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ABSTRACT

SUMMARY: Recanalization of intracranial aneurysms following endovascular coiling remains a frustratingly common occurrence. An
understanding of the molecular and histopathologic mechanisms of aneurysm healing following coil embolization is essential to improving
aneurysm occlusion rates. Histopathologic studies in coiled human and experimental aneurysms suggest that during the first month
postcoiling, thrombus formation and active inflammation occur within the aneurysm dome. Several months following embolization, the
aneurysm is excluded from the parent vessel by formation of a neointimal layer, which is often thin and discontinuous, across the aneurysm
neck. Numerous coil modifications and systemic therapies have been tested in animals and humans in an attempt to improve the
aneurysm-healing process; these modifications have met with variable levels of success. In this review, we summarize the histopathologic
and molecular biology of aneurysm healing and discuss how these findings have been applied in an attempt to improve angiographic

outcomes in patients with intracranial aneurysms.

ABBREVIATION: MMP = matrix metalloproteinase

C oil embolization is increasingly used for treatment of intracra-
nial aneurysms." While coil embolization has been shown to be
safe and effective in the occlusion of the aneurysmal sac, recanaliza-
tion of the treated aneurysm, resulting in retreatment, occurs in ap-
proximately 10%—20% of cases.>” Because of the high recanalization
rates following endovascular coiling, much research has been per-
formed to further understand the biologic mechanisms of aneurysm
healing following coil embolization. Such research is often difficult to
perform and apply because aneurysms developed in preclinical ani-
mal models often do not emulate the conditions of the human aneu-
rysm. Human aneurysm samples are often limited, and histologic
and genetic studies are difficult to perform.*

Developing an understanding of biologic processes that are
conducive to aneurysm healing following coil embolization is es-
sential to improving patient outcomes. Endovascular coiling fo-
cuses on the structure and geometry of aneurysms rather than
their biologic foundation. Greater understanding of biologic
mechanisms of aneurysm healing allows investigators to develop
new strategies or make modifications to current devices to accel-
erate healing and decrease recanalization rates. In this review ar-
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ticle, we summarize the current state of the literature regarding
the biology of aneurysm healing postcoiling and discuss future
directions in aneurysm biology research.

Mechanism of Recurrence
The major limitations of endovascular treatment are, with time,
incomplete occlusion and recurrence or recanalization.”> There
is a strong relationship among aneurysm volume, packing atten-
uation, and recurrence.”® The rate of complete obliteration with
coils is low in large and giant aneurysms treated with coils; the
simple fact that aneurysm volume is cubic in relation to the aneu-
rysm diameter yet coil volume is only linear with deposited coil
length guarantees progressively lower packing attenuation with
increasing aneurysm size. In general, even in tightly packed, small
aneurysms, 75% of the aneurysm sac is filled with thrombus fol-
lowing coil embolization.>™®

Aneurysms often recur early after treatment. Raymond and
Darsaut” reported that nearly 50% of subsequent recurrences
were present by 6 months after coiling in humans. Various mech-
anisms underlying late aneurysm recanalization have been pro-
posed, including the following: 1) growth of the aneurysm it-
self,'™!" 2) poor thrombus organization as a result of the
biologically inert platinum coil construction,'? 3) instability of
fresh, unorganized thrombus and degradation by fibrolysis, 4)
continued transmission of blood pulsation affecting the asso-
ciation of the coil-thrombus complex,'3 5) lack of neointima
formation across the neck of aneurysm,14 and 6) formation of



FIG1. A, Zero-to-7 days: thin fibrin layer covers the coils (tan). Macrophage invasion is seen in the coil periphery (purple). Unorganized thrombus
surrounds the coils (red). A thin-but-incomplete fibrin layer is seen at the aneurysm neck. B, One-to-2 weeks: increased fibrin coating of the coils
(tan). Macrophages in the coil periphery (purple) and myofibroblast invasion (green) are seen. Note the thin fibrin layer at aneurysm neck.
Endothelialization at the neck periphery and along the coil is seen. C, Two weeks to 1 month: increased myofibroblast invasion (green). Thrombus
is more organized (red), and macrophages in the aneurysm periphery (purple) are seen. Note increased endothelialization of the aneurysm neck.
D, One-to-3 months: decreased cellularity occurs within the aneurysm. Myofibroblasts (dark green) and macrophages (dark purple) die through
apoptosis. Note increased endothelialization of the aneurysm neck. E, Three months plus: the aneurysm dome is acellular. Vascularized
connective tissue is seen in the aneurysm dome (red fibers). Note increased fibrin coverage of coils (tan) and endothelialization of the aneurysm
neck. There is a progressive increase in the amount of collagen within the aneurysm through 3 months.

neovessels inside the aneurysms lumen, exposing the aneu-
rysm cavity to blood flow.

Histopathologic Mechanism of Aneurysm Healing
following Bare Platinum Coil Embolization

Histologic Findings of Human Cases. A number of case reports
and small case series have demonstrated the histopathologic find-
ings of coiled human aneurysms.*'>*> A summary of histopa-
thology studies in humans is provided in the On-line Table. His-
topathologic studies have demonstrated that blood clot
composed of red blood cells and fibrin is generally present within
the first week of aneurysm coiling.'>'”?*>* By the end of the first
week following coil embolization, fibroblasts and macrophages
begin to invade the clot and foreign body giant cells begin to
proliferate about the coils. No endothelialization of the neck oc-
curs within the first week; however, fibrin formation along the coil
surface of the aneurysm neck has been reported in some cases (Fig
1A).%> One-to-two weeks following coil embolization, coils
within the dome begin to be covered with fibrin. Inflammatory
cell, macrophage, and fibroblast invasion occurs in most patients.
At the site of the aneurysm neck, a thin fibrin membrane forms
(Fig 1B).">'7'*** Some studies have reported that a thin layer of
endothelial cells begins to form along the coils of the aneurysm
neck during this time.'” Two weeks to 1 month following coil
embolization, coils in the aneurysm dome are generally covered
by a thin layer of fibrin. Fibroblast invasion of the clot in the dome
is most vigorous at this phase. In addition, there is continued
invasion of the aneurysm dome by inflammatory cells, macro-
phages, and fibrocytes. Some collagen deposition occurs during
this time as well. At the aneurysm neck, there is increased neoin-

tima formation with deposition of a thin layer of fibrin along the
coil surface of the neck (Fig 1C).'>!7>'®21:2*> Endothelialization at
the edges of the neck has been reported.'®

One-to-three months following embolization, coils remain
covered by fibrin. Macrophages have been reported present
within the aneurysm sac; however, inflammatory cells are largely
absent. Some capillaries are seen in the aneurysm dome as
well.">?* At the aneurysm neck, a thin membrane is present,
which has been shown to consist of endothelial cells and fibro-
blasts (Fig 1D). Three-to-twelve months following embolization,
there is increased vascularized connective tissue within the aneu-
rysm dome and about the coils. Continued foreign body reaction
with multinucleated giant cells is seen about the aneurysm
coils.'”***> One case report demonstrated that the neck is com-
pletely covered by a layer of long slender cells resembling endo-
thelium during this time (Fig 1E).'” After 1 year, the coil is gen-
erally incorporated into the aneurysm wall. The aneurysm dome
is generally filled with a vascular fibrous connective tissue. There
is continued foreign body response with multinucleated giant
cells surrounding the coil. Inflammatory cells and macrophages
are generally a minor component because there is little inflamma-
tory cellular reaction. The aneurysm neck is generally completely
covered with a thin layer of fibrous tissue and endothelial cells. In
general, endothelial cells are seen encroaching along the coils at
the aneurysm neck.*'>!6-20-23-26

Histologic Findings in Animal Models following Bare
Platinum Coil Embolization

Thrombus Formation, Myofibroblast Invasion, and Extracellular
Matrix Deposition. The formation of thrombus is essential to
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providing a provisional matrix to allow recruitment of cells in-
volved in the aneurysm-healing process.**”*® Complete throm-
bus organization within the aneurysm cavity is associated with
improved healing and neointima formation and is best appreci-
ated in aneurysms with increased packing attenuation and small
volumes.”® Within the first 2 weeks of coil embolization, stasis
induced by the coils results in the formation of unorganized
thrombus in the aneurysm dome (Fig 24, -B).>”*® The core of the
thrombus is typically acellular; however, myofibroblasts can be
seen in the periphery of the thrombus. The origin of these myofi-
broblasts remains unclear because some suggest that myofibro-
blasts arise from differentiation of macrophages present within
the thrombus, while others suggest that they arise from the aneu-
rysm wall.*”*® During 4 weeks, there is progressive infiltration of
the aneurysm dome by myofibroblasts. Myofibroblast infiltration
of the aneurysm dome is important because these cells promote
collagen synthesis and deposition and express contractile protein
processes essential to most wound healing. However, in the case of
the rabbit model of intracranial aneurysms, sparse collagen depo-
sition is seen in the aneurysm dome following myofibroblast in-
filtration and contraction of the aneurysm sac has yet to be appre-
ciated in experimental models.”” At approximately 4 weeks
following coil embolization, these myofibroblasts undergo apo-
ptosis and are no longer present in the aneurysm dome.>” After 10
weeks, the aneurysm dome is primarily composed of vascularized,
loose hypocellular tissue (Fig 2G, -H).

Apoptosis. At approximately 4 weeks following coil emboliza-
tion, myofibroblasts begin to undergo apoptosis.”” Histologic
studies of rabbit aneurysms have demonstrated that there is
increased expression of activated cleaved caspases at 4 weeks fol-
lowing coil embolization.”” Apoptosis of myofibroblasts in the an-
eurysm dome has been shown to be mediated by both intrinsic (B-
cell lymphoma 2/mitochondrial-mediated) and extrinsic (tumor
necrosis factor-a/receptor-mediated) pathways of apoptosis.*

In a study of 20 rabbit aneurysms undergoing coil emboliza-
tion, Kadirvel et al’" found that the apoptotic cells in the aneu-
rysm sac were predominantly myofibroblasts. Apoptosis of cells
in the aneurysm dome is thought to occur due to lack of physio-
logic stimulation from pulsatile flow secondary to the stasis in-
duced by the aneurysm coils. This explanation is further sup-
ported by the fact that markers of apoptosis are strongly expressed
in the aneurysm dome, but not at the aneurysm neck. Further-
more, studies suggest that low wall shear stress diminishes the
ability of the aneurysm wall to function and maintain a healthy
endothelium and upregulates expression of matrix metalloprotei-
nases, molecules thought to play a role in aneurysm formation
and recanalization.>* A study performed by Qi et al’* found that
low shear stress promotes both vascular smooth muscle cell mi-
gration and apoptosis in the rat aorta.

Neointima Formation and Endothelialization. The biology of the
aneurysm neck differs from that of the aneurysm dome. Recruit-
ment of endothelial cells to the site of the aneurysm neck is
thought to be essential to ensuring adequate healing of the treated
aneurysm. Rabbit models generally demonstrate only a single,
partial layer of endothelial cells at the aneurysm neck (Fig 2C-
F).#1317:19:21.23.24 Gywine models of aneurysm healing demon-
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strate robust neointima formation with a thick layer of vascular
smooth muscle cells and robust deposition of endothelial cells.***
Endothelial cells are primarily seen growing along the coils at the
aneurysm neck; this feature has led some investigators to believe
that the endothelial cells arise from the adjacent vessel wall.'®*>
However, recent studies suggest that endothelial cells found at the
aneurysm neck may originate from bone marrow—derived endo-
thelial progenitor cells rather than migration of adjacent endothe-
lial cells.”** Studies in humans suggest that circulating endothe-
lial progenitor cells are mobilized after endovascular therapy;
these findings suggest that vessel injury promotes mobilization
of the endothelial progenitor cells to the aneurysm neck.>® Pro-
motion of endothelial growth along the aneurysm neck is a po-

tential therapeutic target to improve aneurysm healing.

Similarity and Differences in the Wound-Healing Process. Early
studies suggested that the mechanism of aneurysm healing fol-
lowing coil embolization would be similar to the well-studied and
well-understood wound-healing process. The wound-healing
process is classically thought to comprise 4 phases: hemostasis,
inflammation, proliferation, and remodeling.”” The inflamma-
tory phase depends on recruitment of inflammatory cells such as
neutrophils and macrophages, which deposit new extracellular
matrix.*® Following resolution of the inflammatory phase, fibro-
blasts and myofibroblasts begin to enter the wound site during the
proliferation phase.”® This process also relies on neovasculariza-
tion of the wound to supply fibroblasts and epithelial cells and
promote cell migration.*® Following migration of fibroblasts, the
fibroblasts begin to proliferate and lay down collagen matrix (pri-
marily type III collagen) in the wound site. Later in the prolifera-
tive phase, angiogenesis ceases and fibroblasts begin to differenti-
ate into myofibroblasts. Myofibroblasts bind to the surrounding
collagen matrix and then contract the wound through contrac-
tion of actin.” This process leads to the maturation phase during
which the previously deposited type IIT collagen is replaced by
type I collagen and the wound organizes to restore normal tissue
strength and apoptosis of cells that are no longer needed, such as
endothelial cells and myofibroblasts, occurs.*"***

The process of wound healing differs from that of aneurysm
healing following coil embolization. Perhaps the most important
difference is that the extensive collagen matrix seen following
healing of a wound is not seen following coil embolization. His-
tologic and gene-expression studies have demonstrated that col-
lagen is not highly expressed in treated aneurysms, both well-
healed and poorly healed. The role of myofibroblasts, however, is
likely similar in both healing wounds and coiled aneurysms. Myo-
fibroblasts are thought to promote retraction of the aneurysm
wall just as they promote wound retraction. Thus, early apoptosis
of myofibroblasts, when the aneurysm is still not fully healed, is of
so much interest. Prevention of myofibroblastic apoptosis early in
the aneurysm-healing process could allow the aneurysm-healing
process to more closely emulate the wound-healing process, re-
sulting in improved occlusion rates.

Molecular Biology of Aneurysm Healing and Recanalization. Prior
studies have demonstrated that aneurysm recanalization often oc-
curs early, within 6 months of aneurysm coiling.>” It is clear that
much of the biologic activity associated with aneurysm healing



occurs early, within 4 weeks of coil embolization, and is fairly
complex. A number of studies have examined the histologic and
biochemical features of recanalization as well as well-healed and
poorly healed aneurysms. Proteomic analysis has demonstrated
that densely packed aneurysms are associated with up-regulation
of cell-to-cell signaling and cell-adhesion molecules within 2
weeks of coil embolization.*’ Significant differences in differential
gene expression exist in well-healed and poorly healed aneurysms.

Kadirvel et al**

demonstrated that densely packed and well-healed
aneurysms have higher expression of adhesion molecules, pro-
teases, and cytokines compared with loosely packed aneurysms.
This study found that loosely packed aneurysms did have high
gene expression of types I and IIT collagen; however, histologic
analysis found little collagen deposition in these aneurysms.**

Osteopontin, a cell-adhesion molecule, has markedly in-
creased expression in densely packed and well-healed aneu-
rysms.***> This is important because osteopontin plays a key role
in chemotaxis and wound healing and helps promote cell adhe-
sion to the extracellular matrix and cell migration.*® Further-
more, this molecule inhibits apoptosis and enhances cell prolifer-
ations. Case reports that have demonstrated the presence of bony
metaplasia in the postcoiling aneurysm sac further highlight the
potential role that osteopontin may play in aneurysm healing. Dai
etal*” reported 2 cases of bone formation, 1 in the aneurysmal sac
and 1 in the aneurysm neck. Plenk et al*® found cartilage neofor-
mation in 6 of 144 experimental aneurysms (4.2%) and bone
formationin 9 of 144 experimental aneurysms (6.3%). The source
of bone formation is still unknown. Potential sources include
mesenchymal stem cells arising from the arterial wall, metaplasia
of arterial wall smooth muscle cells into chondrocytes, and osteo-
blasts. These hypotheses are supported by the fact that osteopon-
tin has been shown to promote differentiation of vascular smooth
muscle and mesenchymal stem cells to an osteogenic pheno-
type.*>>° Given the potential role of osteopontin in aneurysmal
healing, osteopontin has emerged as a potential therapeutic
target.

The role of matrix metalloproteinases in aneurysm healing is
currently controversial. Bouzaghrane et al®' found that matrix
metalloproteinase-9 (MMP-9) may play a key role in aneurysm
recanalization in both murine and canine models. MMP-9 mes-
senger RNA and protein were seen in higher concentrations in
recanalized aneurysms compared with well-healed aneurysms.
However, in a rabbit model, Kadirvel et al** found that MMP-9
was more highly expressed in well-healed aneurysms than in
poorly healed ones. It is likely that MMP-9 expression has prop-
erties that are both conducive and inhibitory to aneurysm healing.
On the one hand, MMP-9 may cause recanalization by promoting
artery injury and aneurysm growth. However, on the other hand,
MMP-9 is essential to many important facets of aneurysm heal-
ing. MMP-9 regulates migration of smooth muscle cells from the
tunica media to the intima; this regulation helps promote neoin-
tima formation along the aneurysm neck, an essential component
in aneurysm healing.***> Many studies by using rabbit, canine,
and swine models have found that well-healed aneurysms dem-
onstrate endothelial cell proliferation along the aneurysm neck,
and MMP-9 may be essential to this process.

Characteristics of well-healed aneurysms

Characteristics

Anatomic/angiographic
Increased packing attenuation
Smaller aneurysm volume
High aspect ratio
Histologic
Complete thrombus formation
Myofibroblast infiltration
Collagen deposition in aneurysm dome
Complete endothelialized neointimal layer
Molecular
Osteopontin expression
Cell-signaling and cell-adhesion molecule expression
C-reactive protein
Fibronectin expression
Expression of inhibitors of apoptosis

Application of Biologic Findings

Many investigators have applied the findings from biologic stud-
ies to devising means of enhancing the aneurysm-healing process.
A summary of the histopathologic and molecular biologic char-
acteristics of well-healed and poorly healed aneurysms is found in
the Table. These findings provide the framework for the device
modifications and systemic therapies described below.

Modified Coils. Studies highlighting the importance of early
thrombus formation in the aneurysm sac led to the development
and testing of thrombogenic-/antithrombolytic-coated coils in
the experimental rabbit model. However, early studies revealed
that both conventional coils and antithrombolytic coils had sim-
ilar histopathologic and angiographic findings, including a thin
membrane of neotintima covering the aneurysm neck and intra-
aneurysmal scar formation.>® Studies highlighting the impor-
tance of myofibroblasts in aneurysm healing led to the develop-
ment of fibroblast-coated coils. Early studies in rabbits found that
fibroblast allografts were viable and proliferated in the vascular
space in rabbits and remained within the aneurysmal sac.>* In a
study of rabbits treated with fibroblast-coated coils, Dai et al>>>°
found that fibroblast-coated coils accelerated early histologic
healing and even promoted endothelialization of the aneurysm
neck. However, these coils have yet to be tested in humans.

Due to the importance of attenuated packing of the aneu-
rysmal sac in improving long-term occlusion rates, a number
of second-generation coils have been developed. The HydroCoil
(MicroVention, Tustin, California) was developed with an expand-
able polymer that allows improved aneurysm filling.”” Matrix coils
(Stryker, Kalamazoo, Michigan) carry a biodegradable polymer de-
signed to amplify tissue response to the coil and improve aneurysm
healing. In a study by using a swine model, Murayama et al*® found
that the Matrix coil accelerated aneurysm fibrosis and neointima for-
mation without resultant parent artery stenosis. HydroCoil emboli-
zation has been shown to improve aneurysm filling and decrease
aneurysm recanalization rates in experimental aneurysms, but with-
out the aggressive cellular response seen with Matrix coils.”” In a
comparative study of Matrix and hydrogel coils in the rabbit model,
Ding et al®® found that HydroCoils resulted in improved long-term
occlusion rates compared with Matrix and platinum coils, while Ma-
trix coils had increased inflammation and coil compaction. In a his-
tologic study of 2 human patients treated with Matrix coils, Szikora et
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FIG 2. A and B, Histopathologic hematoxylin-eosin stains (original magnification X15 and X60,
respectively) of a rabbit aneurysm dome 1 week postcoiling demonstrate unorganized thrombus
filling the aneurysm dome around the coil loops. No endothelialization has occurred at the
aneurysm neck. Histopathologic hematoxylin-eosin stains (original magnification X10 and X150, re-
spectively) for a rabbit aneurysm dome 6 weeks postcoiling demonstrate loose connective tissue in
the aneurysm dome surrounding the coil loops (C) and an incomplete layer of endothelium-lined
neointima over the aneurysm neck (D). The neointima and endothelial cells at the neck interface are
both continuous with that of the parent artery. E and F, Histopathologic hematoxylin-eosin stains
(original magnification X10 and X15, respectively) 12 months postcoiling demonstrate loose connec-
tive tissue in the aneurysm dome surrounding coil loops (E) and a layer of neointima of variable
thickness covering the aneurysm neck (F). The neointima and endothelial cells at the neck interface are
both continuous with those of the parent artery. G and H, Histopathologic hematoxylin-eosin stains
(original magnification, X20 and X125, respectively) of the aneurysm dome 12 months postcoiling
demonstrate loose connective tissue in the aneurysm dome.

al* found no difference in the histologic appearance of Matrix-

Current studies suggest that modified coils
are at least equivalent to platinum coils in

humans.®®®!

Systemic Therapies. A number of sys-
temic therapies have been tested to im-
prove aneurysm healing. Because vita-
min C is known to stimulate collagen
synthesis and cross-linking, it was iden-
tified as a potential therapeutic agent for
patients with coiling. However, a recent
study by using the rabbit aneurysm
model found that vitamin C did not re-
sult in improvement of aneurysm occlu-
sion.®? Zhang et al®® studied the thera-
peutic benefit of bone marrow—derived
endothelial progenitor cell transfusion
following aneurysm embolization in a
rat model. In this study, bone marrow—
derived endothelial progenitor cells
were labeled and transfused following
aneurysm embolization. Zhang et al
demonstrated that the labeled cells accu-
mulated at the aneurysm neck, acceler-
ating repair and remodeling of the neck.

Other Therapies. A number of other
therapies have been proposed to enhance
aneurysm healing following coil emboli-
zation. Raymond et al®* tested the efficacy
of radiofrequency endothelial emboliza-
tion following coil embolization in an ar-
terial occlusion dog model and found that
coiling with concomitant radiofrequency
ablation was more effective in reducing re-
canalization rates than coiling alone.
Cryoablation has also been tested but has
not been shown to be as effective as radio-
frequency ablation, at least in current ani-
mal models.®® In situ low-dose radiation
has also been tested and has been shown to
inhibit recanalization following coil em-
bolization. In a study comparing **P-
coated coils with non->*P-coated coils,
Raymond et al found that the use of **P-
coated coils resulted in improved aneu-
rysm occlusion and more complete neoin-
timal coverage of the aneurysm neck.*>*”

Future Directions
As mentioned previously, our under-
standing of the mechanisms of healing

treated aneurysms compared with aneurysms treated with bare plat-
inum coils at 1 week. However, at 6 months following coil emboli-
zation, the patient treated with Matrix coils had increased neovascu-
larization, smooth muscle cell infiltration, and collagen deposition
compared with the patient treated with bare platinum coils. Both
HydroCoils and Matrix coils are on the market for use in humans.
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of coiled intracranial aneurysms has led to some practical im-
provements in coil technology aimed at decreasing the rates of
aneurysm recurrence. Our review of the literature suggests that
most of the healing process following coiling occurs within the
first month postembolization. Future investigations should focus
on means to induce and accelerate a healing response similar to
that of wound healing with collagen deposition, resulting in in-



creased occlusion of the aneurysm dome. Coil-modification tech-
nologies and systemic administration of medications known to
accelerate wound healing are potential means of accomplishing
this aim. In addition, therapies and coil modifications aimed at
increasing endothelialization of the aneurysm neck to completely
exclude the aneurysm from the parent vessel are essential because
both rabbit and human models demonstrate that endothelializa-
tion along the aneurysm neck is limited. Further research is also
needed in improving animal models for embolization of intracra-
nial aneurysms. There is currently no model of aneurysm rupture,
growth, or mass effect that would be amenable to coil emboliza-
tion. There are limited human postmortem examination speci-
mens of postcoiled ruptured intracranial aneurysms.

CONCLUSIONS

The healing of the postcoiled intracranial aneurysm is a dynamic
process. Much of the active healing process occurs within the first
4 weeks of coil embolization. Histopathologic studies have dem-
onstrated that myofibroblasts play an important role in healing of
the aneurysm dome, while endothelialization with endothelial
progenitor cells is essential for healing the aneurysm neck. Gene
and protein studies have demonstrated that factors such as MMPs
and osteopontin may play an integral role in the aneurysm-heal-
ing process. Findings from histopathologic and molecular studies
have been applied to develop treatment methods aimed at im-
proving the aneurysm-healing process.
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