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Abstract

Surface modification of flow diverters—including Pipeline Embolization Devices (PEDs)—represents a key
advance in neuroendovascular technology. By imparting antithrombotic or hemocompatible properties to inert
metals, these modifications may reduce the risk of perioperative thromboembolic events and potentially shorten
the duration of dual antiplatelet therapy (DAPT). Indeed, studies have demonstrated that specialized coatings
and surface treatments can markedly decrease platelet activation. More recent developments have focused on
optimizing hydrophilic properties, delivery force, and re-sheathability, thereby increasing neointimal coverage
and improving the safety profile of PEDs. Long-term data have shown that PEDs can achieve high aneurysm
occlusion rates, approaching 95% at 5-year follow-up for certain cohorts, which is comparable to open surgi-
cal clipping. Advances in basic science, translational research, and clinical applications consistently indicate
that surface modifications enhance device performance and patient outcomes. This narrative review discusses
the evolution of surface-modified PEDs, including their mechanisms, clinical advantages, potential risks, and
future directions in neurointerventional practice.
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Introduction

Background

The advent of flow-diverting stents (FDS) trans-
formed the treatment of cerebrovascular disease, par-
ticularly intracranial aneurysms [1-3]. Pipeline Em-
bolization Devices (PEDs)—among the most widely
adopted FDS—have become integral to minimally

invasive neurointerventional strategies, showing
particular efficacy in large or wide-necked aneu-
rysms that are traditionally difficult to treat with
either coiling or open clipping [1,2,4,5]. Although
effective, PEDs carry risks of thrombogenicity that
necessitate dual antiplatelet therapy (DAPT) to re-
duce thromboembolic events [5-7]. Minimizing these
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risks while maintaining or improving efficacy has
driven significant research into improving the bio-
compatibility of flow diverters through surface mod-
ifications [8-10].

Surface modifications seek to reduce device throm-
bogenicity by altering the interface between the stent
surface and circulating blood elements [11,12]. Tech-
niques include heparin immobilization, phosphoryl-
choline-based hydrophilic coatings, drug-elution,
and functionalization with endothelial progenitor—
capturing molecules. Each approach aims to create
a more hemocompatible surface, encourage faster
endothelialization, and reduce dependence on long-
term DAPT [13-16]. In many cases, these modifi-
cations were initially developed for coronary stents
but have been adapted for the neurovasculature a
more delicate and complex circulatory environment
[11,17,18]. This review provides a comprehensive
overview of the emerging technologies for surface
modification of PEDs, highlighting current evidence
and identifying future directions.

Methods

Literature Search and Strategy

A narrative review was performed in January 2025
following PRISMA guidelines. Databases searched
included PubMed, Scopus, and Embase from incep-
tion to January 2025. Search terms included “Pipe-
line Embolization Device,” “surface modification,”
“flow diverter,” “heparin coating,” “hydrophilic pol-
ymers,” “phosphorylcholine coating,” “drug-eluting
stents,” and “intracranial aneurysms.” Peer-reviewed
articles, conference papers, and relevant abstracts ad-
dressing surface-modified PEDs for intracranial an-
eurysm management were included. Two independ-
ent reviewers screened titles, abstracts, and full-text
articles, with discrepancies resolved by consensus.

Risk of Bias Assessment

Randomized controlled trials (RCTs) were assessed
using the Cochrane Risk of Bias Tool; observational
studies were evaluated using the Newcastle-Ottawa
Scale. Studies were categorized as low, moderate,
or high risk of bias. Differences were resolved via
a third reviewer. Studies deemed high risk for bias
were retained for qualitative synthesis but interpret-
ed with caution.

Data Extraction

Data were extracted regarding the type of surface
modification, clinical performance, and safety end-
points, including aneurysm occlusion rates, thrombo-
embolic events, morbidity, and mortality. Four broad
categories of surface modifications were considered:
heparin coatings, hydrophilic polymer coatings, phos-
phorylcholine coatings, and drug-eluting devices. Pri-
mary outcomes included technical success (accurate
device deployment), 6- and 12-month aneurysm oc-
clusion rates, and complications (thromboembolism,
in-stent stenosis, or other adverse events).

Statistical Analysis

A random-effects model was used for data synthesis
due to anticipated heterogeneity across studies. The
Freeman—Tukey double arcsine transformation was
applied to normalize proportion data and stabilize var-
iance. Subgroup analyses compared outcomes across
the four categories of surface modifications. Statisti-
cal significance was assessed at a p-value < 0.05 with
95% confidence intervals.

Results

The review identified that different types of surface
modifications—heparin, hydrophilic polymer, phos-
phorylcholine, and drug-eluting coatings—substan-
tially affect PED performance and safety profiles
[13,16,19,20]. Heparin-coated devices reduced acute
thrombosis via enhanced antithrombin III activi-
ty [16,17]. Hydrophilic polymer coatings improved
endothelialization by mitigating protein adsorption
[12,15]. Phosphorylcholine coatings lowered platelet
adhesion and minimized intrinsic pathway activation
[14,18]. Drug-eluting stents demonstrated promising
localized therapeutic effects that reduce neointimal
hyperplasia and restenosis [11,19].
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Heparin-coated |4 96.2 75.4 86.7 3.5

Hydrophilic 3 97.8 78.9 88.4 2.1

polymer-coated

Phosphorylcho- |6 98.4 80.2 90.3 1.9

line-coated

Drug-eluting 2 95.5 72.3 84.5 4.2
Discussion

Role of PEDs in Intracranial Aneurysm Management

PEDs revolutionized the treatment of large and wide-necked intracranial aneurysms by diverting flow away
from the aneurysm sac [1,2,5]. The braided design fosters hemodynamic changes that promote thrombosis
within the aneurysm dome and reconstruction of the vessel wall [4,5]. However, persistent concerns include
in-stent thrombosis, risk of delayed rupture, and the burden of DAPT [5,7,8]. Consequently, surface modifica-
tion strategies have become pivotal to optimizing outcomes.

Types of Surface Modifications

Heparin Coatings

Heparin-coated stents leverage antithrombin I1I-dependent pathways to inhibit platelet aggregation and re-
duce early device-related thrombosis [16,17]. In the HOPE trial, heparin coating in coronary stents under
aspirin monotherapy demonstrated low acute thrombosis rates [16]. In a neurovascular context, in vitro assays
further show that heparin coatings significantly reduce platelet adhesion and activation markers [17].

Hydrophilic Polymer Coatings

Hydrophilic polymer coatings—such as poly(2-methoxyethyl acrylate) (PMEA )—disrupt protein adsorption
and reduce platelet activation [12,15]. Upon exposure to blood, these coatings form a protective hydration
layer that interferes with conformational changes of coagulation proteins while permitting endothelial cell
adherence. This characteristic promotes more rapid endothelialization over the device and mitigates thrombo-
genic risks [12,15].

Phosphorylcholine Coatings

Phosphorylcholine is ubiquitous in cell membranes and is inherently nonthrombogenic [8,14,18]. When bond-
ed to flow-diverter struts, phosphorylcholine coatings minimize platelet adhesion and intrinsic pathway ac-
tivation. Bench tests in ex vivo flow loops have shown near baseline platelet and coagulation factor activa-
tion levels comparable to scenarios without an implant [14]. Animal experiments further confirm diminished
thrombus formation, even with reduced antiplatelet regimens [18].

Drug-Eluting Stents

Drug-eluting flow diverters employ pharmacologically active agents (e.g., sirolimus, paclitaxel) immobilized
on the stent surface to inhibit neointimal hyperplasia, modulate inflammation, and reduce platelet aggregation
[11,19]. This strategy allows localized delivery, thereby minimizing systemic toxicity. Several small studies
and preclinical trials suggest reduced restenosis rates and favorable vessel healing with drug-eluting PEDs
[19,20].
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Impact on Device Performance and Clinical Out-
comes

Thrombogenicity and Endothelialization

All flow-diversion devices inherently carry the risk
of thrombus formation due to foreign-surface con-
tact activation of factor XII. By tailoring the PED
surface, manufacturers aim to minimize platelet and
fibrin deposition, thereby improving perioperative
safety [15,16,18]. Enhanced hemocompatibility
can theoretically shorten the necessary duration of
DAPT.

Surface modifications also expedite endothelializa-
tion by encouraging the adhesion and proliferation
of endothelial cells. Early and robust neointimal cov-
erage of the implant is essential for sealing off the
aneurysm neck and reducing long-term thrombotic
risk (12). Strategies such as CD34+ antibody coat-
ing—well studied in the coronary field—are under
investigation for neurovascular devices to attract en-
dothelial progenitor cells [11,20].

Clinical Efficacy

Surface-modified PEDs have demonstrated high an-
eurysm occlusion rates (70-90% at 6 months; 80—
95% at 12 months) while maintaining low thrombo-
embolic complication profiles (1.9—4.2%) in selected
series (Table). Although many surface coatings re-
main investigational or have limited prospective
data, reported outcomes are promising [4,12,14,19].
Ongoing prospective trials are expected to offer
greater insight into long-term efficacy and safety.

Limitations and Future Directions
Despite advances, surface modifications are not uni-
versally adopted and often lack large-scale, long-
term data. Questions remain regarding ideal anti-
platelet regimens, durability of coating materials,
and the relative performance of different coatings
in diverse aneurysm morphologies. Future research
may focus on:

* Bioresorbable Polymers and Nanoparti-
cle-Based Coatings: Potential for scaffold re-
sorption with reduced chronic foreign-body re-
sponse [20].

* Drug-Eluting Combination Approaches: Tar-
geting both anti-thrombotic and anti-inflamma-
tory pathways simultaneously.

* Endothelial Progenitor Cell Capture: Coatings

that actively recruit circulating endothelial progenitor
cells to accelerate healing [11,20].

Ongoing refinement of manufacturing processes—
such as modifications to nitinol surfaces or doping
with metal alloys—may also improve radiopacity,
conformability, and hemocompatibility [18-23].

Conclusion

Pipeline Embolization Devices have dramatically
changed the landscape of intracranial aneurysm man-
agement, particularly for lesions unsuitable for tradi-
tional coiling or clipping. Surface modifications—in
the form of heparin coatings, hydrophilic polymers,
phosphorylcholine layers, and drug-eluting strate-
gies—further enhance the safety and efficacy of these
implants by lowering thrombogenicity and promot-
ing endothelialization. While clinical outcomes and
research data indicate significant promise, additional
large-scale, prospective studies are needed to define
optimal coatings, refine antiplatelet protocols, and
fully understand long-term durability in cerebrovas-
cular applications. In parallel, maintaining advanced
microsurgical skills and open approaches remains
important for complex aneurysms. The steady con-
vergence of material science, device engineering, and
clinical practice will drive the next generation of PED
technology and improved patient outcomes.
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