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ABSTRACT
SUMMARY: Uptake of flow-diverting technology is rapidly outpacing the availability of clinical evidence. Most current usage is off-label,
and the endovascular community is nearer the beginning than the end of the learning curve, given the number of devices in development.
A comprehensive overview of technical specifications alongside key outcome data is essential both for clinical decision-making and to
direct further investigations. Most-studied has been the Pipeline Embolization Device, which has undergone a transition to the Pipeline
Flex for which outcome data are sparse or heterogeneous. Alternative endoluminal devices do not appear to be outperforming the
Pipeline Embolization Device to date, though prospective studies and long-term data mostly are lacking, and between-study comparisons
must be treated with caution. Nominal technical specifications may be unrelated to in situ performance, emphasizing the importance of
correct radiologic sizing and device placement. Devices designed specifically for bifurcation aneurysms also lack long-term outcome data
or have only recently become available for clinical use. There are no major studies directly comparing a flow-diverting device with standard
coiling or microsurgical clipping. Data on flow-diverting stents are too limited in terms of long-term outcomes to reliably inform clinical
decision-making. The best available evidence supports using a single endoluminal device for most indications. Recommendations on the
suitability and choice of a device for bifurcation or ruptured aneurysms or for anatomically complex lesions cannot be made on the basis
of current evidence. The appropriateness of flow-diverting treatment must be decided on a case-by-case basis, considering experience
and the relative risks against standard approaches or observation.

ABBREVIATION: MCR � metal coverage ratio

The Pipeline Embolization Device (PED; Covidien, Irvine, Cal-

ifornia) was approved by the FDA in 2011 and by the Euro-

pean Medicines Agency (EMA) in 2008 for the treatment of large

or giant, wide-neck intracranial aneurysms of the internal carotid

artery from the petrous to the superior hypophyseal segments.1

Currently, this is the only device approved in the United States. In

Europe, there are additional options, including the PED, Silk flow

diverter (Balt Extrusion, Montmorency, France), Flow-Redirection

Endoluminal Device (FRED; MicroVention, Tustin, California), p64

(phenox, Bochum, Germany), Surpass Streamline (Stryker Neuro-

vascular, Kalamazoo, Michigan), and Derivo (Acandis, Pforzheim,

Germany). Multiple other endovascular flow diverters are commer-

cially available or in late-stage development, including the endovas-

cular devices Pipeline Flex and Pipeline Shield (Covidien), Tubridge

(MicroPort Medical Company, Shanghai, China), and the Endovas-

cular Clip System (eCLIPs; Evasc, Vancouver, Canada). No flow-

diverting stent has been approved for use in the posterior circulation,

treatment of aneurysmal subarachnoid hemorrhage, or in the an-

terior circulation beyond the internal carotid artery superior hy-

pophyseal segment.2 The term “flow diverter” is arguably a mis-

nomer because it is endothelialization that eventually sequestrates

the aneurysm.

Flow-diversion technology has relatively few studies reporting

long-term outcomes, though available data suggest that compli-

cations beyond 6 months postprocedure are rare. Meanwhile, de-

vice technology is evolving rapidly, encompassing advances in the

control and precision of device placement as well as growing op-

erator experience and skill, all contributing to greater procedural

safety.1 As a result, off-label humanitarian usage is increasing well

ahead of long-term outcome data or regulatory approval. Chal-

lenging indications such as distal anterior or vertebrobasilar an-

eurysms are increasingly considered for flow diversion, against a
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backdrop of sparse clinical evidence and few guidelines, which

make recommendations only for licensed indications.3 For some

rarer types of aneurysms, obtaining clinical evidence from pro-

spective trials is not feasible. Thus, operators are reliant mostly on

empiric medicine. To our knowledge, this represents the most

comprehensive review of technical specifications and representa-

tive outcome data for flow-diverting stents to inform this fast-

moving field.

Conventional Braided Mesh Devices
The Pipeline Embolization Device comprises a flexible, braided

mesh tube of 48 interwoven microfilaments consisting of 25%

platinum-tungsten and 75% cobalt-chromium-nickel alloy. Po-

rosity approaches the optimal percentage of 70%, depending on

sizing and configuration relative to the aneurysm (On-line Table

1).4,5 Studies have shown a predictable parabolic variability in

PED porosity based on the parameters of device size, recipient

artery size, and device curvature; even modest oversizing led to a

marked increase in porosity with a reduction in the metal cover-

age ratio (MCR), which potentially compromises aneurysm

occlusion.6,7

Device oversizing and deformation during deployment in pa-

tients with ICA aneurysms have been shown to markedly reduce

local MCR by 5%–7%, correlating with a lower occlusion rate at 6

months.7 For identical porosities, a higher pore attenuation is

associated with more efficient flow diversion. Because the PED

design does not vary in terms of pore

attenuation, its performance is deter-

mined by the MCR alone. In this study,

the threshold MCR for better 6-month

occlusion rates was 23%, markedly less

than the nominal value of approxi-

mately 30%.7 Use of multiple, shorter

devices of differing sizes may minimize

transitional zone effects arising from

vessel-size mismatch, especially when

considering tortuous vessel anatomies6;

however, this use may also increase

complications.8 Relatively limited data

show that a single device results in com-

plete or near-complete occlusion of

most aneurysms, including those at bi-

furcations, without delayed complica-

tions or mortality.9,10

A second-generation version, the

Pipeline Flex, was approved in Europe in

2014 and the United States in 2015.

While the device itself is identical to the

original, the delivery system was en-

hanced to improve device deployment

and provide additional safety by incor-

porating a resheathing feature (Fig 1

and On-line Table 1).11 The device is

mounted over a stainless steel delivery

wire, the distal part being covered by two

3-mm polytetrafluoroethylene protec-

tive sleeves, replacing the capture coil of

the original version to reduce foreshortening and enable more

precise device placement.12,13 The distal tip is a soft hydrophilic

0.012-inch wire, with an angle of 55° and a proximal platinum

marker for visibility. The proximal part of the device lies on a

silicone elastomer resheathing pad with a profile of 0.023 inches

that is located between 2 platinum markers; the most anterior

marker is for resheathing. The pusher wire is a thicker, longer

hypotube than that used for the parent device. These modifica-

tions are intended to provide multiple and technically less chal-

lenging options for precise deployment in different anatomies.12

A third-generation version called the Pipeline Flex Emboliza-

tion Device with Shield Technology (Pipeline Shield) was ap-

proved in Europe in 2015. This latest device features the same

implant and delivery system as the Pipeline Flex, with the addition

of a surface modification comprising a layer of phosphorylcholine

covalently bound onto the bare metal strands, with the aim of

reducing unwanted thrombogenicity.14,15 Similar to most other

available endoluminal devices, the PED, Pipeline Flex, and Pipe-

line Shield are delivered via a 0.027-inch microcatheter and typi-

cally use a 6F or 7F guide catheter; however, 5F intermediate cath-

eters are also used.11,15

The first-generation PED is the most studied device to date.

The 2 most prominent prospective studies, the Pipeline for the

Intracranial Treatment of Aneurysms (PITA) and Pipeline for

Uncoilable or Failed Aneurysms (PUFS) trials (registration stud-

FIG 1. Magnified (A) and flexed (B) views of the Pipeline Embolization Device classic cobalt
chromium and platinum tungsten composition. C and D, Deployment views of the Pipeline Flex
model with a detailed assembly schematic (E). Courtesy of Medtronic/Covidien, Irvine, CA.
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ies for Europe and United States, respectively), showed occlusion

rates of approximately 75%–95% at 6 months to 5 years in pa-

tients with unruptured wide-neck aneurysms of the ICA (On-line

Table 2). Patients in the PUFS study also had excellent neuro-

ophthalmologic outcomes at 6 months. Morbidity (in terms of

permanent neurologic disability) and mortality were low, at ap-

proximately 0%–3% each.16-19 A prospective observational study

(Aneurysm Study of Pipeline in an Observational Registry

[ASPIRe]) confirmed that the PED in a heterogeneous patient

population with unruptured large/giant aneurysms of the ICA

was safe, with low rates of neurologic morbidity and mortality

(On-line Table 2).20

These outcomes were consistent with a large, retrospective,

safety series (International Retrospective Study of Pipeline Embo-

lization Device [IntrePED]).21 In this series, further analysis

showed that neurologic morbidity and mortality increased with

age (though only the former was statistically marked), but both

were still acceptably low in elderly patients.22 Of 793 patients, 20

(2.5%) had intraparenchymal hemorrhage (unrelated to the in-

dex aneurysm rupture); risk factors included treatment of rup-

tured aneurysms and use of multiple devices.23 The fusiform an-

eurysm was the only variable independently associated with

postoperative stroke.24

The PED is being used increasingly for off-label indications.

For posterior circulation aneurysms, subgroup analysis from the

IntrePED safety series showed neurologic morbidity and mortal-

ity comparable with reported rates after clipping or coiling. Nev-

ertheless, rates of morbidity and mortality after flow-diversion

treatment were higher among posterior circulation (16.5%) com-

pared with anterior circulation (5%–9%) lesions.25 In this and

other series, flow diversion in the posterior circulation has been

shown to be associated with ischemic complications related to

perforator infarcts, which are not negligible.26,27 Use in fusiform

aneurysms (especially basilar) or use of �3 devices was associated

with a higher risk.25 Occlusion rates for posterior circulation an-

eurysms have been reported separately at approximately 80%,

within the range for anterior circulation aneurysms (On-line Ta-

ble 2).28 Regarding off-label use for MCA aneurysms, a 2017

meta-analysis suggested that the treatment is feasible but should

be considered as an alternative given a non-negligible rate of com-

plications.29,30 The same group responsible for this meta-analysis

also used a similar technique to analyze multiple small retrospec-

tive series of acutely ruptured aneurysms in 2018 and reported

high rates of long-term occlusion but with a complication rate of

18% in the anterior and 27% in the posterior circulation.31

Last, a 2018 meta-analysis of distal aneurysms also suggested

reasonably high rates of occlusion (70%) with marked complica-

tion rates (20%).32 Limited studies of dissecting and fusiform

aneurysms demonstrate comparable outcomes to vessel sacrifice

in the long term, with potentially greater short-term complica-

tions.33 The PED has been shown to be safe and effective for many

off-label uses, though these require ongoing evaluation. The

forthcoming Prospective Study on Embolization of Intracranial

Aneurysms with Pipeline Embolization Device (PREMIER) trial

data suggest that small aneurysms may be treated safely in an

off-label fashion in many situations as well. 3D rotational angiog-

raphy studies of virtual stent placement have shown utility in

simulating vessel geometry and, in particular, show that delivery

manipulation and vessel radius have a marked effect on PED ap-

position.34 In the context of braided stents, local porosity and

filament position have been modeled with conebeam CT, which

may provide critical information to the diagnostic and interven-

tional neuroradiologist about deployment prediction.35

Outcome data for the Pipeline Flex are still limited, but initial

results support its safety and short-term efficacy.36 High rates of

occlusion with low rates of short- and long-term disability have

been reported from several selected small studies, as follows: in 10

patients with 11 anterior saccular aneurysms,12 in 42 patients with

44 predominantly anterior saccular aneurysms,37 and in 30 pa-

tients with 30 predominantly anterior saccular aneurysms.38 The

Pipeline Flex device has been shown to reduce total procedure and

fluoroscopy times and the rate of deployment failure compared

with the original PED.39 It remains to be seen whether the design

modifications of the Pipeline Flex will translate into improved

long-term outcomes and/or use of this technology in a wider range

of indications. Regarding the Pipeline Shield, a prospective single-

arm study evaluating its use in 50 patients with 50 unruptured, pre-

dominantly saccular internal carotid aneurysms achieved complete

wall apposition in 96% of cases, with no major strokes or neurologic

mortality during 30 days postprocedure.14

The next conventional braided mesh device to debut was the

original Silk device, also a flexible mesh stent made from 48

braided nitinol and 4 platinum microfilaments, which was ap-

proved in Europe in 2008 —the first such device to enter clinical

use for intracranial aneurysm management.40,41 The platinum

strands with 2 flared ends act as radiopaque markers. A new-

generation Silk� device has flared ends, lower porosity, higher

radial force, greater slide capacity, an extrasupple and shorter

(9 mm) distal radiopaque tip, and 8 platinum markers (Fig

2).42 Like its predecessor, the Silk� device requires a smaller

delivery microcatheter than other similar endovascular de-

vices, 0.023 inches, though like others, it uses a 6F or 7F guide

catheter.4 Tapered options are available for use in irregular

anatomies.

Of note is the observation from in vitro modeling studies that

the MCR for the original Silk device had been reported as only

21% when stent and vessel were matched in a straight model seg-

ment versus a nominal MCR of 40%–55% (On-line Table 1).43

The MCR was decreased at oversizing (for straight segments and

on the convexity of a curved segment) and for matched stent and

segment diameters on the concavity because of dynamic wire re-

positioning. These results are clinically relevant because of the

requirement to maximize and minimize the MCR across the an-

eurysm ostium and branch vessel orifice, respectively. The origi-

nal device was withdrawn from the market.

Most outcome data were generated from small studies of the

original Silk device, which was intended for use in complex intra-

cranial aneurysms. This feature may partly explain why occlusion

rates were as low as approximately 50% at 4 months’ follow-up,

benchmarking poorly compared with PED data (On-line Table

2).44-49 Morbidity and mortality were also higher than for PED

studies, consistent with more challenging indications, including a

high proportion of patients with fusiform aneurysms in some
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studies. For studies that included patients with presentations sim-

ilar to those in the initial PED studies (ie, unruptured large- or

wide-neck lesions of the petrous to the superior hypophyseal

ICA), the Silk seems to benchmark well compared with the PED,

achieving occlusion rates approaching 90% at approximately 18

months’ follow-up, though complication rates were still higher,

suggesting that the device had shortcomings irrespective of aneu-

rysm complexity.49 One study with a very challenging patient

population, however, reported 1-year occlusion rates of 84%,

alongside morbidity and mortality comparable with that in the

IntrePED trial.21,48

Despite being first to market among flow-diverting stents, the

Silk has a relatively sparse evidence base compared with the PED,

and caution must be exercised when making comparisons among

studies because variables differ. The Silk has been studied with

computational flow dynamics showing predictable decreases in

wall shear stress and intra-aneurysmal flow velocities. Flow-pat-

tern change is less consistently demonstrated, and this feature

may relate to porosity.50 In PED studies, it has been seen that

when particle imaging velocimetry shows marked reductions,

computational flow dynamics velocity fields do not always pre-

dictably change in a linear manner to particle imaging velocim-

etry, which may be relevant in transition hemodynamic re-

gimes.51,52 Mean aneurysmal flow amplitude assessment of the

Silk and PED using DSA has predicted thrombosis at certain

thresholds for these braided devices.53

Regarding the Silk�, evidence is lacking. One small retrospec-

tive study of 58 patients with 70 aneurysms (including patients

with prior or current SAH) compared outcomes for patients who

received the original Silk device with those treated with Silk�

during nearly 1 year. Most patients did not undergo concomitant

coiling. Delayed thromboembolic complications were seen in

10.6% of patients, and permanent neurologic morbidity, in 5.5%,

all cases occurring in patients treated with the first-generation

device; there was no procedure-related mortality. The overall oc-

clusion rate across both devices was 73%, and there were no reca-

nalizations.44 It can be inferred, albeit tentatively, that the second-

generation Silk� is safer than its predecessor, but more studies

and data are needed to make definitive conclusions.

Dual-Porosity and Fixed-Porosity
The FRED is a self-expanding nickel titanium paired stent com-

prising integrated dual-layer coverage provided by a low-porosity

inner mesh of higher pore attenuation (48 nitinol wires) and an

outer stent with high porosity (16 nitinol wires with 4 interwoven

marker strands), as well as proximal and distal markers. The dual

layer is restricted to the midsection, covering approximately 80%

of the length of the device with the aim of increasing coverage

across the aneurysm ostium. It can be deployed and partially

resheathed by a single operator using a 0.027-inch microcatheter

(On-line Table 1).11,54,55 The FRED, Silk, and PED have been

studied with 4D flow MR imaging for the detection of intrastent

streamline changes and velocity reductions. Regarding animal

studies, the FRED is the most comprehensively tested in complex

canine aneurysm models as opposed to rabbits. This may be im-

FIG 2. A, Silk� assembly schematic with the placement system and pusher. The mono- (B) and bidiameter (C) Silk� model as well as illustration
of the position and deployment of the stent and radiopaque markers (D). Courtesy of Balt Extrusion, Montmorency, France.
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portant because wide-neck and bifurcation aneurysms have been

tested as well as porosity variations at anatomic tortuosities.56

Data from studies evaluating the FRED are still relatively sparse,

with the European Multicenter Study for the Evaluation of a

Dual-Layer Flow-Diverting Stent for Treatment of Wide-Neck Intra-

cranial Aneurysms study representing the only large multicenter

study (On-line Table 2).57 In several small studies, including studies

that included patients with complex aneurysm morphologies, the

FRED appeared to benchmark similar to the PED and better than the

Silk (especially in terms of safety).40,55,58-60 As mentioned previously,

however, cross-study comparisons must be interpreted with caution.

The FRED has been approved and has been available in Europe for

several years and is in late-stage evaluation in a Phase III multicenter

US trial in patients with wide-neck aneurysms of the ICA (Pivotal

Study of the FRED Stent System in the Treatment of Intracranial

Aneurysms; NCT01801007). The FRED offers higher radial force

and, in our experience, excellent performance in paraclinoid aneu-

rysms. The device may twist, and we have noted occasional unex-

plained acute or subacute thrombosis unrelated to antiaggregation

activity. A smaller form factor, Fred Jr, may be used in bifurcation

aneurysms and in aneurysms on small-sized vessels.

The Surpass Streamline flow diverter is a cobalt-chromium

alloy stent with 12 platinum wires to aid radiopacity. The Surpass

stent was designed to optimize the flow-diversion profile, with

approximately 70% porosity and a pore

attenuation of at least 20 pores/mm2.

The design operates on the premise that

flow diversion is related not just to the

metal-to-artery ratio but also to the

number of pores (Fig 3). To maintain a

consistent pore attenuation of �20

pores/mm2, the Surpass has more wires

than the other flow diverters and has a

different number of metal struts, rang-

ing from 48 in the 2-mm-diameter de-

vices to 96 for 5 mm.54

The other unique attribute of the
Surpass is that it is an over-the-wire sys-
tem, with the stent preloaded at the tip
of the catheter. The system was designed
this way to maintain wire access in case
the stent needed to be re-crossed postde-
ployment, an advantage the Pipeline

Flex also offers. The other benefit is the

stability an over-the-wire system pro-

vides during stent deployment, even for

long lengths. The downside is that the

system is larger in nature, with a delivery

microcatheter with a 0.040-inch inner

diameter.61 Clinical data are limited but

outcomes are predictable. For less chal-

lenging indications, occlusion rates and

complications were favorable, while for

more high-risk presentations, occlusion

rates were lower and mortality was high

(On-line Table 2).62,63 The Surpass is

under evaluation for FDA approval in

the Surpass Intracranial Aneurysm Em-

bolization System Pivotal Trial to Treat Large or Giant Wide Neck

Aneurysms (SCENT; NCT01716117), which reached primary

end point completion in July 2017. The Surpass Flow Diverter for

Intracranial Aneurysms (SURMOUNT registry; https://www.

centerwatch.com/clinical-trials/listings/66634/cerebral-aneurysm-

surpass-flow-diverter-intracranial/), a prospective multicenter

postmarket surveillance study in Europe, is ongoing. This self-

expandable stent mounted into the delivery catheter comprises

up to 96 wires, thus providing more coverage. The Surpass is

comparatively stiff and may be best navigated over a 5F distal

access catheter across the aneurysm neck.

Next-Generation Nitinol Devices
The Tubridge is a braided, self-expanding device with flared ends

that is approved in China. To minimize the shortening rate after

full opening, large versions (diameter, �3.5 mm) comprise a

braid of 62 nickel-titanium microfilaments and 2 platinum-irid-

ium microfilaments, while small versions (diameter, �3.5 mm)

comprise 46 nitinol and 2 platinum-iridium microfilaments. The

MCR is comparable with that in the PED and with the limited

outcome data, with the most marked being the Parent Artery Recon-

struction for Large or Giant Cerebral Aneurysms Using the Tubridge

Flow Diverter (PARAT) trial of large and giant aneurysms (On-line

FIG 3. A, Surpass deployment system schematic. B, By increasing the number of wires while
decreasing the size of the wire, the Surpass stent hypothetically creates more flow diversion
while maintaining a consistent porosity. C, Computational flow dynamics shows the relationship
between porosity and pore attenuation and how porosity may be maintained while increasing
pore attenuation. Courtesy of Stryker Neurovascular, Kalamazoo, MI.
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Tables 1 and 2).64,65 The Tubridge, Surpass, FRED, Silk, and PED

have been tested in rabbit elastase models with acceptable oc-

clusion rates. While this model is commonly used and favored,

it is not universally standardized.66

By comparison, the Derivo comprises 48 braiding nitinol

wires with a radiopaque platinum core (Fig 4), which has under-

gone laboratory testing including particle image velocimetry. The

device has flared ends with the goal of improved apposition. Only

very preliminary data are available from 1 small study, which

showed improving occlusion rates with time and no obvious

safety flags (On-line Table 2).67 The Derivo, Silk, and PED have

undergone same-parameter particle imaging velocimetry testing

showing that for all 3, the inflow-outflow is reversed from the

proximal-to-distal aneurysm neck, after which a low-flow eddy

predominates. There was a slightly higher susceptibility to inflow

waveform/transient backflow with the Silk only.68 In our experi-

ence, the device is useful for supracli-

noid aneurysms, and its latest iteration is

similar in characteristics to the p64.

Finally, the p64 device is a flexible,

meshlike tube of 64 interwoven nitinol

microfilaments grouped into 8 proximal

radiopaque bundle markers, deployed

using an 0.027-inch microcatheter. The

p64 is completely recoverable— even af-

ter complete deployment— because of

its controlled mechanical detachment

(On-line Table 1).4,54 Data are limited,

but several retrospective studies have

shown midterm occlusion rates of at

least 85% with low morbidity/mortality

(On-line Table 2).11,69,70 As with all

new devices, there will be a learning

curve to consider. For noncontrolled

descriptive studies, there is the poten-

tial for publication bias with this and

all subsequent devices discussed

herein. In our experience, this nitinol

device is best used on small-neck or

smaller overall aneurysms. The p64

does not have a distal wire for support,

which may be an issue for telescoping

or overly wide-neck aneurysms. The

device is fully recoverable after full de-

ployment; however, some proximal

opening issues have occurred.

Bifurcation Hybrids
The second-generation eCLIPs is a

novel, self-expanding, nitinol, non-cir-

cumferential, hybrid device with flow

diverter properties, specifically designed

for bifurcation aneurysms (Fig 5 and

On-line Table 1). It has platinum ra-

diopaque markers and comprises two

discrete sections: an anchor segment de-

signed to conform to vessel walls beside

the aneurysm ostium, and a leaf segment with flow-diverter prop-

erties which has moveable ribs to allow trans-device coil delivery.

Data from numerous challenging presentations are shown in On-

line Table 2.71 eCLIPs is potentially unique as it is the only device

to date which shows endothelialization as a bifurcation hybrid

device. The European eCLIPs Safety, Feasibility an Efficacy Study

(EESIS) is a prospective, multicenter cohort/registry study which

is ongoing.

Like the eCLIPs, the Sphere (Minimally Invasive New Tech-

nologies [MINT]; Weill Cornell Medicine, New York, New York)

was designed specifically for bifurcation aneurysms. It is con-

structed from a single loop of nitinol wire and reduces aneurysm

inflow via a high-attenuation, patterned, elliptic surface that par-

tially occludes the ostium (Fig 6 and On-line Table 1). The device

is secured by multiple open hoops deployed in the parent vessel

distal to the aneurysm, leaving daughter vessels unobstructed

FIG 4. A, Unconstrainted view of the Derivo Embolization Device (A) and magnified view of the
BlueXide (B) surface of the Derivo Embolization Device acquired with a scanning electron micro-
scope. The Derivo has closed, flared ends and may be used without a tip for increased flexibility
(C) and with a tip for distal support and retention after release (D). E, Particle image velocimetry
demonstrates effective flow diversion in an in vitro setting. Courtesy of Department of Cardio-
vascular Engineering, RWTH Aachen University in Aachen, North Rhine-Westphalia, Germany.
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while not protruding into the delicate

aneurysm dome. As yet, no clinical data

are available.72

CONCLUSIONS
For many types of aneurysms, flow di-

version has rapidly become the treat-

ment of choice because cure rates are

high and complications rates are reason-

ably low. Unlike traditional stents,

which require a high radial opening

force, flow-diverting stents are designed

to have a low radial opening force to facil-

itate navigability. Moreover, flow-divert-

ing stents require greater metal coverage

and decreased porosity while maintaining

pore attenuation; this has been achieved

using a braided metallic design for many

devices. Early preclinical experiments sug-

gested that the optimal porosity for aneu-

rysm occlusion is 70%, but this may vary

in practice according to vessel configura-

tion and device sizing. Oversizing gener-

ally should be avoided, and the number of

devices used per aneurysm should be

minimized to reduce the risk of com-

plications. There are too few data to

make definitive recommendations on

the choice of a device for bifurcation

or ruptured aneurysms.

There are minimal data on the PED

Flex alone; however, given that the de-

vice is similar to its forerunner, we may

FIG 5. The bifurcation device eCLIPs (A) with a self-aligning spine rib design (B) having flow-
disrupting and anchor segments (C) to enable repositioning but no migration/shortening
following deployment. D, Noncircumferential morphology designed for wall apposition,
which does not reside in the parent vessel or impede side branches. E, Scanning electron
micrograph demonstrates neoendothelialization in vivo. Courtesy of the CV Path Institute,
Gaithersburg, Maryland.

FIG 6. A, Sphere device with a high-attenuation nitinol face within a bifurcation aneurysm with thin-wire anchor legs (B) designed to direct flow
downstream. C, Computational flow dynamics study demonstrates decreased peak flow reduction to the aneurysm sac as well as velocity and
wall shear stress (D), which is superior in Sphere compared to conventional endoluminal devices in some aneurysm/branch vessel morphologies
in animal models. Courtesy of the Weill Cornell School of Medicine, New York, New York.

AJNR Am J Neuroradiol 40:591– 600 Apr 2019 www.ajnr.org 597



reasonably expect at least equivalent outcomes, possibly with im-

proved procedural performance. Two devices could be approved

in the United States within the next 2 years (the FRED and Sur-

pass). Limited data likely reflect a learning curve for some devices,

and outcomes should improve with experience. Further studies

are needed to relate technical specifications to device perfor-

mance and outcomes and hence optimize usage, particularly for

the most challenging aneurysm presentations.
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