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Abstract

The endovascular delivery of platinum alloy bare metal coils has been widely adapted to treat 

intracranial aneurysms. Despite the widespread clinical use of this technique, numerous 

suboptimal outcomes are possible. These may include chronic inflammation, low volume filling, 

coil compaction, and recanalization, all of which can lead to aneurysm recurrence, need for 

retreatment, and/or potential rupture. This study evaluates a treatment alternative in which 

polyurethane shape memory polymer (SMP) foam is used as an embolic aneurysm filler. The 

performance of this treatment method was compared to that of bare metal coils in a head-to-head 

in vivo study utilizing a porcine vein pouch aneurysm model. After 90 and 180 days post-

treatment, gross and histological observations were used to assess aneurysm healing. At 90 days, 

the foam-treated aneurysms were at an advanced stage of healing compared to the coil-treated 

aneurysms and showed no signs of chronic inflammation. At 180 days, the foam-treated 

aneurysms exhibited an 89–93% reduction in cross-sectional area; whereas coiled aneurysms 

displayed an 18–34% area reduction. The superior healing in the foam-treated aneurysms at earlier 

stages suggests that SMP foam may be a viable alternative to current treatment methods.
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INTRODUCTION

Intracranial aneurysms

An aneurysm is a localized bulging of a weakened arterial wall. These abnormalities may 

manifest as saccular structures near artery bifurcations1,2 and are common in the intracranial 

vasculature where a lack of an external elastic lamina makes arteries more susceptible to 

aneurysm formation.3,4 It is estimated that one in 50 adults in the United States live with one 

or more unruptured intracranial aneurysms. These aneurysms rupture in approximately 

30,000 people per year in the United States5 resulting in subarachnoid hemorrhage which is 

severely debilitating or fatal in the majority of cases.6

Endovascular coil treatment

Given the frequently poor outcomes following aneurysm rupture, clinical interventions are 

carried out to address the risk of rupture. The overall goal of aneurysm treatment is to reduce 

or eliminate blood flow into the aneurysm sac, thereby reducing pressures and/or shear 

stresses on the weakened aneurysm wall, and promoting flow stagnation and thrombosis 

within the aneurysm sac and subsequent healing. In recent decades, the preferred method for 

achieving this goal has become the endovascular transcatheter placement of bare metal coils 

to fill and occlude the aneurysm sac. The minimally invasive nature of these procedures is a 

major advantage over surgical clipping, which requires a full craniotomy to gain access to 

the affected artery for clip placement, with the associated risk and morbidity of open 

surgery. Refer to Rodriguez et al.7 for a thorough review of many of the current and 

historical treatment options and their clinical outcomes.

The earliest developed and most extensively studied bare metal coils used clinically are 

Guglielmi Detachable Coils (GDCs).8 These soft platinum alloy coils are pushed through a 

catheter that has been guided from a vascular access point, such as the femoral artery, 

through the vasculature to the aneurysm location. Once the catheter is placed, a coil is 

pushed out of the catheter into the aneurysm sac and an electrical current is applied to 

dissolve, via electrolysis, a link connecting the coil to the pusher, thereby releasing it into 

the aneurysm. The number of coils placed inside the aneurysm is dependent on the aneurysm 

diameter (approximately one coil per millimeter of aneurysm diameter9), and varies based 

upon the length and diameter of the coils, as well as operator preference. After placement, 

the coils reduce the amount of flow entering the aneurysm sac and stimulate thrombus 

production. Ideally, a stable clot is formed inside the aneurysm around the coils which, via 

the body’s healing processes, is converted to a collagen-based, scar-like structure 

permanently occluding the aneurysm and isolating it from the flow of the parent artery. 

Further, it is optimal for re-endothelialization to occur across the neck, or ostium, of the 

aneurysm completely excluding it from the parent artery flow and returning a normal patent 

shape to the lumen of the artery.

Coiling treatments quickly gained favor over clipping, accounting for approximately half of 

all first-choice treatment options by the year 2000,10 largely in part because of the minimally 

invasive nature, quick procedural time, and lower cost; however, this technique is not 

without its limitations. The bioinert nature of bare metal coils elicits limited tissue response 
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which can lead to unorganized thrombus formation and poor aneurysm healing.11,12 Szikora 

et al.12 reported a number of coil-treated aneurysms that failed to form neointimal layers 

across their necks at time points as late as three years post-treatment. Further, low volume 

occlusions in coil-treated aneurysms can result in coil compaction over time, due to a water 

hammering effect from the pulsing arterial flow,13 resulting in recanalization rates of 21–

34%.14–18 These aneurysms are susceptible to aneurysm growth, rupture or rerupture, and 

the growth of adjacent daughter aneurysms. In 10.3% of coil-treated aneurysms, 

recanalization necessitates retreatment.19 Other issues include possible coil migration from 

the aneurysm sac into the parent artery,20–22 and a risk of intraprocedural aneurysmal 

rupture,23 which can have devastating consequences. Given this potential for procedural 

complication and suboptimal long-term healing, it is desirable to develop new technologies 

to enhance aneurysm treatment outcomes.

Proposed shape memory polymer foam device

As an alternative to bare metal coil treatments, the use of shape memory polymer (SMP) 

foams as embolic fillers has been proposed.24–26 SMP foams are porous polymeric mate 

rials that are capable of actuating from a set shape to a second “memorized” shape upon an 

increase in bulk temperature. This allows for the foam to be compressed to a size compatible 

with catheter delivery and then actively actuated within an aneurysm, achieving up to a 70-

fold volume expansion27 to fill the entire intra-aneurysmal space without imposing 

significant stress on the aneurysm wall.28 In addition to large volume expansions, the porous 

architecture of SMP foams also provide large blood-contacting surface areas (up to 1000 

cm2 per 1 cm3 of bulk foam29), possess highly tortuous pathways in which blood flow is 

greatly reduced,30,31 and have exhibited good biocompatibility.24,27,32,33

Evidence of polyurethane SMP foam’s biocompatibility and efficacy as an aneurysm 

treatment was reported by Rodriguez et al.34 The authors surgically implanted SMP foam 

samples within constructed in vivo porcine vein pouch aneurysm models following the 

technique described by Guglielmi et al.35 Histology after 30 and 90 days post implantation 

revealed progressive healing within the foam filled aneurysms marked by the presence of 

predominately loose to dense connective tissue within the aneurysm. After 90 days, 

complete formation of neointimal layers were observed across each aneurysm neck 

excluding the aneurysms from arterial flow. Finally, the foam elicited a reduced 

inflammatory response when compared to the FDA-approved sutures used to construct the 

aneurysm model, suggesting that the SMP foam is at least as biocompatible as clinically 

used biomaterials. The positive results from this study motivated the development and 

testing of an endovascular treatment method utilizing SMP foams.

Hwang et al.36 proposed an aneurysm treatment method wherein a spherical implant of SMP 

foam is compressed and delivered through a catheter to the aneurysm site. Once the SMP 

foam implant is deployed into the aneurysm sac, a resistive heater core is used to raise the 

bulk temperature of the foam to stimulate its expansion to completely fill the aneurysm. 

Following expansion, the resistive heater core is retracted into the catheter and both are 

removed from the patient.
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The goal of this study is to demonstrate the proposed method36 under clinical conditions and 

to compare the proposed SMP foam aneurysm fillers to bare metal coil treatments, the 

current gold standard for endovascular aneurysm interventions using a head-to-head 

pathological comparison. The foam and bare metal coils were delivered into a porcine vein 

pouch model.35 This model offers aneurysms with similar sizes to those found in the human 

intracranial vasculature and provides an appropriate environment for simulating human 

biochemistry related to thrombus formation. Thus, extrapolation of the results to the 

potential outcomes of utilizing these treatments clinically is possible. Device performance 

was assessed at 90 and 180 day time points post-implant using gross evaluation and 

histology to elucidate the local tissue response at intermediate stages of healing wherein the 

initial thrombus (timescale of minutes to days37) is replaced with connective tissue 

(timescale of weeks to months37).

MATERIALS AND METHODS

Bare metal coils

The bare metal coils used in the study consisted of platinum and tungsten alloy wound coils 

of 2D helical shape (GDCV®, Stryker Neurovascular). The GDCs had 2D helical loops of 

2–8 mm diameter, and overall lengths (elongated inside the introducer) of 3–30 cm. All coils 

used are listed in Table I.

SMP embolization device

The SMP embolization device system consisted of an SMP foam implant and a guidewire 

delivery assembly with a resistive heating element for SMP foam expansion.

SMP foam synthesis and implant fabrication.—The implant was comprised of two 

compositions of polyurethane SMP foam (Type A & Type B) secured by friction fit. The 

foam types chosen represent varied ratios in the net formulation. For the Type A foam, 

N,N,N′,N′-Tetrakis(2-hydroxypropyl)ethylenediamine (HPED, 99%, Sigma Aldrich), 

2,2′,2″-Nitrilotriethanol (TEA, 98%, Alfa Aesar), 1,6-diisocyantohexane (HDI, TCI 

America), and deionized (DI) water (> 17 MΩ cm purity) were used as received to 

synthesize the H60 SMP foams using a protocol reported previously.27 Type A composition 

is based on a 60 mol % of HPED (H60) isocyanate equivalents, with the remaining mol % 

ratio coming from TEA. For the Type B foam, N,N,N′,N′-Tetrakis(2-hydroxypropyl) 

ethylenediamine (HPED, 99%, Sigma Aldrich), 2,2′,2″-Nitrilotriethanol (TEA, 98%, Alfa 

Aesar), 1,6-diisocyantohexane (HDI, TCI America), 1,6-diisocyantotrimethylhexane, 2,2,4- 

and 2,4,4- mixture (TMHDI, TCI America), and deionized (DI) water (> 17 MΩ cm purity) 

were used as received to synthesize the 80TM SMP foams using a protocol reported 

previously.38 Type B composition is based on an 80 mol % of TMHDI (80TM) isocyanate 

equivalents, with the remaining mol % coming from HDI. Further, Type B incorporates a 4% 

by volume loading of tungsten powder (<1 μm particle size, 99.95% purity, Alpha Aesar) to 

facilitate visualization of the crimped implant under fluoroscopy.33

The two composition types were combined to create a hybrid implant with Type A core and 

Type B outer shell as previously reported.36 Cylindrical samples with nominal diameters of 
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4.0, 6.0, and 8.0 mm, and lengths of 8–10 mm were cut from the Type A foam [Fig. 1(a)]. 

Utilizing computer-controlled milling (MDX-540SA, Roland DGA Corp.), spheres with 

diameters of 6.6, 8.8, and 11.0 mm were milled from Type B foam, with cylindrical cores of 

3.0, 5.0, and 7.5 mm diameters, respectively, removed from the spheres [Fig. 1(b)]. The 

cylindrical samples of Type A foam were then inserted into the resulting spherical shells and 

trimmed to make the final hybrid SMP foam implant [Fig. 1(c)].

This hybrid device leverages the desirable properties of each foam type to achieve the 

treatment goals. The Type A foam core has a low density allowing for large compressions 

while also providing enough expansion to fill the aneurysm. While the Type B foam enables 

visualization during implantation, its greater density and poor expansion make it unsuitable 

for use as the entire implant. However, the greater hydrophobicity of Type B foam allows it 

to serve as a water barrier preventing the plasticization of the more hydrophilic Type A core 

and preventing premature expansion of the implant.

SMP foam implant processing.—To break residual foam pore membranes, the hybrid 

foam implants were mechanically conditioned by radially compressing and re-expanding 

them at 97°C using a stent crimper (SC150–42, Machine Solutions). The implants were 

chemically etched in a 0.1N hydrochloric acid (HCl) solution and cleaned with 20% (by 

volume) detergent solution (Contrad® 70, Decon Laboratories) to remove residual 

surfactants and catalysts from the foam fabrication process, then thoroughly rinsed with RO 

water to ensure all of the detergent had been removed.38 Finally, the samples were held at 

50°C under vacuum for 12 h until dry.

SMP foam implant delivery system.—The delivery system for the foam implants 

consisted of a hollow guidewire assembly and a resistive heating element constructed by 

winding nichrome wire around a nitinol core wire [Fig. 2(a)] as reported by Hwang et al.36 

The resulting resistive heaters had diameters of 0.32 ± 0.01 mm and lengths of 5.59 ± 1.14 

mm [Fig. 2(b)]. The hybrid SMP foam implants were threaded onto the resistive heating 

element at the distal tip of the delivery system [Fig. 2(c)]. The foam was crimped over the 

resistive heater using a stent crimper to a final crimped diameter of 1.09 ± 0.17 mm [Fig. 

2(d)] to achieve a friction fit. Each device was individually sealed in a sterilization pouch 

with desiccant, sterilized by ethylene oxide (EtO), and allowed to degas for 24 h before 

endovascular implantation.

In vivo device studies

In this study, two aneurysms were created in each animal. In all animals, one aneurysm was 

treated with bare metal coils and the other was treated with SMP foam. Endpoints for the 

study were 90 days and 180 days post-implant, both of which included two animals. While 

the short-term performance (30 and 90 day) of SMP foam-based devices has been previously 

evaluated,34 the longer implant duration in this study allow the assessment of the devices at a 

more intermediate stage of healing (i.e., well after the initial clotting response and into the 

stages of healing wherein the initial thrombus is replaced with connective tissue).37
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Porcine sidewall aneurysm model.—All animal experiments were conducted in 

accordance with policies set by the Texas A&M University Institutional Animal Care and 

Use Committee and met all federal requirements, as defined in the Animal Welfare Act, the 

Public Health Service Policy, and the Humane Care and Use of Laboratory Animals. 

Additionally, NIH guidelines (or for non-U.S. residents similar national regulations) for the 

care and use of laboratory animals (NIH Publication #85–23 Rev. 1985) were observed.

Animal studies were performed in the catheterization laboratory at the Texas A&M Institute 

for Preclinical Studies. Fluoroscopic visualization was achieved using a C-arm X-ray system 

(Allura Xper FD20, Koninklijke Philips N.V.). Saccular sidewall vein pouch aneurysm 

models were created in the carotid arteries of four 3 to 4 month old Yorkshire swine 

weighing 31.1 ± 2.8 kg using a previously described model.35 To create the aneurysm 

models, the animals were placed under general anesthesia using intramuscular injection of 

ketamine, xylazine, and acepromazine (20 mg/kg, 2 mg/kg, and 0.2 mg/kg, respectively). 

The animals were intubated and anesthesia was maintained using isoflurane. Using sterile 

technique, access to the carotid arteries and external jugular veins was achieved by making a 

10 cm incision along the ventral cervical midline and reflecting the sternocleidomastoid 

muscle medially. A 4 cm segment of the external jugular vein was isolated and excised, 

allowing for 2 cm long pouches to be created by cutting the segment transversely. After the 

carotid arteries were exposed and cleaned of adventitia, vascular clamps were placed to 

provide temporary occlusion. A 7 mm arteriotomy of the artery was created and an end-to-

side anastomosis of the vein pouch to the carotid artery was performed using 7–0 

polypropylene sutures. The open end of the pouch was sutured to create an 8–10 mm 

diameter aneurysm sac. Vein pouch aneurysms were created on the right (RCCA) and left 

(LCCA) common carotid arteries, resulting in two per animal [Fig. 3(a)]. Injections of 

contrast medium (Oxilan® 300, Guerbet) were used to visually confirm aneurysm formation 

under fluoroscopy [Fig. 3(b)]. After confirmation of formation, the subcutaneous tissues 

were loosely closed. Implant procedures were performed within 3 h of aneurysm creation.

Endovascular aneurysm access.—Treatment of the aneurysms was performed using 

standard endovascular technique for device delivery and implantation. A 6 Fr introducer 

sheath (Pinnacle®, Terumo) was inserted into the animal’s femoral artery using ultrasound 

guidance. A 0.035 inch guidewire (Glidewire®, Terumo) was inserted and, under 

fluoroscopy, used to advance and place a 5–6 Fr guiding catheter (Envoy® or Neuropath®, 

Codman & Shurtleff) through the introducer sheath to the aneurysm site. The SMP devices 

were directly delivered through the guiding catheter. For delivery of GDCs, a micro catheter 

(Excelsior® 1018®, Stryker Neurovascular or Concourse™ 14, Micrus) was advanced and 

placed through the guiding catheter to the aneurysm site.

Aneurysm implant delivery and treatment.—Following catheter placement, the 

GDCs or crimped SMP foams were advanced through the catheter and pushed out into the 

aneurysm sac. GDC delivery was accomplished in the order listed in Table I. Detachment 

was achieved using a detachable coil power supply (M00345100840, Stryker 

Neurovascular). Confirmation of coil occlusion was accomplished under fluoroscopy. The 

SMP foam implant delivery and deployment process is shown via fluoroscopy in Figure 4. 
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Following the placement of the compressed foam implant within the aneurysm sac [Fig. 

4(a)], the copper leads of the heating device at the proximal end of the delivery assembly 

were connected to a power supply (U3606A, Agilent Technologies) which delivered power 

outputs from resistive heating of 1.3 +/− 0.1 W for 30 sec and 0.6 +/− 0.1 W for 120 sec to 

provide the necessary heat stimulus to achieve foam actuation [Fig. 4(b)]. While the 

temperature profiles of the resistive heater were not monitored during this process, forced 

and free convection in combination with blood flow within the aneurysm sac provide 

efficient dissipation of thermal energy and prevent thermal tissue damage.39 As the foam 

actuates, the friction forces holding the foam in place on the delivery device are reduced, 

allowing for easy removal of the heating element and device deployment [Fig. 4(c,d)]. 

Injections of contrast medium were used to visually confirm aneurysm occlusion and degree 

of contrast stagnation under fluoroscopy/angiography [Fig. 4(e,f)].

Gross evaluation and histopathology

Necropsy.—Animals were heparinized, euthanized and presented for necropsy at the 

preselected end time points. The vessels with devices were isolated and first rinsed with 

physiologic saline then perfusion fixed with 10% buffered formalin. The carotid arteries 

(with surrounding soft tissue) were removed en bloc and placed in formalin to allow for 

further fixation.

Neck Re-endothelialization.—After fixation, the parent vessel of each aneurysm was cut 

parallel to the long axis to expose the lumenal view of each aneurysm. The lumenal aspect 

of each aneurysm was photographed grossly with a high resolution camera (EOS-1 Mark III, 

Canon) to assess the degree of endothelialization of the aneurysm neck.

Histopathology.—Aneurysms with attached parent vessel and devices in situ were then 

processed, embedded in Technovit 7200 VLC, and sectioned and microground using a 

diamond saw and grinding wheel (300 CP and 400 CS, EXAKT Technologies, Inc.). Each 

resulting histology section was a cross-section perpendicular to the long axis [Fig. 5(a–c)]. 

Each aneurysm was serially sectioned in this manner to obtain slides from the entire 

thickness of the aneurysm. Slides were stained with Hematoxylin and Eosin (H&E) to view 

the cell nucleus (blue) and surrounding cytoplasm (red, pink, or orange) to evaluate general 

pathology including inflammation.40

Scoring slides/quantifying metrics.—To compare the amount and degree of 

inflammation versus healing response between the polymer foam and coil treatment for each 

time point, cell types were distinguished and counted for three different regions of each 

aneurysm based on well-established morphologic descriptors for each cell type.4,40 The 

aneurysm was divided into three zones: central-, mid-, and outer-zone [Fig. 5(d)]. Within 

each zone, 300 cells were categorized as neutrophil, eosinophil, plasma cell, 

erythrophagocytosis, multinucleated giant cell, macrophage (with erythrocytes 

[erythrophagocytosis], or hemosiderin [hemisoderin-laden]), fibroblast/fibrocyte, capillary 

endothelial cell, or lymphocyte. Additionally, the central core was evaluated for collagen 

deposition, and the stage of healing was identified. The collagen concentration and overall 
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cell counts for each aneurysm were then assessed individually to determine the degree of 

inflammation/healing.

To assess the overall size of each aneurysm, the length, width, and neointima thickness of 

each aneurysm were measured from the microscopic slides using virtual microscope 

software (VS-ASW Software, Olympus Corporation) (Fig. 6). The measurements were taken 

from the serial section that had the greatest dimension (i.e., measurements were taken from 

the center most portion of the aneurysm). The length and width data were compared to the 

initial measurement of the aneurysms taken from fluoroscopy images on the day of the 

implant (Syngo Software, Siemens Corporation). The 2-D cross sectional area of each post-

treatment aneurysm was estimated from the histology sections using open-source imaging 

software (ImageJ, National Institute of Health). Neointimal thickness was assessed by 

averaging five measurements across the aneurysm neck [Fig. 6(c,d)].

RESULTS

Aneurysm embolization

Angiographic imaging was performed before and after aneurysm treatment and prior to 

animal sacrifice at the appropriate time points (Fig. 7). Treatment with GDC coils 

completely occluded all aneurysms shortly after treatment [Fig. 7(a.1)]. While the SMP 

foam implant impeded much of the flow of contrast dye into the foam-treated aneurysms 

following deployment, in some cases [Fig. 7(b.1,d)], contrast dye was acutely visible. 

However, contrast dye injections prior to explant at 90 and 180 days [Fig. 7(c,e)] indicated 

complete isolation of the aneurysm from the parent artery blood flow for both treatment 

modalities.

In all cases, the endovascular treatments were performed without procedural complications. 

Established clinical expectations (i.e., adequate aneurysm occlusion without coil or foam 

prolapse into the parent artery) were achieved for the GDC-based and SMP foam-based 

aneurysm treatments. Physician feedback indicated that the SMP foam and heating device 

were effortlessly delivered through the guide catheter and the foams expanded within the 

aneurysms as expected following the application of current to the resistive heating element. 

In one animal (animal 3 in Table I), a second SMP foam device was implanted into the foam 

treated aneurysm. In this case, the first SMP foam device was not large enough to fill the 

aneurysm and a second, smaller device was deployed and expanded without complication.

90 day implant results

The GDC-treated aneurysms appear to have thinner walls/sacs with coils (C) bulging into 

the surrounding tissue spaces and lumens, whereas the SMP foam-treated aneurysms (F) are 

smaller and have less intrusion into surrounding areas (Fig. 8, C.90.1, F.90.1). While all 

aneurysms at the 90 day time point have a defined neointimal layer over the entire aneurysm 

ostia, the neointimal layers over the GDC-treated aneurysms are less defined, with 

neointima-covered coils partially protruding into the artery lumens (Fig. 8, C.90.2). 

Additionally, the downstream edges of the ostia of the foam-treated aneurysms show greater 

definition of healed neointima compared to the coil-treated aneurysms (i.e., less transparent; 
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Fig. 8, F.90.2). Measurements taken from the histology sections (Table II) show that the 

layers of re-endothelialization across the ostia of the GDC-treated aneurysms are thinner (by 

19% and 37% for animals 1 and 2, respectively) and less organized (Fig. 8, C.90.3) than 

those formed across the ostia of the corresponding foam-treated aneurysms (Fig. 8, F.90.3). 

Furthermore, the neointimal layers formed across the foam-treated aneurysm ostia restore a 

natural curvature to the parent vessel, creating a normal vessel cross-section at the aneurysm 

neck (Fig. 8, F.90.3), whereas the GDCs protrude into the parent artery, yielding irregular 

topography (Fig. 8, C.90.3).

The length, width, and cross-sectional areas of the aneurysms at the time of implant 

(obtained from fluoroscopy) and at 90 days (obtained from histology) are listed in Table II. 

Despite their congruence at time of implantation, the foam-filled aneurysms (Fig. 8, F.90.3) 

show greater reduction in size than the GDC-filled aneurysms (Fig. 8, C.90.3; Table II). The 

SMP foam-treated aneurysms have a marked healing response as shown by the loose 

connective tissue in the central core with minimal, residual cellular debris and <5% 

immature connective tissue (Fig. 8, F.90.4). This contrasts with the coil findings where the 

central cores contain approximately 25–50% immature loose connective tissue and patchy 

residual debris (Fig. 8, C.90.4).

The 90 day histological analysis, based on the cell counts listed in Table III, also reflects a 

marked healing response in the SMP foam-treated aneurysms as noted by the low numbers 

of neutrophils, eosinophils, plasma cells, and lymphocytes (totaling <4% of cells counted 

per aneurysm). Similarly, all aneurysms had comparable counts of multinucleated giant cells 

(3–10%), endothelial cells (11–18%), and fibrocytes/fibroblasts (44–56%). However, both 

animals at the 90 day time point showed a noticeable difference in the number of 

macrophages between the coil- and the foam-treated aneurysms. There was a higher 

macrophage count, including those undergoing erythrophagocytosis, in the GDC-treated 

aneurysms than those treated with SMP foam (20–22% vs. 6–12%, respectively). The foam-

treated aneurysms contained a greater count of macrophages containing hemosiderin 

(hemosiderin-laden macrophages) than the GDC-treated aneurysms (17–18% vs. 3–4%, 

respectively), primarily in the outer circumference of the aneurysm dome (113–117 vs. 3–18 

cells, respectively).

180 day implant results

At 180 days post-treatment, the GDC-treated aneurysms continue to have slightly more 

transparent walls/sacs when compared to the SMP foam-treated aneurysms, but the 

differences are less prominent than between the 90 day aneurysms (Fig. 9, C.180.1, F.180.1). 

All aneurysms have a defined neointimal layer over each aneurysm ostium (Fig. 9, C.180.2, 

F.180.2). From the histology slides, it can be seen that the GDCs continue to disrupt the 

natural curvature of the endothelial layer at the aneurysm-parent vessel interface. The 

aneurysms at the 180 day time point show a larger difference in overall size (Fig. 9, C.180.3, 

F.180.3; Table II) than the 90 day post-treatment aneurysms. After 180 days, remaining 

cellular debris was observed in the GDC-treated aneurysms and approximately 50% (animal 

3) and 20% (animal 4) of their central cores were comprised of loose, immature connective 

tissue (Fig. 9, C.180.4). One of the GDC-treated aneurysms contains multifocal areas of 
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calcification from regions of clotted blood and cellular debris within the core that was not 

completely cleared out by the macrophages. In contrast, the core of the SMP foam-treated 

aneurysm shows rare foci of cellular debris and mostly mature connective tissue (<5% 

immature connective tissue) (Fig. 9, F.180.4).

Cell counts and percentages over three regions of each aneurysm are described in Table IV. 

On a cellular level, the GDC- and SMP foam-treated aneurysms after 180 days showed 

similar trends as the 90 day time point. Cell types that tend to be involved in the acute 

inflammatory response (neutrophils, eosinophils, and lymphocytes) had a relatively low 

presence in each aneurysm (<10%), with a slightly higher presence in the coiled aneurysm 

of animal 4 (9.34% vs. <4% for all other aneurysms). At 180 days, the macrophage count 

(including those undergoing erythrophagocytosis) decreased from the 90-day time point for 

the coil-treated aneurysms (20–22% to 11–15%). The foam-treated macrophage count 

stayed relatively the same for both time points (6–12%). Additionally, the percentage of 

fibroblast/fibrocytes present was higher in the 180 day time point (66% vs. 56–68%) than in 

the 90 day time point (44–56% vs. 48–56%). The coil filled aneurysms at 180 days continue 

to have a lower count of hemosiderin-laden macrophages (HLMs) than the foam-filled 

aneurysms (0.89–4.44% vs. 10–14%). There was a decrease in the HLM count from the 90 

day foam-treated aneurysms compared to the later time point, whereas the HLM count in the 

coil-treated aneurysms stayed below 5% for both time points.

DISCUSSION

In this research, the method of using resistive heat-actuated SMP foams36 to endovascularly 

treat intracranial aneurysms was successfully demonstrated under clinical conditions in a 

porcine vein pouch model. Delivery of compressed SMP foam, via catheter, to the aneurysm 

was achieved and a resistive heating core provided adequate bulk temperature increases to 

stimulate foam expansion. While the delivery of the SMP foam-based devices was 

successful for the specific aneurysm model used in this study, it should be noted that device 

size (requiring 5 Fr catheter or larger for delivery) and compressed stiffness make the 

present design unsuitable for human intracranial applications (which require catheters 

smaller than 3 Fr and device flexibility to navigate the tortuous neurovasculature). Further, 

the low animal study size (n = 2 per study group) also limits the conclusions that can be 

drawn herein. The four animal study is not sufficient to conclude the superiority in the 

efficacy of the new device over the conventional treatment (platinum coils). Nonetheless, the 

evaluation of the SMP foams implanted in this study elucidates physiological responses to 

SMP foam and provides context for the anticipated local tissue healing response following 

human intracranial aneurysm treatment using highly porous SMP foam-based devices. The 

evaluation time points in this study focus on the maturation phase of the foreign body 

reaction. A previous study addresses earlier phases, weeks to months, where recanalization 

is more likely to occur.34 In this regard, it was possible to assess the post-treatment 

performance of the present SMP foam implants using histological analysis and compare 

longer-term outcomes of foam-treated aneurysms to those treated with bare metal coils, the 

current standard for endovascular aneurysm intervention.
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The devastating outcomes from intracranial aneurysm rupture have motivated clinical 

treatment with the goal of isolating the affected location from arterial blood flow. Recently, 

the preferred approach has become the endovascular filling of the aneurysm sac with various 

embolic materials and devices. The placement of bare metal coils has garnered the most use 

by clinicians, but this method can produce non-ideal treatment outcomes, notably poor 

healing resulting from suboptimal aneurysm filling that leaves the neck exposed to pulsing 

arterial flow that can inhibit thrombus formation and lead to immature healing at the 

aneurysm neck.14–18 Attempts at resolving the filling issue have led to the development of 

liquid embolic materials wherein a polymer is injected in a liquid form, that is, dissolved in 

a solvent, and then cured or hardened to form a solid mass that completely fills the 

aneurysm.

In animal and human models, liquid embolic materials have been successful in isolating the 

aneurysm from flow and facilitating the formation of a neointimal layer across the aneurysm 

neck.41,42 However, these same technologies are especially dependent on complete 

aneurysm filling. In cases where aneurysms were only partially filled, aneurysm rupture 

often occurred within 10 days following treatment.41,42

The present study involves a novel material that has previously shown potential as an 

alternative aneurysm filler, shape memory polymer foam. The bulk foam fills the entire 

aneurysm, and provides a roughly uniform “scaffold,” particularly in the aneurysm neck, 

that allows for thrombus filling, cellular infiltration, and tissue ingrowth that define a 

successful healing process.

In the treatment of aneurysms with bare metal coils and SMP foam embolic devices, the goal 

is for blood to clot immediately within the aneurysm and device, thereby reducing or 

eliminating blood flow into the aneurysm and effectively preventing aneurysm expansion 

and rupture. For current coiling techniques, the clinician assesses this initial occlusion via 

contrast dye injections and fluoroscopic imaging with the goal being to achieve no contrast 

dye visible within the treated aneurysm. The aneurysms treated in this study show patent 

flow of contrast within their necks [Fig. 7(B.1,D)] immediately after treatment. With coils, 

this differential increase in radio-opacity could indicate insufficient filling in the aneurysm 

neck. However, in the foams, visualization of contrast is possible with good filling as the 

porous foams are not radio-dense enough to block the contrast visualization. When no 

contrast is visible in foam-treated aneurysms, a clot is fully formed that blocks the flow. 

While direct evidence of the presence of foam in the aneurysm necks is not available, these 

same aneurysms had a fully filled sac, as evidenced by pre-explant fluoroscopic imaging 

[Fig. 7(C,E)], and thick fibrous cap upon explant. Also, from simulations of foam-treated 

aneurysm, the neck is the last location to fill with clot due to higher shear rates and less 

stagnation since the neck is exposed to higher blood flow velocities.31 The lack of radio 

opacity in the foams is a clinical adoption challenge.

Long-term, the goal is healing of the aneurysm characterized by transition from a blood clot 

to a remodeled, mature collagen matrix, with a healed, re-endothelialized parent vessel 

across the aneurysm neck. This long-term healing begins via typical acute inflammatory 

response wherein neutrophils, lymphocytes and macrophages infiltrate the blood clot 
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(composed of fibrin and erythrocytes) present from the initial implant procedure. This acute 

and sub-acute inflammation then transitions to early healing (granulation tissue). At this 

stage, macrophages begin to remove the clot by breaking down the red blood cells (i.e., 

hemosiderin). Hemosiderin-laden macrophages within the soft tissue compartment migrate 

to the periphery in order to gain access to the circulation via lymphatic drainage. 

Concomitantly, macrophages and lymphocytes recruit fibroblasts to lay down a collagenous 

connective tissue matrix, replacing the initial fibrin clot with this extracellular matrix. 

Chronic inflammation is characterized by sustained macrophage and lymphocyte activity 

prior to the recruitment of fibroblasts,4 and would not result in an adequately healed 

aneurysm filled with a mature collagen matrix. The fact that there are more hemosiderin-

laden macrophages (identified as HLM in Tables III and IV) in the outer circumference than 

the central core of the foam-treated aneurysms indicates that these aneurysms are at an 

advanced stage of healing: the macrophages are in transition of leaving the site and 

transporting their hemosiderin-laden load to the liver for recycling. The decrease in 

hemosiderin-laden macrophages from 90 to 180 days in the foam-treated aneurysms further 

indicates advanced healing. The hemosiderin-laden macrophages have nearly completed 

clearing out the clot/cellular debris, and in their place, fibroblasts and mature fibrocytes are 

further remodeling the extracellular matrix. This is also evidenced by the increased 

percentage of mature connective tissue within the central core of the SMP-treated 

aneurysms. In contrast, the GDC-treated aneurysms are healed at rates consistent with the 

literature,12,14,19 as indicated by the consistently low hemosiderin-laden macrophage count 

at both time points, and the presence of immature, cellular connective tissue within the 

central core. The low numbers of lymphocytes and plasma cells indicate that both the coil- 

and foam-treated aneurysms are transitioning from acute/chronic inflammation and moving 

toward healing.

The overall size of the foam-treated aneurysms had reduced when compared to the initial 

post-implant aneursym measurements (Table II) and the tissue within the foam-treated 

anuerysms had transitioned from granulation tissue to dense mature connective tissue. This 

indicates contraction of the connective tissue within the foam-treated aneurysms, which is 

another sign of an advanced stage of healing.

The complete re-endothelialization of the parent vessel across the ostium of each aneurysm 

is a key step toward healing, as this mature layer separates the aneurysm from the parent 

artery blood flow. The aneurysms treated with foams consistently exhibit similar remodeling 

and maturation at the endothelial level, with a neointima conforming to a natural, c-shaped 

parent artery. As with any coil-based treatment, coil protrusions into the neck of the GDC-

treated aneurysms in this study resulted in a thin fibrous cap across the aneurysm neck as the 

coils interfered with the development of the neointimal layer.

Overall, the degree of re-endothelialization, diminution of aneurysm size, and restoration of 

normal appearance to the parent vessel lumen for the foam-filled aneurysms all occurred 

despite the low degree of initial angiographic occlusion. This encourages further 

investigation into the benefits for the use of porous SMP foams as embolic devices.
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CONCLUSIONS

Although this study only included two aneurysms in each category (i.e., coil and foam-

treatments at two time points), each set of aneurysms showed similar trends in 

morphological and cellular changes. Evidence for healing is most indicative within the core 

region of the aneurysm where inflammatory cells require infiltration to clear out cellular 

debris. Rapid healing of the foam-treated aneurysms is evidenced by an admixture of 

immature and mature collagenous connective tissue and absence of residual implant debris 

within the core in the early stage (90 days post-treatment), whereas the central core of the 

coil-treated aneurysms at this time point contained mostly immature collagenous connective 

tissue with residual post-implant cellular debris. However, the number of animals used in 

this study at each time point prevent any comparative conclusions. As a pilot study, the data 

reported here motivate a statistically powered comparative study between foam-containing 

devices and bare platinum coil-treated aneurysms. Further, as the foams used in this study 

were not deliverable through standard neurovascular microcatheters, a different device 

design is needed that includes the foams. We are presently in advanced stages of developing 

an appropriate foam-based device. As a whole, the gross and histological results compiled in 

this study suggest that SMP foams are biocompatible when used to treat aneurysms and have 

the potential to improve upon the short- and long-term outcomes of current aneurysm 

treatments. Moving forward, additional statistically powered animal studies involving early 

and extended time scales should be performed to support these results.
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FIGURE 1. 
The SMP foam implant is comprised of an inner Type A (H60) composition core (a) and a 

Type B (tungsten-loaded 80TM) composition outer shell (b), resulting in the final hybrid 

SMP foam implant (c). The upper images depict a side view schematic of the process; the 

lower images display top view examples of the actual implant and assembly, respectively. 

Scale bars −1 mm.
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FIGURE 2. 
Fabrication process of SMP embolic device. (a) Schematic and (b) photo of delivery system 

with resistive coil at distal end; (c) The SMP foam threaded over the resistive heating 

element; (d) The foam radially compressed using a clinical stent compression device. Image 

in panel (a) reproduced from Hwang et al.36 with permission from ASME.
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FIGURE 3. 
(a) Schematic of the vein pouch aneurysm model construction. Aneurysm created on the 

right and left common carotid arteries (CCA) by transversally segmenting the external 

jugular vein (EJV); (b) Confirmation of aneurysm construction via fluoroscopic 

angiography. IJV-Internal jugular vein.
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FIGURE 4. 
Fluoroscopic imaging of the SMP foam treatment process. The SMP foam is positioned via 

guide catheter in the aneurysm sac (a). As the SMP foam recovers or actuates to its 

expanded shape (b), the foam friction decreases allowing detachment from the delivery 

device (c) and release in to the aneurysm (d). Contrast dye injections are used to visualize 

the aneurysm before (e) and after (f) treatment with SMP foam.
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FIGURE 5. 
Histology sectioning and evaluation. (a) Schematic of vessel with aneurysm showing plane 

of histology sections; (b) Resulting cross-section of aneurysm and vessel for histology 

slides; (c) Example histology section; (d) Definition of zones used for evaluating each 

histology section: C – Central, M – Mid, O – Outer.
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FIGURE 6. 
Examples of length and width measurements for (a) GDC-filled aneurysm and (b) foam-

filled aneurysm. Magnified aneurysm ostia of foam-filled (c) and GDC-filled (d) specimens 

for acquiring average ostium thickness.
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FIGURE 7. 
Fluoroscopic imaging of aneurysms with contrast dye injections pre- and post-treatment, and 

pre-explant at 90 and 180 days. The top row shows the 90 day aneurysms before treatment 

with coils (a.0) and SMP foam (b.0), immediately after treatment (a.1) and (b.1), 

respectively, and prior to explant after 90 days (c). The bottom row shows the 180 day 

aneurysms immediately after treatment with SMP foam (d) and prior to explant after 180 

days (e).
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FIGURE 8. 
90 day pathology of GDC-treated (c) and SMP foam-treated (f) porcine carotid artery 

sidewall aneurysms. Yellow arrows indicate coils. Gross images of left and right carotids at 

90 days post implantation (red arrow indicates blood flow direction): lateral view of GDC-

treated left carotid aneurysm (C.90.1); lateral view of SMP foam-treated right carotid 

aneurysm (F.90.1); En face lumenal views of aneurysms showing ostium of aneurysm sac 

(C.90.2, F.90.2). Histological evaluation of aneurysms bisected perpendicular to the long 

axis (“L” indicates the parent artery lumen): 2× H&E stained (C.90.3, F.90.3) and 10× H&E 

stained (central core; C.90.4, F.90.4) histology slides.
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FIGURE 9. 
180 day pathology of GDC-treated (c) and SMP foam-treated (f) porcine carotid artery 

sidewall aneurysms. Yellow arrows indicate coils. Gross images of left and right carotids 

(red arrow indicates blood flow direction): lateral view of GDC-treated left carotid aneurysm 

(C.180.1); lateral view of SMP foam-treated right carotid aneurysm (F.180.1); En face 
lumenal views of aneurysms showing ostium of aneurysm sac (C.180.2, F.180.2). 

Histological evaluation of aneurysms bisected perpendicular to the long axis (“L” indicates 

the parent artery lumen): 2× H&E stained (C.180.3, F.180.3) and 10× H&E stained (central 

core; C.180.4, F.180.4) histology slides.
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