested higher clot accumulation in sacs with a 

linear arrangement compared to sacs with a circumferential arrangement (Figure 12, “Clot 

accumulation”).  Fibrin mesh formation was observed in both coil arrangements. Very little clot 

accumulated in sacs with no coils. Representative flow streamlines and velocities at the neck and 

back of the dome are depicted in Figure 12. In general, streamlines tended to follow coils. The 

linear arrangement demonstrated slower velocities along straight streamlines between filling 

coils, and the circumferential arrangement demonstrated slightly faster velocities and more 

curved streamlines with locations of streamline divergence and mixing (Figure 12). A large 

 

Figure 13: Velocity profiles were translated into heat maps with lower maxima to identify differences in the slowest flow 

velocities at the neck and back of the dome for each condition. Heat maps with a maximum of 500 µm/sec show that 

particles moved slower around coils in a linear arrangement than in a circumferential arrangement at the neck. Heat maps 

with a maximum of 125 µm/sec show that flow velocity was slowed from neck to back in both arrangements, and that flow 

velocity was slower around a linear arrangement than a circumferential arrangement. Aneurysm diameter, 5 mm. Scale 

bar, 500 µm. 
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region of streamline divergence was observed immediately inside the framing coil at the neck in 

both arrangements. In the circumferential arrangement, a second region of streamline divergence  

with slower velocities located farther towards the sac middle was observed. In the absence of 

coils, the hemodynamic profile was similar to that in spherical in vitro IA models that used a 

blood substitute fluid.
10

 This similarity indicates that the sac flow chamber model captures a 

cross-section of the flow pattern observed in a spherical saccular bifurcation IA.  

 

Velocity profiles were translated into heat maps with lower maxima in order to more clearly 

show differences in the slowest flow velocities at the neck and back of the dome for each 

condition (Figure 13). In these heat maps, the flow speed at a particular point in the vectorized 

profile shown in Figure 12 corresponds to the color at that point in the heat map. All points 

where the speed is greater than the scale maximum are colored red. Velocity profiles at the neck 

with a maximum of 500 µm/sec show that particles moved slower around a linear than a 

circumferential arrangement at the neck. Velocity profiles at the neck and back with a maximum 

of 125 µm/sec show that flow speed was reduced from neck to back in both arrangements. These 

heat maps also demonstrate that flow velocity was slower around a linear arrangement than a 

circumferential arrangement at the back of the dome. These data suggest that areas of local high 

packing density in the linear arrangement were more effective in slowing flow and reducing 

mixing than in the circumferential arrangement. Hemodynamics through the saccular aneurysm 

model were modulated by coil arrangement. 

 

3.3.3 Rate and location of clot formation were dependent on coil configuration in sac model 

Clots were imaged using confocal microscopy in both the single-pass and recirculating flow 

models after 4 and 17 minutes, respectively, which demonstrated early and late time points of 

 

Figure 14: Quantitative analysis of clot sizes. Clot sizes are shown after 17 minutes of PRP flow, 4 minutes of PRP flow for all 

perfusions, 4 minutes of PRP flow and 15-second perfusions and 4 minutes of PRP flow and 10-minute perfusions for each 

condition (*p<0.05). Note differences in y-axis scale magnitude. Dotted outline represents a condition where two or fewer 

replicates were examined. 
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clot formation. Table 1 describes the PRP flow conditions tested in this study. Clot size was 

calculated in ImageJ as a percent of the total aneurysm area.  

 

Clot size was quantified from images of clot accumulation (Figure 14). Clot size after 17 minutes 

in sacs filled with linearly arranged coils was significantly higher than those filled with 

circumferentially arranged coils (80.8% vs 49.0%, p<0.05). Clot size in sacs with coils was 

significantly higher than that without coils (6.81%, p<0.05). After 4 minutes of flow, clot size 

was not significantly different between the two arrangements (16.6% vs 16.7%, p=0.98). Clot 

size increased between 4 and 17 minutes for both the linear (16.7% vs 80.8%, p<0.05) and 

circumferential (16.6% vs 49.0%, p<0.05) arrangements but not in sacs without coils (7.49% vs 

6.81%, p=0.64). After 4 minutes of PRP flow, sacs were perfused with PBS to remove 

unpolymerized fibrinogen before fixation. In optimizing this process, chambers were perfused 

for either 15 seconds or 10 minutes. The subsets of 15-second perfusion experiments and 10-

minute perfusion experiments were selected from the set for comparison. Clot size after 15 

 

Figure 15: A: Locations of clot accumulation for coils arranged linearly and circumferentially. Color scale indicates percent 

of total experiments that were clotted at each pixel in the sac. Red indicates locations of accumulation in all trials. Neck 

opening is on the left of each image (see inset diagram). Aneurysm diameter, 5 mm. B: Proportion of red pixels located in the 

front half and back half of the sac for each condition. Measurements were calculated after 17 minutes of recirculating flow, 4 

minutes of single-pass flow with all perfusion times and 4 minutes of single-pass flow with 15 seconds of perfusion.  
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second perfusions was approximately the same as that after 10 minute perfusions (20.4% vs 

13.0% linear, p=0.12;  

17.3% vs 15.3% circumferential, p=0.78). 

 

In order to identify trends in clot accumulation relative 

to the direction of flow, clot images from all 

experiments were overlayed for each arrangement, 

clotting time, and perfusion time. A color scale was 

generated in which “warmer” colors (orange-red) 

indicate locations where clots occurred frequently and  

“cooler” colors (blue-green) indicate locations where 

clots occurred infrequently (Figure 15A). Red pixels 

show positions where clotting occurred in all replicates. 

At 17 minutes (Figure 15A, left column), clot occurred 

more frequently (orange-red) in a linear coil 

arrangement (22% of the sac contained red pixels) than 

in a circumferential arrangement (0.20% of the sac) and 

occurred infrequently near the neck (blue) in both 

arrangements. At 4 min with all perfusions (Figure 15A, 

middle column), regions of clotting occurred at the neck 

and back of the sac (green) of both arrangements and 

were more frequent after 15 seconds of buffer perfusion 

(orange-red) (Figure 15A, right column). Similar to the 

trend after 17 minutes, more red pixels occurred around 

the linear arrangement (1.5% of the sac) than the 

circumferential arrangement  (0.36% of the sac). 

Preliminary results from two replicates of the 

circumferential arrangement indicate that frequent 

clotting occurred uniformly throughout the sac after 10 

minutes of buffer perfusion in both arrangements 

(Figure 16A). 

 

Proportions of red pixels located in the front half (near 

the neck) and back half (near the dome wall) of the sac 

were plotted to evaluate the spatial distribution of 

clotting (Figure 15B and Figure 16B). Clotting around 

both linear and circumferential arrangements at 17 

minutes occurred most frequently at the back of the 

dome. At 4 minutes for all perfusions, more red pixels 

occurred at the back (70% of red pixels) than the neck 

 
Figure 16: A: Locations of clot accumulation 

around coils arranged linearly and 

circumferentially after 4 minutes of single-pass 

flow with 10 minutes of perfusion. Color scale 

indicates percent of total experiments that were 

clotted at each pixel in the sac. Red indicates 

locations of accumulation in all trials. Neck 

opening is on the left of each image (see inset 

diagram). Aneurysm diameter, 5 mm. B: 

Proportion of red pixels located in the front half 

and back half of the sac. Two and three replicates 

were measured in the circumferential and linear 

arrangements, respectively. Additional replicates 

are necessary to draw accurate comparisons to 

the circumferential arrangement condition. 
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(30%) of the linear coil arrangement; however, more frequent clotting occurred at the neck 

(94%) than the back (6%) of the circumferential coil arrangement. Conversely, sacs that were 

perfused with buffer for 15 seconds showed more frequent clotting at the neck (63%) than at the 

back (37%) of the linear coil arrangement. In addition, the proportion of red pixels at the neck 

was higher in the circumferential coil arrangement (96%) than the linear arrangement. This 

suggests that clot initiates more uniformly throughout coils arranged linearly than coils arranged 

circumferentially, in which clot initiates almost exclusively towards the neck. Preliminary results 

show that red pixels were distributed uniformly between the neck (44% linear, 46% 

circumferential) and back (56% linear, 54% circumferential) of both arrangements in sacs that 

were perfused for 10 minutes (Figure 16B). These results together indicate that spatial clot 

progression is dependent on both time and coil arrangement. 

 

Clot mesh structure was observed in SEM (Figure 17). Fibers that formed after 4 minutes were 

shorter and more curved than those at 17 minutes for both arrangements. Fibers observed at 4 

minutes were located in small quantities on the coil, typically towards the back of the dome. 

Most of the coils throughout the dome were covered with spread and aggregated platelets.  

 

 

 

Figure 17: Representative SEM images of clots. Above: Images of clots after 4 minutes of PRP flow in the single-pass 

model show wavy, short fibers, in both linear (left) and circumferential (right) arrangements. Below: Images of clots after 

17 minutes of PRP flow in the recirculating model show more straight, longer fibers, in both linear (left) and 

circumferential (right) arrangements. Insets show a representative magnified section of each image, where fibers have been 

outlined to illustrate differences in fiber structure. Scale bar, 5 μm. 
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3.4 DISCUSSION 

In this study, clinical coil arrangement modulated hemodynamics and subsequent thrombosis in 

an in vitro saccular bifurcation IA model, which is consistent with computational and in vivo 

results relating clotting to increased coil packing density and reduced flow rate in IAs.
10,61

  

Slower flow velocities and more clot formation were observed within the linear coil arrangement 

than the circumferential arrangement, which agrees with in vitro thrombosis studies showing that 

slow flow initiates more space-filling fibrous clot formation than fast flow.
61

 Likewise, in the 

permeability assay, clots with higher metal packing density exhibited less permeability to flow, 

indicating that more space-filling clot had formed. In the flow model, coils in both arrangements 

reduced the flow rate from the neck to the back of the dome, indicating that clinical coils were 

effective in slowing flow through the sac. Increased coil packing density correlates with reduced 

IA recurrence rate,
85

 suggesting that a linear coil arrangement may promote more optimal long-

term healing than a circumferential arrangement. Moreover, streamlines through the linear coil 

arrangement were less divergent with less mixing than through the circumferential coil 

arrangement, which may have contributed to increased clot accumulation around the linear 

arrangement. Significantly less clot formation occurred in the absence of coils, indicating that 

not only was slow flow necessary, but a scaffold was also required for clot formation in this 

aneurysm sac model, just as it is in vivo.  

 

Comparison of clotting at 4 minutes with that at 17 minutes provides insight into the time course 

of coil-dependent clot formation. Clots did not grow significantly in size between these early and 

late time points in a sac without coils (Figure 14), supporting the hypothesis that a scaffold was 

required for clot accumulation in the sac. Clot growth over time was greater around the linear 

arrangement than the circumferential arrangement, indicating that differences in clot size due to 

coil arrangement took time to appear. SEM imaging (Figure 17) demonstrated short, wavy fibers 

at 4 minutes and longer, straight fibers at 17 minutes in both coil arrangements. These fiber 

morphologies correspond to early and late stages of fibrin fiber development under flow,
79

 

suggesting that fibrin gel maturation under flow was insensitive to coil arrangement. 

 

Since fibrin gel maturation is associated with clot stabilization, the level and distribution of fibrin 

gel maturation on coils was examined in sacs with a short buffer wash perfusion after clotting for 

4 minutes, and compared to that with a longer buffer wash perfusion. Larger regions of frequent 

clotting were observed after 15-second perfusions than after 10-minute perfusions, and only 

small quantities of developing fibrin were observed in SEM for both perfusion times. These 

observations suggest that underdeveloped fibrin mesh was present after 4 minutes of clotting but 

was washed out after 10 minutes of buffer perfusion and during the many wash steps of SEM 

sample preparation. A 15-second perfusion therefore shows all locations of developing fibrin 

gels, whereas a 10-minute perfusion and SEM imaging show only regions of dense mesh that are 

well-adhered to the coil surface. Similarly, underdeveloped clot formation in coiled IAs in vivo 

may be washed out by persistent or increased blood flow.  
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Comparison of clotting locations after 4 and 17 minutes suggests that the spatiotemporal 

progression of clot distribution was sensitive to coil arrangement. After 4 minutes of PRP flow, 

clot accumulation was present most frequently in the back of domes containing the linear coil 

arrangement, but very little was present around the back of domes containing the circumferential 

coil arrangement. This difference in clot initiation was likely caused by relatively fast flow 

velocities around the circumferential coil arrangement than around the linear coil arrangement.
61

 

However, after 17 minutes of PRP flow, clot accumulation was most frequently found at the 

back of the dome with very few red pixels at the neck for both coil arrangements. Additionally, 

developing fibrin that was observed in SEM imaging was typically located at the back of the 

dome, indicating that fibrin was more developed and adherent to coils in the back of the dome 

than at the neck. These results together suggest that in the linear arrangement, clot that initiated 

at the back of the dome nucleated clotting in this region and grew to the clot accumulation 

observed at 17 minutes. On the contrary, in the circumferential arrangement, much less clot 

initiated at the back of the dome after 4 minutes of PRP flow, so clotting was slower in this 

region, generating less clot accumulation at 17 minutes. This slower accumulation may have also 

been caused by the faster flow velocities and divergent flow patterns observed around the 

circumferential arrangement compared to the linear arrangement. 

 

Moreover, frequent clot accumulation after 4 minutes of blood flow was present at the neck for 

both coil arrangements, which may have been promoted by large regions of diverging 

streamlines at the neck immediately behind the framing coil in both arrangements (Figure 12). 

Slow velocities occurred where these diverging streamlines were redirected by filling coils at the 

neck (Figure 13). In the circumferential arrangement, slow velocities and few streamlines 

occurred between the framing and filling coils, indicating that initial clot may have been trapped 

by the pocket formed between these coils. This phenomenon may have contributed to the larger 

fraction of initial clot accumulation at the neck in this arrangement. Since less fibrin was 

observed at the neck in SEM imaging after 4 minutes of PRP flow, clot was likely 

underdeveloped and not well adhered to coils in this region. After 17 minutes of flow, there was 

very little clot accumulation at the neck in both arrangements. These findings indicate that initial 

clot accumulation at the neck was removed in some way. The mechanism of this process is not 

yet understood, but some hypotheses include local clot dissolution or movement of the clot 

farther back into the dome in response to fluid pressure at the neck. This phenomenon is similar 

to that in vivo, where blood flow re-entered aneurysms that were initially observed to be 

occluded.
5,6

 Overall, total packing density remained constant, yet increased local packing density 

in the linear arrangement caused changes in flow velocity that likely changed the distribution and 

rate of clot formation. Additionally, these data together suggest that changes in clot distribution 

appeared gradually and that in studies of coil performance, early initial clot formation may not be 

sufficient to predict final thrombosis.  
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This study presents the first measurements of the spatiotemporal distribution of clot formation as 

a function of coil arrangement; however, this study has its limitations. Limitations of the sac 

flow model are addressed in Section 5.2. In addition to these limitations, the circumferential 

arrangements produced highly variable clot sizes, demonstrating that this arrangement was more 

sensitive to small changes in coil placement. Similarly, coil placement is likely to vary clinically 

with aneurysm geometry and neurointerventional technique, which may contribute to variability 

in patient recurrence. 

 

Most endovascular coil thrombogenicity studies in vitro are performed in models without 

flow,
48,49

 which lack a component vital to the model in this study that examined clotting in the 

coiled IA. The model in this study is the first in vitro to analyze clot progression and structure 

and its dependency on coil arrangement and hemodynamics in a coiled bifurcation IA. An 

understanding of the dynamic relationship between IA hemodynamics and thrombosis and how 

this relationship is sensitive to small changes such as coil placement would help shed light on 

why some aneurysms recur after treatment.  

 

3.5 CONCLUSIONS 

This study demonstrates that coil arrangement modulated intra-aneurysmal hemodynamics in a 

way that affected clot rate and spatial progression. At constant overall packing density, coils in a 

linear arrangement created areas of high local packing density that slowed flow velocity and 

directed flow streamlines, which promoted larger clot accumulation than coils in a 

circumferential arrangement. While clot structure development was similar in both arrangements, 

coil arrangement modulated the spatial distribution of clotting. This study shows the importance 

of in vitro IA models that examine flow-mediated clot formation and structure. 
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CHAPTER 4: COIL DESIGN MODULATES HEMODYNAMICS AND 

CLOTTING  

Braided coils make a splash: Braided coil design creates flow disturbances that do not promote 

fibrous clotting in a saccular bifurcation IA in vitro. 

 

4.1 RATIONALE 

In Chapter 2, clot structure was found to be independent of coil roughness, wire shape and 

secondary shape in the absence of flow. However, stent struts with increased surface roughness 

promote clotting  under flow,
81,82

 suggesting that braided coils would promote more clotting in 

the in vitro flow chamber model than clinical coils, since braided coil wire surfaces are rougher 

than clinical coil wire surfaces. Additionally, small loops in the braided coil secondary shape, 

caused by bending the wires around each other during braiding, may produce static regions in the 

flow field around the coil that can promote clotting.
104

 Therefore, the neck flow chamber model 

was used to test the hypothesis that braided coils promote more acute thrombosis at the neck of a 

packed, coiled bifurcation IA than clinical coils. This neck model can provide new insights into 

the hemodynamics, thrombosis and potential subsequent endothelialization at the IA neck, the 

latter of which is one of the most important mechanisms underlying IA recurrence.
3
  

 

Additionally, since the sac model provides information regarding the spatial distributions of 

hemodynamics and clot accumulation in a coiled saccular bifurcation IA, this model was used to 

test the hypothesis that braided coils promote more space-filling fibrin formation throughout the 

sac than clinical coils. Sacs were also coiled with both braided and clinical coils in different 

“hybrid” arrangements that elucidate the effect of coil design in different positions in the sac. 

This study provides information on how different coil designs and their arrangements modulate 

hemodynamics and subsequent clotting throughout the sac and neck, which would help guide the 

development of future coil designs. 

Table 2: PRP flow conditions in Chapter 4 

Model type  Neck model 

Flow type Single-pass flow Recirculating flow 

PRP flow time 4 minutes 20 minutes 

 Buffer perfusion time 10 minutes 10 minutes 

Model type  Sac model 

Flow type  Single-pass flow Recirculating flow 

PRP flow time  4 minutes 17 minutes 

Buffer perfusion time  10 minutes 10 minutes 

 

 



Chapter 4: Coil design modulates hemodynamics and clotting 36 

 

 

4.2 METHODS 

4.2.1 Flow chamber and coil preparation 

See Section 2.2.3: Flow chamber and coil preparation. Commercially available platinum 

aneurysm coils (“clinical coils”) and braided coils were used. “Stainless steel coils” or “SS coils” 

were obtained from MicroDyne Technologies (Plainsville, CT) and consisted of coiled 316 

stainless steel wires with a 50-µm diameter cross-section. Coils used in the neck model were cut 

to 1 cm length. Braided coils were cut to 2 cm length, folded and twisted to 1 cm final length in 

order to increase metal packing density towards that of the clinical coil. Sacs containing braided 

coils were filled to 11.5% packing density, those containing braided and coiled coils were filled 

to 12-12.5% packing density, those containing SS coils were filled to 11% packing density and 

those containing clinical coils were filled to 14% packing density. Braided coils used in the 

saccular model were folded and twisted to obtain the reported packing densities. Instead of 

ethanol cleaning, all coils were washed for 20 minutes in piranha wash (1 part 30% H2O2, 3 parts 

H2SO4) and rinsed in water 24 hours prior to each experiment. For single-pass flow experiments, 

chambers (Figure 9A and Figure 10) and tubing were rinsed and primed with modified HEPES 

Tyrodes’ buffer (HT buffer) instead of phosphate-buffered saline without calcium or magnesium 

(PBS) to prevent calcium phosphate precipitation during clotting, and a reservoir was also coated 

with bovine serum albumin (BSA) and heparin in the same way as the chambers and tubing. 

 

4.2.2 Recirculating flow experiments 

See Section 2.2.4: Recirculating flow experiments. Table 2 describes the PRP flow conditions 

tested in this study. Red blood cells (RBCs) labeled with DiI (Sigma) were added to platelet-rich 

plasma (PRP) before flow at 500 cells/µL final concentration. DiI-RBCs acted as flow tracers in 

image analysis. Coils were placed by inserting the framing coil first, then inserting filling coils. 

 

4.2.3 Single-pass flow experiments 

See Section 3.2.3: Single-pass flow experiments. Table 2 describes the PRP flow conditions 

tested in this study. Coils were placed by inserting the framing coil first, then inserting filling 

coils. To obtain mixing data, a 20x objective was focused on the back of the dome of the coiled 

saccular model prior to PRP transfer to the reservoir. Confocal imaging (488 nm excitation only, 

1 second per frame) was initiated at the same time that PRP was added to the reservoir.  

 

4.2.4 Scanning electron microscopy (SEM) preparation 

See Section 3.2.4: Scanning electron microscopy (SEM) preparation. 

 

4.2.5 Image analysis 

See Section 3.2.5: Image analysis. Clot accumulation in the neck model was measured by 

calculating the total number of pixels with grayscale intensity higher than the 97.5
th

 percentile of 
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the background intensity distribution, and converting the number of pixels to square millimeters 

based on the scale of the image. Average distance between the neck wall and the coil were 

measured using the “Distance Between Polylines” ImageJ plugin,
105

 which measured the shortest 

distances between the wall and a manually-drawn outline of the coil periphery facing the wall at 

equidistant points, and averaged these measurements. Mixing time data was generated by 

calculating the number of frames imaged until uniform Oregon-green fluorescent intensity 

around the coils was observed in the field of view at the back of the dome. This number was 

multiplied by the time required to generate each frame. 

 

4.3.6 Statistical methods 

Preliminary power analyses based on clot size require a minimum of two replicates per braided 

coiled sac condition, allowing 5% and 20% probabilities of Type I and Type II errors, 

respectively. At least four replicates were analyzed for each coiled condition and at least three 

replicates were analyzed for the no-coil condition in both models. Sample conditions are 

identified in the figures where two or fewer replicates were analyzed. Linear regression analysis 

was used to determine correlation between average wall-to-coil distance and clot accumulation. 

Two-way ANOVA and student’s t-tests were used to evaluate variability within and between 

groups, respectively. 

 

4.4 RESULTS 

4.4.1 Coil design modulates hemodynamics in IA neck model 

To test the hypothesis that braided coils promote more disturbed flow patterns and clotting than 

clinical coils at a bifurcation IA neck, 1 cm lengths of coil were placed against the island in the 

 

Figure 18: Hemodynamics around clinical coils in the neck model. A: Representative image of a clinical coil placed in the 

neck model before PRP flow. A schematic of the island indicates the direction of flow. Neck width, 1 cm. B: Velocity 

profiles of flow around clinical coils (gray) in different replicates. Each column represents the profile in a single replicate. 

These profiles demonstrate how the coil placement and orientation affected hemodynamics. C: The velocity profiles were 

translated to heat maps to demonstrate differences in the slowest velocities. Flow tends to be slowest immediately leading 

up to and behind the coil. Velocity profile scale bar, 500 µm. 
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neck flow chamber model. Clinical coils were designed by the manufacturer to fold into 13 mm 

balls and required slight bending before each experiment in order to straighten the coils to lie as 

flat as possible against the island. Braided coils had an irregular shape that prevented them from 

laying flat against the island. These circumstances produced variable coil orientations.  

 

Velocity profiles from three of the replicates from each of the clinical and braided coil conditions 

are demonstrated in Figure 18B and Figure 19B, respectively. Flow was slowest in the region 

immediately leading up to clinical coils and in areas where the distance between the coil and wall 

was small (Figure 18B). Flow speed was high in areas where the distance between the coil and 

wall was larger than in other replicates. Flow speed around braided coils was similar to that 

around clinical coils, but more eddies with slow velocities were observed around the braided coil 

surface (Figure 19B). Slow flow velocities occurred in regions leading up to the braided coil and 

between the coil and the wall. Heat maps of the velocity profiles were created in order to 

demonstrate small differences in the slowest velocities present in the velocity profiles (Figure 

18C and Figure 19C). Each pixel in the heat map corresponds to the velocity located at that 

position in the velocity profile. These heat maps emphasize the aforementioned locations of slow 

flow around the coils. Flow pattern was facilitated by coil type in the neck model. 

 

4.4.2 Braided coil did not promote more clot accumulation than clinical coil in neck model 

PRP flow conditions that were used in the study are outlined in Table 2. Clot accumulation 

around coils after 4 minutes of single-pass flow was negligible. Clot accumulation around 

braided and clinical coils in the neck model after 20 minutes of recirculating flow was variable, 

as seen in Figure 20. There appeared to be no trend in accumulation across the experiments. 

There was no statistically significant difference in average clot size between coil types (p=0.26) 

 

Figure 19: Hemodynamics around braided coils in the neck model. A: Representative image of a braided coil placed in the 

neck model before PRP flow. A schematic of the island indicates the direction of flow. Neck width, 1 cm. B: Velocity 

profiles of flow around braided coils (gray) in different replicates. Each column represents the profile in a single replicate. 

These profiles demonstrate how the coil placement and orientation affected hemodynamics. C: The velocity profiles were 

translated to heat maps to demonstrate differences in the slowest velocities. Flow tended to be slowest behind the coil and in 

eddies surrounding the coil. Velocity profile scale bar, 500 µm. 
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due to variability in replicates, although the average clot size around braided coils was higher 

than that around clinical coils (0.83 mm
2
 and 0.58 mm

2
, Figure 21). There was no statistically 

significant difference between experiments (Two-way ANOVA, p=0.57).  

 

Distance between the wall and coil periphery was measured for each sample and plotted against 

corresponding clot size (Figure 22). Linear regression analysis revealed no correlation between 

average wall-to-coil distance and clot size for either clinical (R
2
=0.001) or braided (R

2
=0.0167) 

coils. In each experiment, two different pumps were used to recirculate PRP in both chambers 

simultaneously. When the pump flow rates were measured, one pump proved to flow water at a 

rate 1.3 mL/min faster than the other pump 

when set to 12 mL/min flow rate. This 

difference in flow rate corresponds to 20 s
-1

 

PRP flow shear, which is a 10% increase in 

average shear rate in the inlet of the flow 

chamber. Replicates where the faster pump 

was used were represented by hollow 

markers in Figure 22. 

 

4.4.3 Coil design facilitated clot structure 

in IA neck model 

SEM images show that clot morphology 

was different between coil types. Clots formed on clinical coils consisted mostly of adhered and 

spread platelets (Figure 23). These areas were larger after 20 minutes of recirculating flow than 

after 4 minutes of single-pass flow. In two replicates, large regions of dense platelets and fibrin 

and large fibrous meshes interspersed with platelet aggregates were observed (*). Clots formed 

 

Figure 20: Images of clot accumulation (green) in each coil (gray) replicate tested in the neck model after 20 minutes of 

PPR flow. Each column represents a different experiment where PRP from the same blood draw was recirculated around a 

clinical coil and a braided coil in different chambers simultaneously. The location of the neck wall is represented as a 

black line. Flow moved left to right. Coil length, 1 cm.  

 
Figure 21: Average clot accumulation for all coil samples tested 

in the neck model after 20 minutes of PRP flow. There was no 

significant difference between conditions (p=0.26). 
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on most braided coils were denser and contained more fibrin than clots formed on clinical coils 

that consisted of spread and aggregated platelets. 

 

Clots formed on braided coils consisted of adhered and spread platelets and dense regions of 

platelets and fibrin (Figure 24). These dense regions were larger after 20 minutes of recirculating 

flow than after 4 minutes of single-pass flow. After 4 minutes, some small areas of “fuzzy” clot 

morphology were observed. In one replicate, clot size was much larger than that of the other 

replicates, and large meshes of fibrin were observed (*). 

 

 

Figure 22: Quantitative analysis showed no correlation between wall-coil distance and clot accumulation. The distance 

between the coil periphery and the wall was plotted against the corresponding clot accumulation after 20 minutes of PRP flow 

in each sample for both clinical (blue) and braided (red) coils. Linear regression indicated no trend between wall-coil distance 

and clot accumulation for both clinical and braided coils (dotted lines). Open marker indicates PRP was recirculated at an 

average flow rate 1.3 mL/min faster than in the case of closed markers. 

 
Figure 23: Clot morphologies observed on clinical coils in SEM after 4 minutes of single-pass flow (above) and 20 

minutes of recirculating flow (below) in the neck model. After 4 minutes of flow, platelets were observed adhered to the 

coil surface and often spread out (black arrows). After 20 minutes of flow, more aggregates of spread and adhered 

platelets were observed (black arrows). Dense regions of platelets and fibrin and fibrin meshes interspersed with platelet 

aggregates were observed in experiments were large regions of clot accumulated (*). Scale bar, 10 µm. 
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4.4.4 Braided coils were associated with faster flow than clinical coils in IA sac model 

Since the linear arrangement promoted slower flow velocities than the circumferential 

arrangement in Chapter 3, SS coils were placed in a linear arrangement in the sac. SS coils were 

tested since they were made of the same metal as braided coils but have the same coiled shape as 

clinical coils. Braided coils were crimped to create a framing coil with curved filling coils placed 

in the sac model, but due to their irregular shape were not able to be arranged into distinct linear 

or circumferential arrangements. Therefore, models coiled with braided filling coils were not 

distinguished by arrangement.  

 

In general, streamlines tended to follow coiled coils. Flow profiles around braided coils were 

faster and more erratic compared to SS coils (Figure 25), indicating mixing and high 

permeability through a sac filled with braided coils. Flow velocity was slowest between coils in 

both conditions. Flow through a sac with braided coils was faster than a sac without coils (Figure 

12). To confirm mixing in models coiled with braided coils, single-pass flow experiments were 

conducted where PRP was flowed through the sac model from a reservoir, and the time required 

for complete mixing to occur at the back of the dome was recorded. The field of view at the back 

of the dome became mixed significantly faster around braided coils compared to a sac without 

coils or around either arrangement of clinical coils (Figure 26), indicating that the braided coils 

were more permeable to flow and promoted more disturbed flow patterns than the other 

conditions. These results together suggest that braided coils were less effective in slowing flow 

through the sac model than clinical coils, SS coils or even a saccular model without coils. Flow 

disturbances around the braided coils were characterized by mixing and high flow rates with 

diverging, erratic streamlines. Conversely, areas of local high packing density in the linear 

 

Figure 24: Clot morphologies observed on braided coils in SEM after 4 minutes of single-pass flow (above) and 20 

minutes of recirculating flow (below). Dense regions of platelets and fibrin (white arrowheads) were observed on the coil 

surface and in “pockets” in the coil. Adhered and spread platelets were also present on the coil surface (black arrows). In 

some locations, “fuzzy” clot structures were observed that might indicate underdeveloped clot (white arrow). In the sample 

where a large amount of clot accumulated, fibrin mesh was observed (*). Scale bar, 10µm. 
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arrangement of SS (Figure 25) and clinical coils (Figure 12) and in the circumferential 

arrangement of clinical coils (Figure 12) were more effective in slowing flow and mitigating 

mixing than braided coils. Overall, hemodynamics through the saccular model was modulated by 

coil design. Representative images of clot accumulation in Figure 12 and Figure 25 show that 

clot accumulation in a sac filled with clinical or SS coils was greater than that in a sac filled with 

braided coils. 

 

4.4.5 Coil design facilitated clot structure in IA sac model 

PRP flow conditions utilized in the study are outlined in Table 2. Clot structure was driven by 

coil design at both early and late time points. Similar to those formed on clinical coils, clots 

formed on SS coils after 4 minutes of single-pass flow consisted of fibrin meshes made up of 

short, wavy fibers (Figure 27, “SS linear”). In some areas, “fluffy” clot structures were observed 

that resembled those seen on braided coils in the neck model after 4 minutes. After 17 minutes of 

recirculating flow, clots closely resembled those formed on clinical coils and consisted of large 

fibrin meshes with long, straight fibers. Conversely, clots formed on braided coils at both time 

points were made up of dense regions of platelets and fibrin, which were larger after 17 minutes 

than those formed after 4 minutes (Figure 27, “Braided”). Fibrin fibers within these regions were 

short and wavy.  

 

 

 

 

Figure 25: Representative images of sacs filled with braided and SS coil types before clotting (“Coil design”), clot 

accumulation, and velocity profiles of flow tracers tracked at the back of the dome for each coil condition (“Velocity 

Profile”). Clot accumulation was greater and particles moved slower around SS coils in a linear arrangement than braided 

coils. In all images, neck opening is to the left and back dome is to the right (see inset diagram). Flow moved left to right. 

Aneurysm diameter, 5 mm. Velocity profile scale bar, 500 µm. 
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Figure 26: Dome mixing analysis. A: Sample image analysis of a model that was coiled linearly. A field of view was not 

considered mixed until a uniform intensity was observed around the coil (t=10 sec). “t” indicates time after flow initiation. 

The sample was devoid of PRP at t=0 sec and was fully mixed at t=10 sec. Scale bar, 100 µm. B: Average time until a well-

mixed field of view was observed at the back of the dome. (*p<0.05). 

 

Figure 27: Representative SEM images of clots on braided and SS coils. Above: Images of clots after 4 minutes of PRP flow 

in the single-pass model showed wavy, short fibers, on both braided coils (left) and SS coils in a linear arrangement (right). 

Below: Images of clots after 17 minutes of PRP flow in the recirculating model showed wavy, short fibers on braided coils 

(left) but straighter, longer fibers on SS coils (right). Braided coils presented clots with dense fiber and platelet aggregates 

(white arrowhead). Some areas on SS coils presented “fluffy” clot structures that might have indicated polymerizing fibrin 

(white arrow). Insets show a representative magnified section of each image, where fibers have been outlined to illustrate 

differences in fiber structure. Scale bar, 5 μm. 
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4.4.6 Coiled coils slowed flow more than braided coils in framing and filling coil positions 

In order to elucidate the roles of filling and framing coils, hybrid coil designs were created where 

a different coil type was placed in the framing coil position than that in the filling coil position  

(Figure 28, “Coil design”). SS coils were used as the coiled coil type in these hybrid designs to 

prevent variable metal types within the sac. 

 

Figure 28: Representative images of sacs filled with braided and coiled coil (CC) types and in different arrangements (“Coil 

design”), clot accumulation, and velocity profiles of flow tracers tracked at the neck and back of the dome for each coil 

condition. Particles moved slower around coiled coils than around braided coils. Clot accumulation was not dependent on these 

conditions. Flow velocity was slowed from neck to back of dome in a sac with filling coiled coils, but not in a sac with filling 

braided coils. Flow was slower inside a sac with a framing coiled coil than a sac with a framing braided coil. In all images, 

neck opening is to the left and back dome is to the right (see inset diagram). Flow moved left to right. Aneurysm diameter, 5 

mm. Velocity profile scale bar, 500 µm. 

 

In the braided coil condition, flow at the neck and back of the dome was fast with diverging, 

erratic streamlines (Figure 28, “Velocity profile”). In the braided frame/coiled coil (CC) fill 

hybrid, the speed of flow entering the sac was high but was reduced around coiled coils in the 

middle and back of the dome. Flow streamlines in the sac middle followed coiled coils and were 

nondivergent compared to divergent and erratic streamlines at the neck. On the contrary, in the 

CC frame/braided fill hybrid, the speed of flow entering the sac was reduced by the framing 
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coiled coil and remained slow throughout the sac, but flow speed was not reduced between neck 

and back by filling braided coils. Streamlines were diverging and showed eddies in some 

locations inside the sac around filling braided coils. These trends in flow velocity are more 

clearly demonstrated in heat maps produced from velocity profiles (Figure 29, “Velocity 

profile”). A comparison of heat maps of braided and hybrid coil designs (Figure 29) with those 

of clinical coils (Figure 13, “Velocity profile”) show that flow velocity in a sac with braided 

coils in any position was slower than that in a sac with clinical coils in all positions.  

 

 

4.4.7 Braided coils promoted less clot accumulation than coiled coils in sac model 

Clot sizes formed after 17 minutes of PRP flow in each condition are demonstrated in Figure 30. 

Clot sizes formed in sacs containing clinical coils and in sacs without coils are included for 

comparison. Clot accumulation around SS coils in a linear arrangement was not different from 

that around clinical coils in a linear arrangement (p=0.22). In preliminary studies, SS coils in a 

circumferential arrangement and the CC frame/braided fill hybrid design were tested for clot 

 

Figure 29: Velocity profiles were translated into heat maps with lower maxima to identify differences in the slowest flow 

velocities at the neck and back of the dome for each condition. These heat maps emphasize the trend that flow velocity was 

slowed across and around coiled coils (CC) in the framing and filling positions, respectively, but not across or around braided 

coils. Aneurysm diameter, 5 mm. Velocity profile scale bar, 500 µm. 
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accumulation, but there were not enough replicates to indicate trends in clot accumulation for 

these conditions. Clots that formed around both of the clinical coil arrangements and the SS 

linear arrangement were significantly larger than those that formed around braided coils 

(p<0.05). Clots that formed around SS linear arrangements and braided coils were significantly 

larger than those that formed in the absence of coils (p<0.05). There was no significant 

difference between clot accumulation around braided frame/CC fill sacs and that around braided 

coils (p=0.80) or that in the absence of coils (p=0.73). Coiled coils (SS coils and clinical coils) 

promoted more clot accumulation than braided coils at 17 minutes. 

 

Clot accumulation after 4 minutes was similar for all coiled conditions tested (p=0.27, Figure 

31). There was a significant difference between clot accumulation in a sac with coils and that in a 

sac without coils (p<0.05).  

 

4.4.8 Framing coil type impacted clot structure in hybrid coil arrangements in sac model 

SEM imaging of clots after 17 minutes of recirculating flow revealed different clot structures 

between the two hybrid designs. The clot structures observed on each coil type in each hybrid 

design were outlined separately (Figure 32). In sacs filled with braided framing and CC filling 

coils, clots resembled those formed around braided coils and consisted of dense regions of 

platelets and fibrin as well as adhered and spread platelets on both the coiled coil (Figure 32A-B) 

and braided coil (Figure 32C) surfaces. Dense regions of platelets and fibrin were seen wrapped 

around rectangular wires. In sacs filled with CC framing and braided filling coils, similar dense 

platelet and fibrin clot structures were observed on both coiled coils (Figure 32D) and braided 

coils (Figure 32F). Again, the dense aggregates were wrapped around rectangular wires. 

 

Figure 30: Quantitative analysis of clot sizes after 17 minutes of recirculating flow. Clinical coil arrangements are included for 

comparison. Dotted outline represents a condition where two or fewer replicates were examined. Significant differences shown 

in Figure 14 are not displayed. (*p<0.05) 
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Additionally, similar to sacs filled with coiled coil framing and filling coils, large fibrin meshes 

formed on both coiled coil (Figure 32E) and braided coil (Figure 32G) surfaces, which were 

interspersed with platelet aggregates.           

 

4.5 DISCUSSION 

The results from this study show that coil design modulated hemodynamics in a way that 

determined clotting. Braided coils in the neck model did not promote more clotting than clinical 

coils, despite changes in flow pattern and clot structure. However, in the sac model, braided coils 

promoted less clotting and denser clot structures than clinical coils. Hybrid coil arrangements, 

where the sac contained filling and framing coils of different types, revealed that framing coil 

type was likely important to intra-aneurysmal flow velocity and was likely more important to 

clot structure than filling coil type. This is surprising since filling coils made up a much larger 

volume than the framing coil in each sac. The results obtained from these two models provided 

information about hemodynamics and clotting at the neck of an occluded IA and throughout a 

coiled dome, respectively. 

 

4.5.1 Neck model insights 

The neck of an occluded IA is the site of tissue and cell monolayer formation that prevents blood 

flow into the aneurysm and subsequent recurrence, and is therefore a region of importance in IA 

modeling. Velocity profiles of flow around braided and clinical coils demonstrate that flow speed 

was similar between the coil types. The flow patterns show some differences, however. More 

regions of eddies were observed around braided coils than clinical coils at the neck, which may 

have been promoted by the irregular secondary shape of the braided coils. Pockets created by 

wire braiding in these coils may have also contributed to eddies. These hemodynamics observed 

 

Figure 31: Quantitative analysis of clot sizes after 4 minutes of single-pass flow. Clinical coil arrangements are included for 

comparison. Dotted outline represents a condition where two or fewer replicates were examined. Significant differences shown 

in Figure 14 are not displayed.  
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in the braided coils may have contributed to large platelet and fibrin-rich clumped clots (Figure 

19). Large boundary layer areas of slow flow were observed leading up to both clinical and 

braided coils (Figure 18 and Figure 19), suggesting that the effect of coils on the flow field may 

not be limited to the coil surface but also impacts flow in the parent vessel. In samples where 

large areas of clot accumulated, fibrous mesh was observed in both coil types (Figure 24 and 

Figure 25,*). Flow pattern also appeared to be dependent on coil orientation and distance from 

the wall. 

 

Despite these differences in flow pattern and clot structure, clot accumulation on clinical and 

braided coils were not significantly different (p=0.26). The spatial distribution of clot on clinical 

and braided coils also appeared to be variable. Average distance between the coil and the wall 

did not correlate with clot accumulation for either clinical (R
2
=0.001) or braided (R

2
=0.0167) 

coils (Figure 22). Figure 20 shows that clot accumulation correlated with regions of clinical coil 

closest to the wall in some replicates, although this trend was inconsistent. These results indicate 

that local or average wall-to-coil distance did not affect clot accumulation. The two braided coil 

replicates that were recirculated at 20 s
-1

 higher shear rate than the other replicates comprised 

two of the three samples where clot accumulation was less than 2 mm
2
. Nevertheless, a larger 

sample size is required to assess whether clot accumulation on braided coils is significantly 

decreased by a 10% increase in shear rate.  

 
Figure 32: Representative SEM images of clots on hybrid coil designs. Since these designs consist of two different coil types, 

clot structure trends on the coiled coil (CC) surfaces (above) and braided coil surfaces (below) were outlined separately. In 

images of sacs filled with braided framing coil and CC filling coils (A-C), adhered platelets (black arrow) and dense clots of 

platelets and fibrin (white arrowheads) were observed on both CC (A-B) and braided coil (C) surfaces. In images of sacs filled 

with CC framing coil and braided filling coils (D-G), adhered platelets and dense clots of platelets and fibrin (white 

arrowheads) were observed on both CC (D) and braided coil (F) surfaces. Additionally, large areas of fibrin mesh were 

observed on both CC (E) and braided coil (G) surfaces, which were interspersed with small platelet and fibrin aggregates 

(white arrowheads). Scale bar, 10 µm. 
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4.5.2 Sac model insights 

Results from the sac flow model show that coiled coils slow flow and promote nondivergent 

flow streamlines compared to braided coils at both the framing and filling coil positions. In sacs 

filled with coiled coils, wires that made up coils were closer together than in sacs filled with 

braided coils, which may have contributed to a lower effective permeability that was 

demonstrated by slower mixing time and slower flow velocities around coiled coils regardless of 

arrangement. SS coils in a linear arrangement produced similar clot structures, clot sizes, flow 

patterns and flow velocities as clinical coils in a linear arrangement, indicating that 

hemodynamics and subsequent clotting are not different between stainless steel and platinum 

coiled coils of comparable size.  

 

Flow velocities were faster, flow patterns were more erratic and faster mixing occurred in a sac 

filled with braided coils compared to coiled coils, which may have produced smaller clot sizes 

and denser fibrin-platelet clot structures than coiled coils. Spatial distributions of fast velocities 

and diverging flow patterns correlated with that of braided coils in the braided coil, braided 

frame/CC fill and CC frame/braided fill conditions. Specifically, flow entering the sac was 

unimpeded by braided coils at the frame in the braided and braided frame/CC fill designs, and 

flow through the middle of the sac from neck to back was unimpeded by braided filling coils in 

the braided and CC frame/braided fill designs. In contrast, slow flow with nondivergent 

streamlines was observed in locations where coiled coils were present. Coiled coils were 

effective in slowing flow entering the sac when in the framing coil position and between the neck 

and back of the dome when in the filling coil position. Change in flow velocity across the coil 

was determined by coil design, although the average velocities in the back of the dome for the 

hybrid designs were comparable (Table 3).  

 

Clot structure was dependent on coil design and was generally uniform throughout each sample. 

Dense regions of platelets and fibrin were observed on all coils present in a sac that contained 

braided coils. However, sacs with a framing coiled coil (SS linear, clinical coils, and CC 

frame/braided fill conditions) contained fibrin mesh, indicating that slow flow velocity coming 

into the sac is more important for fibrous mesh clot formation than slow velocity through the 

middle of the sac. Lower flow velocity entering the sac model likely increased the residence time 

of PRP in the sac, which may have promoted fibrous mesh clot formation in conditions with a 

framing coiled coil. These results are consistent with computational modeling results that 

indicate that high blood flow residence time within a fusiform IA promotes thrombosis.
106

  

 

Clot accumulation in the braided frame/CC fill design was similar to that in a sac filled with 

braided coils, but no conclusions could be made regarding clot accumulation in the CC 

frame/braided fill design. Similar to clinical coils in a circumferential arrangement, the 

differences between the two replicates of SS coils in a circumferential arrangement and between 
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the two CC frame/braided fill replicates were very large, suggesting that clot size in these 

conditions might be variable. The results from this study indicate that slow flow with 

nondivergent streamlines through a sac filled with coiled coils was necessary to produce a large 

space-filling clot after 17 minutes of flow. A summary of the trends observed in flow velocity, 

flow pattern, clot accumulation and clot structure is outlined in Table 3.  

 

Table 3: Trends in hemodynamics and clotting observed in sac flow model 

Sample type 

Average velocity in 

back of dome 

(type, µm/sec) 

Clot accumulation 

(type, avg %) Clot structure 

Clinical linear  Slow, 16.8 High, 80.8 fibrin mesh 

Clinical 

circumferential  
Slow, 21.6 High, 48.9 fibrin mesh 

SS linear  Slow, 18.8 High, 66.5 fibrin mesh 

CC frame/braided fill  Medium, 281 Inconclusive, 59.1 
clumped clots and 

fibrin mesh 

Braided frame/CC fill  Medium, 207 Low, 20.6 clumped clots 

Braided  Fast, 439 Low, 17.1 clumped clots 

 

4.5.3 Overall insights 

Differences in clot accumulation and hemodynamics between the neck and sac models revealed 

information about coil design and packing at the IA neck. Clot accumulation in the neck model 

was variable and independent of coil design, although flow pattern and clot structure were 

affected by coil design. This suggests that clot accumulation, unlike clot structure, is not 

dependent on flow pattern in this model. However, it is not clear why the accumulation was 

variable between experiments, indicating that the relationships between hemodynamics and clot 

accumulation and structure at the neck require additional investigation. After 17 minutes of flow, 

clot infrequently occurred at the neck in the sac model (Figure 15A and Figure 25, “Clot 

accumulation”), suggesting that this area is the last to fill with thrombosis. In vivo, the neck is 

also the location of endothelial cell monolayer formation, which is a marker of a healed IA that is 

protected from recurrence. The lack of clot but importance of tissue formation at the neck 

reinforces the necessity to understand coil impingement on the flow field at the neck and its 

effect on thrombosis in order to develop treatments that promote more clotting and subsequent 

cellularization at the neck.  
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Results from the sac model demonstrated that spatial distributions of clot accumulation and flow 

velocities and patterns are strongly dependent on the type and location of coils. Coiled coils 

slowed flow entering the sac whether they were placed as the framing coil or the filling coils, and 

braided coils were permeable in that that they did not slow flow entering the sac. Filling coiled 

coils slowed flow velocities throughout the middle of the dome but only framing coiled coils 

promoted fibrin formation in the sac, indicating that coil type at the neck has a greater impact on 

clot structure and possibly also blood residence time in the sac than filling coil type. Occasional 

“fluffy” clot structures occurred on braided coils in the neck model and SS coils in the sac model 

after 4 minutes of single-pass flow. These small aggregates on the stainless steel surfaces 

appeared to be composed of very short fibers and are not observed on any coils at the late time 

point, indicating that they are comprised of polymerizing fibrin.
79

 Flow speeds around braided 

coils in the neck and saccular models were comparable in most of the neck model replicates. 

Both models demonstrated slow flow with diverging streamlines immediately around the coil 

surface, but eddies were observed in the neck model that were not observed at the neck of the sac 

model. The island wall was more rigid and less permeable to flow than filling braided coils, 

which may have initiated these vortexes in the neck model. Eddy flow patterns therefore may 

occur at the neck of an IA that is fully occluded with a braided coil at the neck but may not occur 

if the sac is not full occluded. In both the neck model and the sac model, slow flow occurred in 

the areas leading up to coils, indicating that a large area around the coil in a parent vessel is 

affected by the coil’s presence. The neck and sac models provided different information but both 

demonstrated that coil design affects hemodynamics and clot structure.  

 

The limitations of the neck and saccular models are detailed in Section 5.2, but there are 

additional limitations specific to this study. Firstly, in designs that included braided coils, there 

were occasional coil protrusions into the island around the sac. An instance of this protrusion can 

be observed in the back dome velocity profile of the braided frame/CC fill design (Figure 28). 

However, flow velocity did not appear to be affected by this protrusion. Flow streamlines 

followed the edge of the wire, but this had a marginal effect on the overall flow profile. 

Protrusion regions were removed from clot size during image analysis and did not skew the 

reported clot sizes. Consequently, protrusions likely did not significantly affect comparisons in 

flow velocity, flow pattern or clot size between conditions. Secondly, coil orientation and shape 

in the neck model were variable. Flow velocity was affected by coil-wall distance, and eddies 

occurred in regions where the braided coil was bent, but these trends did not correlate to trends in 

clot accumulation. Further studies will be required to elucidate the factors that modulate clot 

accumulation in this model around both coil types in order to shed light on the variability in clot 

size that was observed in this study. 

 

This study showed that local trends in hemodynamics and subsequent clot accumulation and 

structure are modulated by coil designs with different wire shapes and secondary shapes in a 

novel saccular bifurcation IA model. Studies have explored modifications to coil design at the 
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tertiary shape level, where coils were designed to fold into helical or complex ball shapes,
18,19

 yet 

the influence of coil wire shape or secondary coil shape on hemodynamics or this influence on 

thrombosis rate or structure have not been explored in the literature. The initial hypothesis that 

braided coils cause flow disturbances that promote clotting in a model IA was only partially 

supported. Braided coils in the neck and saccular models promoted disturbed flow profiles 

around the coils, but these disturbances did not promote as much clot accumulation as coiled 

coils. These results show for the first time that coil design impacts clot progression and structure, 

which is a phenomenon not largely understood. 

 

4.6 CONCLUSIONS 

The results from this study suggest, for the first time, that coil wire and secondary shapes and the 

placement of different coil designs in the IA modulate intra-aneurysmal hemodynamics and 

subsequent clot accumulation and structure. In the neck model, braided coils promoted more 

eddies and denser clot structures than clinical coils, but there was no trend in clot accumulation 

across the variable replicates. In a sac, braided coils did not slow flow as effectively as coiled 

coils or a sac without coils, promoted divergent streamlines with rapid mixing and correlated 

with the formation of dense platelet and fibrin-rich clots instead of fibrous mesh observed in a 

sac containing only coiled coils. Some fibrous mesh was observed in sacs with a coiled coil 

frame and braided filling coils, suggesting that framing coil design may impact clot structure 

more than filling coil design. This study provides new information about coil design and 

placement that can help drive the development of coil designs and coil techniques that reduce the 

rate of IA recurrence. Conflicting results in the neck and sac models suggest that the factors that 

drive hemodynamics and clotting at the neck are important to thrombosis in the IA sac and 

require further investigation. 
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CHAPTER 5: LIMITATIONS AND ACHIEVEMENTS  

The ebb and flow 

 

5.1 OVERALL CONCLUSIONS 

These studies provide new information about the importance of flow velocity and pattern in 

clotting in a saccular bifurcation IA and how they are modulated by coil design and placement. 

Each study addresses a different hypothesis using one of the three models that were developed in 

this work in order to test several coil conditions (Figure 33). The results of these studies are 

summarized in Table 3 and Figure 34. These studies together support the hypothesis that shear 

flow is necessary to elucidate physiologically relevant trends in coil thrombogenicity in vitro 

(Chapter 2, Figure 9B). Specifically, coil presence and high local packing density significantly 

increased clot accumulation under flow but had no effect on accumulation in the absence of flow 

(Chapter 2, Figure 6 and Figure 7; Chapter 3, Figure 14). Braided coil design promoted less clot 

accumulation and denser clot structure than coiled coils under flow but also had no effect on clot 

accumulation or structure in the absence of flow (Chapter 2, Figure 6 and Figure 8; Chapter 4, 

Figure 30 and Figure 32).  

 
Figure 33: Summary table of conditions tested and the models used to test them in each chapter. Chapter 2 utilized the stasis clot 

model and neck flow model to test the hypotheses that clot structure is insensitive to coil design and packing in the absence of 

flow (on clinical, ribbon and braided coils),  and that flow is necessary to recapitulate clot structure seen in ex vivo human IAs 

(comparing clots formed in the absence of flow to clots formed under 200s-1 shear flow. Chapter 3 used the sac flow model to test 

the hypothesis that coil arrangements with high local packing densities promote space-filling clot formation under flow 

(comparing the linear arrangement, the circumferential arrangement and a sac without coils). Chapter 4 used the neck flow model 

and sac flow model to test the hypothesis that coil designs that create disturbed flow patterns promote space-filling clot formation 

under flow (comparing clinical coils and braided coils in the neck flow model, and comparing braided coils, stainless steel (SS) 

coils in a linear arrangement and hybrid designs in the sac model). 
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Moreover, these studies demonstrate that coil placement in the IA modulated hemodynamics, 

spatiotemporal trends in clot accumulation and clot structure. Specifically, high local packing 

density correlated with nondivergent flow streamlines, slower flow velocity, higher clot 

accumulation at a late time point and more uniform initial clot distribution at an early time point 

compared to a more uniform packing density (Figure 34). Changes in clot distribution between 

early and late time points indicated that initial clot formation might not be indicative of final clot 

size or distribution, since initial clot is likely subject to washout of developing fibrin gel with 

persistent flow into the IA. This phenomenon may also occur in vivo where IAs recurred that 

were initially observed to be occluded during coiling.
5,6

 The placement of coil designs within the 

sac also affected hemodynamics and subsequent clotting. Braided coils within the sac and at the 

neck promoted divergent streamlines and small areas of dense platelet and fibrin-rich clots. 

Coiled coils (SS and clinical coils) at the neck slowed flow velocity coming into the sac and 

promoted fibrin mesh clot formation, while coiled coils in the middle of the sac slowed flow 

velocity from the neck to the back of the dome but did not necessarily promote fibrin mesh 

formation (Figure 34A and B).  

 

 

Coil design facilitated hemodynamic pattern, flow velocity, and clot accumulation and structure 

in the sac, although in a way that did not support the original hypothesis that braided coils 

promote space-filling clot formation. As previously mentioned, flow velocity slowed with 

 
 

Figure 34: A: Coiled coil arrangement modulated flow velocity (green arrows), initial distribution (dotted outline) and 

accumulation of fibrin mesh (dark green hatch) clot. B: Coil design modulated flow velocity and pattern (green arrows). 

The presence of braided coils correlated with small areas of dense platelet-fibrin clot accumulation (light green), and a 

coiled coil in the framing coil position correlated with small areas of fibrin mesh accumulation (dark green hatch). 
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nondivergent streamlines across coiled coils, yet flow velocity did not slow and divergent 

streamlines were observed across braided coils. Sacs containing braided coils promoted less clot 

accumulation and small dense aggregates of platelets and fibrin compared to those containing 

only coiled coils. Clot accumulation and structure in the neck model were variable and appeared 

to be independent of coil design, contrary to results from the sac model (Chapter 4, Figure 21 

and Figure 30). Trends of clot accumulation at the neck therefore require additional investigation 

in order to better understand the factors that drive clotting in this important region. 

 

These results suggest that slow flow velocity (approximately 15-50 µm/sec) with nondivergent 

streamlines was optimal for the formation of large clots composed of fibrin mesh in the sac 

model (Table 3). Coiled coils at the neck that reduced flow into the sac correlated with fibrin 

mesh polymerization, indicating that the hemodynamics at the neck more strongly impacted clot 

structure than hemodynamics through the middle of the sac (Chapter 4, Figure 32). This may be 

due to longer blood residence times in sacs where a coiled coil at the neck slowed flow entering 

the sac. Preliminary studies of the CC frame/braided fill condition indicate that this design may 

initiate clot accumulation that is variable but higher than the braided frame/CC fill condition. 

Additional studies are necessary to indicate correlations between coiled framing coil, blood 

residence time, and clot accumulation in the sac.  

 

Trends in clot structures formed on different coil designs suggest that hemodynamics facilitated 

the formation of fibrin mesh and dense aggregates of fibrin and platelets. However, with the 

absence of macrophages, fibroblasts, endothelial cells and other cell types that remodel the 

thrombus into tissue, it is not clear which clot structure is ideal to prevent IA recurrence. Studies 

of cell proliferation, migration and adhesion to fibrous structures indicate that spaces between 

fibers larger than 5 µm are more optimal for fibroblast infiltration into the matrix than spaces 

smaller than 5 µm,
107

 suggesting that fibrous mesh would be better suited for fibroblast-mediated 

clot remodeling than dense clot aggregates. Yet, increased fiber density
108

 and the presence of 

platelets
74

 both correlate with resistance to fibrinolysis, indicating that dense platelet and fibrin 

aggregates would be stable, fill space in the sac and maintain a scaffold for cells over a longer 

period of time compared to fibrous mesh clots. Endothelial cells (ECs) also reduce the rate of 

clot lysis,
109

 suggesting that increased EC coverage would further extend the clot lifetime; 

however, EC adherence was not sensitive to matrix pore sizes less than approximately 5 µm,
77

 

suggesting that EC coverage would be approximately the same between dense and mesh clots. 

This information together indicates that denser clots are likely to degrade slower and may 

prevent flow in the sac after initial occlusion, but they are less likely to promote cell infiltration 

and clot reorganization into tissue, which would inhibit the progression of IA healing. Analyses 

of cell adhesion, proliferation and migration on these structures are necessary to elucidate which 

structures, and consequently which flow patterns and coil designs, are ideal to promote IA 

healing and protection from recurrence.   
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5.2 LIMITATIONS OF MODELS 

Three models were utilized in these studies: the stasis clot model, the neck flow chamber model 

and the sac flow chamber model. As in all in vitro models, these models have limitations. In each 

of these models, clotting occurred on glass and plastic surfaces instead of on tissue, creating 

different blood surface activation than that in vivo. Also, RBCs were omitted from these models, 

although they affect clot structure and rate.
110

 The addition of RBCs and tissue surface activation 

to the models would affect clotting in each condition equally, so the trends in relative rate of 

clotting would remain the same. Additional studies in this model can be performed with whole 

blood, although SEM would be used exclusively to analyze clot size and structure. This would 

require coil removal from flow chambers, which would potentially disrupt the macroscopic 

structure of the clot before imaging.  

 

In the neck model, the coil curvature in most replicates was concave against the wall, while coils 

at the neck of an IA in vivo are likely convex against the packed IA. One clinical coil replicate 

was placed in a convex orientation (Chapter 4, Figure 20), which was associated with faster flow 

velocities between the coil and wall (Chapter 4, Figure 18B) but promoted similar clot 

accumulation to the other orientations, indicating that the convex/concave orientation of the coil 

likely does not affect clotting. However, the variables that did affect clot accumulation in the 

neck model study could not be clearly elucidated from the variable results, so additional studies 

are necessary to better understand the coil orientations, flow patterns and other factors that may 

promote clotting at the neck of coiled IAs.  

 
Figure 35: Clots were formed on coverslips using PRP treatments discussed in the methods. Left: PRP was anticoagulated with 

buffered sodium citrate to 3.2% and activated with 20 mM CaCl2. Middle: PRP was diluted to 51% in saline and anticoagulated 

with buffered sodium citrate, then activated with CaCl2. PRP used in the single-pass model was treated using the same protocol. 

Right: PRP was diluted to 24% in saline. This increases coagulation time so that coagulation around coils could be observed in 

the recirculating model. Fiber density is independent of dilution. High intensity locations show platelet-mediated fiber bundling. 

Scale bar, 100 µm.  
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Many limitations of the sac model also apply to the neck model. First, the PRP used in the 

studies was diluted, which slowed clotting rate. A control study showed that while regions of 

platelet-mediated fiber bundling were smaller in diluted PRP than pure PRP, fiber density was 

retained (Figure 35), indicating that clot structure and accumulation are comparable across the 

three models. Moreover, the saccular and neck models are not spherical, so they demonstrated 

different hemodynamic profiles in some areas from a spherical sac, especially at the top and 

bottom of the flow chamber. Yet, the hemodynamic profile of the sac model was similar to that 

observed in particle image velocimetry of in vitro spherical IA models,
10

 so the flow models in 

this study captured a “slice” of the flow profile in the spherical IA. As in vivo, coils in these 

models were bounded at all sides by surfaces, although in vivo coils are bounded by curved, 

compliant surfaces, rather than the rigid planar glass and polycarbonate surfaces. While this 

surface geometry and mechanics in the model were not the same as in an IA in vivo, the trends in 

clotting observed in the model are expected to remain the same in vivo. Finally, the sac and neck 

models observed acute thrombosis, but long-term clot development is important to coil 

thrombogenicity. Acute thrombosis is important in that it creates the essential scaffold for cell 

infiltration and subsequent tissue formation. Our models measured the spatiotemporal 

distribution of clotting and its dependency on hemodynamics, which could not be obtained in 

existing models. 

 

5.3 ACHIEVEMENTS AND CONTRIBUTIONS TO THE FIELD 

The flow chamber models developed in this study are the first in vitro models to analyze clot 

progression, accumulation and structure in a coiled saccular bifurcation aneurysm. Clot structure 

and accumulation are important for cellularization during IA healing, since cell behavior is 

responsive to properties of its underlying matrix.
77,89

 Therefore, it is important to understand the 

factors that affect clot accumulation and structure in order to better understand the factors that 

affect IA healing. These models are also the first to analyze local hemodynamics of flow around 

coils with high resolution and the first capable of observing live clotting on and around coils 

under flow. In addition, these studies showed that shear flow was necessary to determine the 

thrombogenicity of coils with different arrangements and shapes, in contrast to most coil 

thrombogenicity studies that have been conducted in the absence of flow.
48,49

 These studies also 

present the first measurements of the spatial distribution of intra-aneurysmal hemodynamics and 

the spatiotemporal distribution of clot formation as functions of coil arrangement. Specifically, 

the results indicate that regions of high local packing density promoted slower flow with 

nondivergent streamlines, more uniform clot distribution at early time points and more fibrous 

clot accumulation at late time points compared to uniform packing density. This new information 

agrees with computational models that predict that coil placement modulates intra-aneurysmal 

hemodynamics.
11,43

 The influence of coil wire shape or secondary coil shape on hemodynamics, 

or this influence on thrombosis rate or structure, has not been explored in the literature. These 

studies are the first to examine braided coil wires and to provide evidence suggesting that coil 

secondary shape impacts flow pattern, flow velocity, clot accumulation and clot structure. They 
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indicate that slow flow velocities with nondivergent streamlines around coils may be optimal for 

the formation of large fibrous mesh clots and that hemodynamics at the neck may be more 

important to clot structure in the IA dome than hemodynamics within the dome. These models 

can be further used to examine how coiled IA acute thrombosis is affected by factors that cannot 

be controlled in vivo, such as aneurysm geometry and inlet flow velocity. They can also be used 

to screen coils for thrombogenicity before performing studies in animal trials, saving time and 

resources. An understanding of the dynamic relationship between IA hemodynamics and 

thrombosis and how this relationship is sensitive to coil packing, coil shape and other clinically 

relevant variables would help explain why some IAs recur after treatment. In vitro models help 

reveal the temporal and spatial dynamics of IA healing processes and perturb them in ways that 

are unavailable in vivo and relatively fast and inexpensive. Together with computational and 

animal models, they help shed light on IA recurrence. 
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CHAPTER 6: FUTURE WORK 

Uncharted waters 

 

6.1 ALTERNATIVES IN COIL PACKING AND COIL DESIGN 

The results of this work indicate that the 

spatiotemporal dynamics of clotting are 

dependent on coil-mediated hemodynamics. 

Additional studies using the stasis, neck flow 

chamber and sac flow chamber models can 

interrogate how clotting is affected by other 

coil packing trends and coil designs. First, 

changes in total coil packing density in the IA 

are likely to affect clot accumulation and 

flow velocity. Computational studies show 

that higher packing density correlates with 

slow flow velocity,
10

 and animal
86

 and 

clinical
85

 studies indicate that increased 

packing density correlates with reduced 

recurrence rate. Sacs with variable packing 

densities could be analyzed in terms of 

hemodynamics, clot accumulation, clot 

distribution and clot structure to evaluate if 

this trend between packing density and flow velocity is similar in the sac flow model and if 

packing density affects clotting. This trend could provide a direct relationship between packing 

density and thrombosis and may also provide a correlation between clotting and recurrence rate.  

 

Figure 37: Representative images of a sac filled with braided framing coil and coiled coil (CC) filling coils in a 

circumferential arrangement before clotting (“Coil design”) and after 17 minutes of clot accumulation. In all 

images, neck opening is to the left and back dome is to the right (see inset diagram). Flow moved left to right. 

Aneurysm diameter, 5 mm. 

 

 
Figure 36: SEM image of three round wires braided together. 

Scale bar, 100 µm. 
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Additional coil designs could also be tested in the models. Ribbon coils that were studied in 

Chapter 2 (Figure 5) or round wires braided together (Figure 36) could be placed into the sac and 

neck flow models to ascertain if hemodynamics and clotting are sensitive to wire shape at a 

constant coil secondary shape. Furthermore, the braided frame/CC fill hybrid design was only 

tested where CC coils were arranged linearly but could also be tested where the CC coils are 

arranged circumferentially. This study would provide information about the impact of coiled coil 

arrangement with a braided framing coil on hemodynamics and clotting. A preliminary 

experiment measuring clot accumulation in a sac with a braided frame and CC coils arranged 

circumferentially indicates that clot size at 17 minutes is not different than the hybrid design with 

CC coils arranged linearly (Figure 37). However, hemodynamics, clot structure and clot 

progression have not yet been evaluated. In addition, further studies are necessary to elucidate 

the factors that drive hemodynamics and subsequent clot accumulation at the neck in both the 

neck and sac models. These studies may focus on variables including coil orientation, coil 

length, distribution of coil-wall distance and small changes in inlet flow velocity. It is important 

to better understand these factors since matrix formation at the neck is important to late IA 

 

Figure 38: EC attachment is higher on clotted coils than bare coils but is not dependent on coil design. A: Representative SEM 

images of ECs cultured on a bare clinical coil (left), a clotted clinical coil (middle) and a clotted ribbon coil (right). Scale bar, 50 

µm. B: Quantitative analysis of SEM images shows that the number of ECs per field of view is higher on bare tissue culture 

polystyrene dishes and clotted coils than bare metal coils. EC attachment was not dependent on coil design across three different 

experiments (p=0.35, p=0.97, p=0.83). 
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healing.
3
 These additional studies would help clarify the relationships between coil wire and 

secondary shapes, flow velocity and pattern, and clot structure and accumulation.  

 

Within the coil packing and design experiments, some changes to the methods may allow the 

evaluation of processes more specific to clinical practice. Namely, anticoagulants administered 

to patients during the coiling procedure are likely to affect clot accumulation and structure. Their 

effects on the relationships between coil-mediated hemodynamics and clotting may prove useful 

in guiding anticoagulant therapies during coil treatment for specific coil arrangements and 

designs. In addition, the methods detailed in these studies observe initial thrombosis, but clots in 

IAs degrade over time. Clot degradation over a longer period of time may be analyzed by 

incorporating mechanical breakdown in response to persistent flow over time or tissue 

plasminogen activator-induced fibrinolysis.
111

 These studies would provide new information 

about the spatiotemporal dynamics of clot degradation and how it is affected by coil shape, coil 

packing, clot structure and clot size. Since these clots provide the scaffold for IA cellularization 

in later stages of healing but must also promote cell infiltration, information about how coil 

packing and design modulate clot degradation in coiled IAs would contribute to a better 

understanding of IA healing and recurrence.  

 

6.2 MODEL OF CLOTTING AND CELLULARIZATION UNDER FLOW 

IA in vitro models in the literature have effectively identified some of the factors and 

mechanisms that drive hemodynamics, thrombosis and cellularization in vivo, but do not yet 

provide complete information on the relationships between these three components. Many 

available in vitro models are insufficient to predict patient outcome,
53,112

 suggesting that models 

that capture all three healing components are needed. Vascular cells are responsive to surface 

geometry
113,114

 and edge angle,
83

 indicating that cell behavior is dependent on coil presence and 

shape. Well-established in vitro models interrogate processes relevant to aneurysm healing, such 

as endothelial cell (EC),
65,115,116

 vascular smooth muscle cell
62

 and fibroblast
62,63

 phenotypes in 

response to flow dynamics, interactions between these cell types
66,117

 and platelet-EC 

interactions.
118

 Studies of EC behavior on coils in the absence of flow (Chapter 1, Figure 3, 

“Cellularization” and “Cell-Matrix Model”) indicate that relationships between cellularization 

and clotting are important to IA healing. Specifically, EC coverage on clotted coils was 

significantly higher than that on bare metal coils (p<0.05), indicating that clot coverage may be 

important to cellularization in vivo. In this study, cell coverage was independent of coil presence 

or design across three different experiments (p=0.35, p=0.97, p=0.83, Figure 38), which was 

expected since clot structure was independent of coil presence or design in the absence of flow 

(Figure 6). Additionally, ECs cultured on clotted ribbon coils formed monolayers along clot 

structures (Figure 39, “Coil surface”), indicating that EC monolayers can be manipulated by 

underlying clot structure. Consistent with known matrix remodeling capabilities,
119

 ECs cultured 

on clots formed on glass surfaces reorganized underlying clot structure (Figure 39, “Glass 

surface”), pointing to feedback between EC monolayer behavior and clot structure. These models 
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indicate that in vitro models of cellularization on clotted coiled saccular aneurysms under flow 

are achievable and valuable.  

 

Figure 39: Feedback exists between cell behavior and clot structure. Left: Clots (green) on edged coils (*) formed net 

structures (above, arrow) that produced EC (cyan) monolayer nets (below, arrow) at low fibrinogen concentration. Scale bar, 

100 µm. Right: On glass surfaces, ECs also reorganized clot structure (green) around them. Scale bar, 20 µm. 

 

Models that investigate the relationship between EC behavior and clotting under flow (Chapter 1, 

Figure 3, “Cellularized Blood Flow Model”) exist and can provide important new information 

about cellularization in IAs. In a model of microvascular thrombosis,
115

 whole blood clotting 

under various shear stress magnitudes was observed in channels lined with ECs. With the 

introduction of IA geometry and complex flow patterns and by increasing the size of the system 

to accommodate coils, this model would provide insight into the relationships between IA 

hemodynamics, EC behaviors, thrombosis and coil design. In a preliminary study, the sac flow 

chamber model was lined with ECs (Figure 40A and B) and coiled, and a clot was allowed to 

form on the coils in the absence of flow. ECs from the sac wall adhered to clots that bridged 

between the coil and the neck wall (Figure 40C), indicating endothelialization of clotted coils. 

This study demonstrated that a model of endothelialization of clotted coils under flow in a 

saccular aneurysm is possible, which would produce information about the coil-mediated 

hemodynamics, coil shapes, clot structures and clot sizes that are likely to promote 

endothelialization in IAs. Fibroblasts could also be seeded into the model to observe cell-

mediated remodeling of the clot, an important step in IA healing and protection of the IA from 

recurrence. This information would drive coil design and coiling technique. These models would 

also more effectively screen coil designs and arrangements for optimal cellularization before 

studies in animal models. In addition to isolated intra-aneurysmal hemodynamics, thrombosis 

and cellularization models, these three phenomena must be combined in in vitro models in order 

to understand how they affect one another and how these relationships predict IA outcome. 
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Figure 40: Preliminary studies show that the sac model can be lined with ECs. A: Phase contrast image of an EC monolayer on 

the bottom surface of the sac flow chamber. Scale bar, 100 µm. B: Nucleus staining shows that the EC monolayer extends up the 

dome wall (arrow). C: Endothelialized sac was coiled and clotted. ECs (green dots) were observed on clot (green line) that 

formed between the coils and the wall (red outlines). Inset shows magnified view. Scale bar, 100 µm. Schematic indicates the 

field of view for A and B (orange) and C (green) within the sac. 
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