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Abstract

Flow Diversion is one of the relevant technical
improvements of the past decade in the endo-
vascular treatment of cerebral aneurysms.
When the efficacy and safety of a recent tool
allow treating challenging aneurysms, this
adoption in daily practice is fast even if the
benefit of use is incompletely shown. We will
review studies of these stents called “Flow
Diverters” (FD) in animal models and in clini-
cal use, mainly to discuss the technical charac-
teristics inherent to its endovascular
prostheses, which determine the choice and
the manner in which this medical device can
be used. During the chapter we will come
back to this choice depending on the type of
intracranial aneurysm to be treated, supported
by the literature and illustrations of a series of
personal cases, also resuming the manage-
ment of complications in the presence of these
devices, antiplatelet treatments as well as
retreatment possibilities.
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9.1 Introduction

Endovascular treatment of cerebral aneurysms is
the treatment of choice for ruptured intracranial
aneurysms [1]. The invention of detachable coils
in the early 1990s is largely responsible for the
success of endovascular treatment and its
adoption by the majority of neuroendovascular
operators [2]. However, large, fusiform, or wide-
necked aneurysms are more difficult to treat with
simple coiling and required, when possible,
recourse to a “‘de-constructive” approach with
occlusion of the parent vessel [3]. The more
advanced techniques of stent-assisted coiling or
balloon remodeling were until recently alterna-
tive approaches to simple coiling in the manage-
ment of some of these aneurysms [4]. However,
numerous studies have shown the limitations of
coiling approaches, with or without stenting, par-
ticularly in large and wide-necked aneurysms,
with significant recanalization rates [5].

Flow diversion is a unique, innovative endo-
vascular approach. It consists of treating the
aneurysm-parent artery, rather than packing the
aneurysmal sac with embolization materials.
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Flow diversion has been used for about 15 years.
Initially designed for large side-wall aneurysms,
its use by operators has been widely diversified
without high-grade recommendations linked to
robust scientific evidence on the scope of Flow
Diverter (FD) indications. The flow diverter tech-
nique (Fig. 9.1) can be used alone or in combina-
tion with other endovascular tools such as coils
and stents.

The Flow Diverter, because of its low poros-
ity, creates intra-aneurysmal hemodynamic
changes, with blood stagnation and occlusion of
the aneurysm, while most often keeping the arter-
ies whose origins are covered by the FD perme-
able [6]. At the level of the aneurysm, blood

Fig.9.1 The FRED and
FRED Jr. flow diversion
devices (MicroVention,
Aliso Viejo, California,
USA) feature a unique
dual-layer construction
designed to achieve
excellent vessel wall
apposition, which fosters
neointimal growth and
long-term aneurysm
occlusion. The FRED Jr.
device is the first flow
diverter that can be
delivered using a 0.021”
microcatheter for safe
delivery in distal
locations. Both devices
may be used with or
without embolic coils

stagnation is followed by thrombosis, inflamma-
tion, and thrombus organization, whereas at the
level of the treated artery, the FD is covered by a
neointimal formation that will eventually lead to
healing [7].

Proposing such a tool for aneurysm treatment
can only be done responsibly by exploring the
chances of success and the expected or potential
risks in a variety of preclinical studies; studies of
the properties of the tool, flow studies, animal
studies, etc., that will lead to a better discernment
of this technique: its functioning, its limits, its
potential complications, and therefore its

indications.
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9.2  Studyof theFD
Characteristics
9.2.1 Flow Diverters: Braided

and Low Porosity Stents

FDs differ from previously used stents in their
design. Conventional stents were most often con-
structed by laser cutting a hollow metal tube
(hypo tube). FDs are formed by braiding so-
called “super elastic” woven wires together,
forming a mesh.

The wires forming the FD can slide over each
other (Fig. 9.2), which gives it a high conform-
ability, i.e., adaptation to the geometry of the ves-
sel [8]. This braided construction constrains the
implant and allows it to pass through the micro-
catheter before expanding upon exit (Fig. 9.1).

There are a growing number of different FDs.
Some are approved by the Food and Drugs
Administration in the USA (PED, SURPASS).
Others have obtained the CE mark (SILK, FRED,
P64, DERIVO), and others are used in Asia
(TUBRIDGE, FLOW WISE). All these products
are grouped under the term “Flow diverters” but
they have a large number of technical
differences.

Fig. 9.2 Porosity, FD, and non-FD stents. Stent A is an
FD, its porosity is lower. Stent B is also a braided stent but
is not an FD. A braided stent is able to deform and open a
unit cell in a very important way. Here the FD enters
through a unit cell of the non-FD stent without being con-
strained. Courtesy of J. Raymond — I. Salazkin —
A. Makoyeva (Montréal)

In addition to design differences, FDs differ
from conventional stents in their porosity. Not all
braided stents are considered FDs (LVIS stents
and LEO stents are porous braided stents, but
have little flow diversion capacity). There is no
quantifiable definition that differentiates a
braided stent from an FD. However, it is accepted
that an FD is a low-porosity stent, unlike non-FD
braided stents. For example, it is almost impos-
sible to pass a microcatheter through the mesh of
an FD, whereas this strategy is possible (and con-
ventional) when using other stents. The surface
area of a unit cell is approximately 1-1.5 mm? for
non-FD braided stents such as LVIS and LEO,
whereas this surface area is 0.05 mm? for FDs.

9.2.2 Porosity

Porosity is calculated by the below Formula
(9.1), developed to understand the different tech-
nical characteristics influencing the porosity (9.2
and 9.3) with N = Number of wires, d = Wire
diameter (section), B = Wire length to make a
complete turn (no braiding), @ = Angle between
the wires in the long axis of the stent.

Porosity = 1 —Metal Coverage(MC) (9.1
MC = Pore Density(PD)- d* (9.2)
PD=N’/(B-sina) (9.3)

The porosity value of an implanted FD is dif-
ferent from non-implanted unconstrained ones.
Its porosity changes according to the external
constraints imposed by the local hemodynamic
environment (curvatures of the artery, length of
the aneurysmal neck, etc.).

The nominal porosity of stents is partly exis-
tent in the literature, but most of the time it is
mentioned by the manufacturers without details
of the measurement conditions [9]. It varies
according to the devices between 45% and 85%;
this porosity corresponds to the non-metallic pro-
portion of the surface of the FD deployed at its
nominal diameter.
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The compaction imposed or not by the opera-
tor during deployment, the choice of FD diameter
and its relationship with the diameter of the
recipient arterial segment are all factors that also
modify the porosity of the implant in place.

Pore size (unit cell) is also not a clearly detailed
data by the manufacturers. Some give the surface
of the unit cell at the nominal diameter. For exam-
ple, it is 0.02-0.05 mm? for PED and 0.04—
0.05 mm? for TUBRIDGE.19,20 Others give the
major axis of the unit cell, which would be between
110 and 250 pm for SILK or 300-350 pm for
DERIVO.17,21 To give an element of comparison,
the size of the cells of LEO BABY is I mm of
major axis and those of LVIS JR is 1.5 mm.
Moreover, the data from the literature and those
from the industry are not always comparable. There
is a perpetual advance in technology in the FD
industry. Dandapat et al. recently reviewed current
flow diversion technology and clinical use [10].

To understand the adaptation of the FD to its
container, an experiment consists in placing an
FD in several transparent tubes of increasing size.
A change in the shape and orientation of the unit
cells is then observed. If the FD is oversized, the
unit cell takes on the shape of a rhombus that has
its largest diagonal in the axis of the vessel. The
unit cell changes its shape to a square when the
FD is less oversized relative to its container.
Then, when the FD is undersized relative to its

Fig. 9.3 Schematic

container, the unit cell takes the shape of a rhom-
bus with its long axis perpendicular to the long
axis of the vessel. The porosity is weaker, the
closer the shape of the unit cell is to a square. The
more rhombic the unit cell, the greater the poros-
ity, regardless of the direction of the rhombus
(Fig. 9.3). The alpha angle is the angle of the unit
cell in the axis of the FD. Thus, the closer the
alpha angle is to 90°, the lower the porosity,
which can reach a minimum of 20%. When the
alpha angle is less than 30° (as when the FD is
compressed in the microcatheter) or greater than
150°; porosity increases significantly [11-13].

The porosity of an FD will always be less at
the concavity of the curve than at the convexity
(Fig. 9.4). On the other hand, it is relatively con-
stant at the lateral faces [14]. It should be noted
that oversizing the FD increases its porosity at
the constrained segment but not at the uncon-
strained segment (aneurysm neck), where it natu-
rally regains its size. This phenomenon gives the
appearance of spindle-shaped dilation of the mid-
dle portion of the FD [15].

Porosity has been individualized as a parame-
ter influencing flow reduction within the aneu-
rysm [16]. In vitro work comparing the effect on
flow reduction of high-porosity stents and DFs
unequivocally concludes that there is a stronger
effect of the FD, when compared with multiple
telescopically nested non-FD stents [17].

representing the

Flow Diverter long axis
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Fig. 9.4 Photograph of an FD prototype (stent-in-stent
construction), it can be seen that the porosity is lower at
the concavity of the curve than at the convexity. Courtesy
of J. Raymond — I. Salazkin — A. Makoyeva (Montréal)

Implantation of multiple FDs is sometimes
proposed in certain clinical indications in case
of ineffectiveness of a first implanted FD
(Fig. 9.5). This strategy is also used to treat an
aneurysm in cases where anatomic constraints
require it. For example, if there is a significant
difference in caliber between the distal and
proximal anchor zones, different sized FDs can
be implanted [18]. However, the porosity result-
ing from multiple FD assemblies is more diffi-
cult to anticipate. For example, a 3.75-mm
diameter PED placed in a 3.5-mm tube has an
estimated porosity of 78%, but the placement of
a second PED of the same size does not neces-
sarily increase porosity significantly [19].

Indeed, layering can be done in a variable man-
ner, thus affecting porosity.

Fig. 9.5 Case of a 50 years-old patient with right P2-P3
junction unruptured aneurysm (a). First treatment was
done with a single PED (b). Control angiogram (c)
denoted a persistent patency of the aneurysm at 6 months.
Second treatment was done with a same-sized PED at

9 months (results in d). Successive control angiograms at
15 months (e) and 21 months (f) showed the progressive
interruption of flux within the aneurysm, it also permits to
appreciate the stent-in-stent construction
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In the case of a stent-in stent, the wires can be
placed exactly the same way or they can be
placed in the free metal gaps. This arrangement is
random, thus the porosity values obtained have
wide confidence intervals. As a result, Shapiro
et al. advise oversizing the second implanted
FD. For example, they suggest placing a second
4.25 mm FD within a first 3.25 mm diameter FD
to achieve 60—65% porosity more consistently.

9.2.3 Pore Density

Pore density is a different entity from porosity. It
represents the number of pores (unit cells) per
unit area (Fig. 9.5). Sadasivan et al. state that
pore density is the most important parameter for
judging the effectiveness of FDs [20]. Pore den-
sity (PD) is calculated by the formula previously
shown in [3].

Thus, the greater the number of wires and the
shorter the length of wire needed to go around the
FD, the greater the pore density. The pore density
varies between 12 and 32 pores per mm?. The
pore densities of some FDs are as follows;
SURPASS 21-32 pores/mm?, SILK 12 pores/
mm?, and PED 15-22 pores/mm?. For compari-
son, a WALL STENT used in the stenting of ath-
eromatous carotid stenosis has a pore density of
0.2 pores/mm? [21].

9.2.4 Composition

As previously said, considering a perpetual evo-
lution of the FD stents technology, the following
details are only given as examples, to image
characteristics that can vary and be considered
when implanting FD.

The PED is composed of 48 wires with the
same gauge for all strands (30 pm) [18]. The
SILK has 44 strands of 25 pm gauge and 4 radi-
opaque wires of 40 pm gauge [14]. The p64 is
composed of 64 strands and the TUBRIDGE of
62 strands. The DERIVO has wires of different
calibers ranging from 35 (n=44)to 85 pm (n=4)
[22]. Regarding the SURPASS and TUBRIDGE,
the number of wires increases with the diameter

of the implant, reaching 96 wires for a 5-mm-
diameter implant for the SURPASS and 62 wires
if the diameter of the FD is >3.5 mm for the
TUBRIDGE. The FRED is a stent-in-stent sys-
tem with 16 wires on the outer stent and 48 wires
on the inner stent [23].

The diameter of the wires and the number of
strands influence: friction within the microcathe-
ter, radial force within the artery, and coverage of
the perforating arteries. Indeed, the diameter of
the ostium of the latter oscillates between 100 pm
and 1 mm [20].

The wires used to braid FDs can be made of
Nitinol (i.e., SILK, FRED, TUBRIDGE, p64,
DERIVO) or cobalt-chromium (PED,
SURPASS). Nitinol (Nickel-Titanium) has less
radial strength but is easy to handle and has the
advantage of excellent shape memory. It is also
less radiopaque than cobalt chrome and requires
the addition of markers or platinum ‘coils’ for
better visibility. Dandapat et al. recall that Cobalt/
chromium adds stiffness and radial force while
nitinol brings flexibility and easy navigation and
deployment, and that Cobalt/chromium implants
allow a better answer to ballooning when an
incomplete wall apposition is observed [10].

The value of the radial force is difficult to find
in the literature but would be more than 1.5 times
higher in the case of PED compared to SILK
[24]. These data, although rarely reported, may
make sense in clinical practice. Indeed, too low a
radial force could be the cause of poor opening of
the FD in cases where there is an external con-
straint, such as a pre-aneurysmal stenosis or
spasm of the artery.

Alternatively, decreasing porosity by main-
taining or increasing pore density increases the
amount of metal in the implant. The more metal
an FD contains, the more flexible it becomes and
the more difficult it is to navigate. The more sup-
port the FD needs, the more friction it experi-
ences when navigating the microcatheter, which
requires larger diameter microcatheters.

The choice of the FD might govern the micro-
catheter (diameter) needed for implantation. The
latter will obviously define the navigability of the
set, and sometimes the feasibility of the proce-
dure (Figs. 9.6 and 9.7).
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Fig. 9.6 Patient of 60 years old with a giant unruptured
aneurysm of the left carotid siphon (a). Anchoring technic
was used to pass through the distal neck of the aneurysm,
which was impossible to navigate directly or using two
microwires, because of the angioarchitecture and the mis-

These catheters can nowadays have a diameter
of 0.017” (Silk Vista Baby, 48 wires Nitinol stent
with platinum DFT technology), 0.021” (SILK,
p48, Fred Jr), 0.027” (PED, Survpass Evolve,
Fred, p64, Derivo 2nd generation), and 0.025” to
0.040” (Silk+, Turbridge, Surpass streamline).

Friction problems also increase with stent
length but can be improved by surface treatments.
An FD that is too rigid can be difficult to navi-
gate, requiring more seating downstream of the
aneurysm, and thus taking more risks in the distal
delivery area in particular. 48-wire nitinol FDs
have the advantage of easy distal placement (e.g.,
SILK and in particular Silk vista baby, FRED).

fit between the wire and the microcatheter diameters (b,
¢). A tutor-stent was initially placed (Leo) (d) to perform
coiling with jailing technic. A PED was finally placed in
the first stent (e). Control angiogram at 6 months showed
good results (f)

The “stent-in-stent” construction of FRED
allows for fewer contact points between the FD
and the inner wall of the microcatheter, similar to
the wooden logs that were used to roll the lime-
stone blocks during the construction of the
pyramids.

FDs are self-expanding stents, and their appo-
sition to the vessel walls is done slowly and
sequentially by the operator [25]. However, these
stents are not all braided in the same way, and the
varying braiding “pitch” characterized by differ-
ent Alpha and Beta angles. The Alpha angle rep-
resents the angle of wire crossing in the long axis
of the stent, and the Beta angle represents the
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Fig. 9.7 Flow diverter stent-assisted coiling. The micro-
catheter is jailed during the deployment of the FD (a—c)
and the coiling is done after a partial or total placement.

angle of wire crossing in the short axis of the
stent. These angles change depending on the
curve made by the FD, as well as its degree of
compaction (Fig. 9.6) [14].

Between the constrained zone affixed to the
walls of the portal artery and the “free” stent
(Free Segment of Stent = FSS) located in front
of the aneurysm neck exist two transitional
zones (TZ) [26]. These transitional zones,
reported in the literature, are described as two
incompressible zones, where porosity is higher
than at the level of the compaction (central)
zone (Fig. 9.8) [27]. Knowledge of these transi-
tional zones is important for the clinician when
using an FD to treat a wide-neck aneurysm [28].
The transition zone will be more porous the
larger the size of the FD compared with the
diameter of the artery [27]. Thus, the tendency
is to recommend the use of an FD that is slightly
larger than the diameter of the artery in order to
ensure the stability of the FD and to decrease
the risk of migration.

Some precautions can be considered in order
to minimize the importance of transition zones.
The first is to avoid oversizing the FD. Another
strategy is to first place a non-FD stent at the neck
of the aneurysm, and to deploy the DF within this
first stent, which then acts as a stent, and allows
to avoid fusiform dilation of the FD placed within

The required set-up to perform this kind of procedure is
obviously linked to the microcatheter (the one which will
deploy the FD) diameter

Free segment of stent

Compacted area with low porasity

Fig. 9.8 (a) Photograph of a PED inserted in two hollow
tubes. We individualize the free segment of the stent
which is the portion of the FD without constraint com-
posed of a compaction area and two transition zones (TZ).
(b) Photograph of an FD inserted in a glass tube to empha-
size TZ. Courtesy of J. Raymond — I. Salazkin —
A. Makoyeva (Montréal)

it (Figs. 9.5 and 9.9). This strategy is sometimes
useful in the presence of very large collars or
fusiform aneurysms. It should be noted that the
FRED device is a stent-in-stent, with a 16-wire
braided outer stent and a 48-wire inner stent.
Despite this, fusiform dilatation of the entire
device remains possible as observed in some
works [15]. Other authors, mainly PED users,
advise the placement of several FDs to avoid this
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phenomenon. A first FD, with a smaller diameter,
is placed downstream, and then a larger diameter
FD is inserted within it and deployed to the prox-
imal anchoring zone [19].

9.2.5 Choice

Particle velocimetry data show that the closer the
nominal diameter of the DF is to that of the artery,
the greater the effectiveness [17]. However, the
choice of DF diameter depends on multiple fac-
tors, including mainly habits, the operator’s
deployment technique, and measurements made
during the procedure, which are aimed at choos-
ing the right FD to be placed in the right place.
The choice of the diameter is an important step in
the implantation process and different techniques
exist depending on the operator. The most com-
mon is to take into account only the proximal
diameter (most often the largest), but some oper-
ators sum the distal and proximal diameters to
make an average. It should be noted that the risk
of migration is greater, the smaller the FD com-
pared to the diameter of the artery. Some authors
have described cases of migration following the
shortening of SILK and PED [29, 30]. For some
FDs, the unconstrained diameter (when deployed
in the open) is greater than the diameter under
which they are labeled (e.g., +0.25 mm for PED,
and +0.3 mm for p64) [31].

Proximal misapposition of the FD causes sig-
nificant changes in flow within the aneurysm
after implantation. Indeed, the work of Rayepalli
et al. shows that poor proximal apposition leads
to a reversal of the direction of flow in the aneu-
rysm, which then enters preferentially through
the proximal collar in a direct manner and then
exits through the FD [32]. Incomplete apposition
may also be a source of thromboembolic events,
as shown for some stents [33].

The PED is 2-3 times longer when constrained
in the microcatheter compared to its nominal
diameter length. This translates into a percentage
shortening of 50-66% during deployment.
Knowledge of this fact is particularly important
in fusiform aneurysms, in which the DF takes on
its nominal size because it is not constrained,

thus responsible for a significant shortening,
which is potentially difficult to predict [24].

9.2.6 Implantation

All of these FDs are available in a wide range of
diameters and lengths, and are implanted via
microcatheters with internal lumens ranging
from 0.017 to 0.040”. The newer FDs can be
recaptured after partial implantation [34]. The
ability to recapture is a definite addition to the
safety of these procedures, as the operator can
attempt to avoid unwanted branch coverings, but
can also use multiple attempts to anchor the FD,
both anteriorly and posteriorly, in order to avoid
its tilting in the aneurysm.

Operators use the “Pull and Push” technique to
alternately apply pressure to the microcatheter to
allow the implant to open and then relax the system
to affix the FD in the bends [25]. However, all situ-
ations require adaptation. For example, in the case
of cavernous aneurysms, because of the absence of
major functional arterial branches, maximum com-
paction is sought. On the other hand, if a functional
arterial branch needs to be covered during place-
ment of a DF, the surgeon may decide to increase
the porosity of the FD in front of it by decreasing
the compaction and/or by oversizing the diameter
of the implant used [18] (Fig. 9.10).

9.2.7 Surface Treatment

Because of the many links between coagulation
pathways, inflammatory reactions, and cell pro-
liferation in the vessel wall, high biocompatibil-
ity of FDs is necessary to avoid intra-stent
thrombosis [4, 35, 36]. Teams have evaluated the
thrombogenicity of Nitinol stents. They have
compared bare Nitinol stents with stents that are
coated with heparin or albumin and showed that
coating these stents with albumin or heparin
reduced their thrombogenicity [37]. Most FDs
undergo polishing. Others offer a surface treat-
ment that may reduce friction (DERIVO) or
increase the biocompatibility of the implant. The
developers of the PED FLEX have developed a
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Fig.9.10 65 years old female that presented with chronic
headaches and asthenia revealing a giant unruptured par-
tially thrombosed right Sylvian aneurysm (a, b). After a
coiling session (c¢), a PED FD was placed covering the
Sylvian bifurcation. From (d—g) the placement of the FD

new surface modification with the “SHIELD”
technology. This technology is based on phos-
phorylated choline (PC), abundant on the surface
of red blood cells. This technique, known for
more than 10 years, allows the PED FLEX
SHIELD to be coated with a layer of less than
3 nm, which mimics the cell membrane. Platelet
activation and thrombosis phenomena are
decreased by PC-coated stents in animal periph-
eral arteries [38—40]. Girdhar et al. showed that
SHIELD FLEX PED was less thrombogenic (in
vitro experiment with quantification of thrombin
formation) than other FDs [41]. They also show
that its “degree of thrombogenicity” was more
similar to a SOLITAIRE AB stent, which has
only 5-8% metal coverage. Manning et al.
reported the use of a simple antiplatelet therapy
in settings of hemorrhagic presentations [42].
Even if further prospective investigation is
needed, this knowledge may be important in case

with a low push at the neck. Control angiogram at
6 months showed a full occlusion (h), note the occlusion
of the inferior Sylvian branch covered by the stent, the
patient was asymptomatic

of hemorrhagic presentations (Fig. 9.11) or fol-
lowing hemorrhagic complications.

9.2.8 Extremities

Flares are modifications of the distal ends of
stents (Fig. 9.12). The flared ends can be related
to real Flares of significant size. In these cases,
markers (e.g., FRED) are added to these Nitinol
arms. The flared ends can be less marked and
only represent a continuity of the FD mesh (ex:
SILK, DERIVO). Their main role is to facilitate
the anchoring of the stent ends. However, true
Flares raise concerns about thrombogenicity and
distal opening, with a tendency to distal stenosis
when placed in smaller caliber arteries, some-
times amplifying the “fish-mouth” phenomenon.
These Flares can also complicate secondary cath-
eterization of FDs during retreatment or during
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Fig.9.11 A 43 years old patient presented with mFisher
IV SAH (a), CTA was considered normal and contrast-
enhanced MRI showed a gadolinium uptake within an
addition image of the dorsal wall of the right internal
carotid artery (b). Angiogram confirmed the presence of a

placement of a second FD inside the first. The
concern then is to ensure that the FD never exits
the lumen of the FD during catheterization, to
avoid deployment of the second FD between the
artery wall and the first [43].

9.2.9 InVitro Studies

Preclinical in vitro studies are also making prog-
ress in the attempt to understand the mechanisms
leading to ischemic and hemorrhagic complica-
tions. Thus, intra-aneurysmal pressure following
FD placement has been studied. To explain
delayed ruptures, hypotheses of increased intra-
aneurysmal pressure or surface pressure have
been put forward. Experiments have shown that
the placement of an FD opposite to the aneurysm
neck did not modify the pressure in a durable way.

highly suspected blood blister-like aneurysm (c). 2 PED-
Shield were placed in a stent-in-stent fashion, to cover the
latter abnormality (d). Control angiogram at 6 months
showed no more parietal aneurysm (e)

In fact, the pressure simply decreased transiently
during the placement of the FD to regain a normal
pressure shortly afterward. These data initially
obtained on bench work were later confirmed by
computer-assisted flow studies, but also by data
collected on humans [17, 44, 45]. Another con-
cern of the operator is the occlusion of functional
arterial branches covered by the FD. Roszelle
et al. showed by particle velocimetry study that
flow could be decreased by 32.7-46.5% in such a
branch covered by a single PED [46].

9.2.10 Computational Fluid Dynamic
Studies

It is difficult to talk about flow diversion without
mentioning flow studies. In fluid mechanics, the
Navier—Stokes equations are nonlinear partial dif-
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Fig.9.12 Photographs showing the difference between a
flared tip and true Flares (a versus b, respectively). (¢, d)
Showing clots and neointima bridges on flares (animal

ferential equations that are supposed to describe
the motion of “Newtonian” fluids (ordinary vis-
cous liquids and gases) in the continuous media
approximation. Blood is treated as a Newtonian
fluid, with a specified density and viscosity. The
blood is assumed to be laminar at the inlet and
outlet, with constant and incompressible flow.
This flow is calculated from a Doppler or MRI
phase-contrast examination, under static and pul-
satile conditions, with synchronization to the
heart rate. The fluid/structure interaction is thus
simulated. These simulations are then generated

experiments). Courtesy of J. Raymond — 1. Salazkin —
A. Makoyeva (Montréal)

by a software. Classically, the model generates an
inflow and an outflow separated by a helical flow
called a vortex [47]. It is worth noting that all the
assumptions below have many limitations [48].
Authors have characterized intra-aneurysmal
flows using, in particular, the complexity and sta-
bility of the flows during the cardiac cycle. The
concentration of the inflow and the size of the
area receiving the inflow (— or +50% of the area)
have also been studied. Cebral et al. showed that
in ruptured aneurysms, there was more likely to
be angulation of the inflow and numerous recir-
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culation zones [47, 49, 50]. They also reported
that complex recirculation flow, concentrated
inflow, and a small inflow landing area were risk
factors for rupture.

These simulations allow for the quantification
of variables of interest; Wall Shear Stress (WSS),
pressure, relative residence time (RRT), inflow
velocity, inflow volume, oscillatory shear index
OSI... The RRT being a reflection of the time of
blood contact with the inner surface of the aneu-
rysm. Unfortunately, although flow studies gen-
erate a large amount of data, the indexes or
variables produced are still subject to
speculation.

Therefore, we will focus on the concepts that
are most commonly recognized and in particular
the WSS. WSS is a shear force that can be
described as a tangential friction force between
the aneurysm wall and the blood, related to the
viscosity of the blood [51]. It can be expressed in
terms of maximum or average stress. It is known
to play a role in wall remodeling and aneurysm
progression [52]. WSS is transformed into bio-
logical signals via mechanical receptors on endo-
thelial cells. Thus, a WSS that is too low to
maintain endothelial functions may facilitate
degeneration of the aneurysmal wall and be
responsible for AIC growth and rupture [53, 54].
Abnormal WSS are known to induce inflamma-
tory responses mediated by: endothelial cells,
activation of MMP metalloproteases, cell death,
degradation of the extracellular matrix, and vas-
cular remodeling [55-58]. However, and despite
the fact that this parameter is cited as the most
important, conclusions about its role vary widely
[59]. Finally, the authors seem to agree on the
role of too high WSS in the initiation phases, and
they propose two pathways that can lead to rup-
ture. The first is related to thrombus formation
and the inflammatory reaction in the case of low
WSS. The second, more direct, is related to
matrix degradation secondary to destructive
remodeling in the case of high WSS [57].

Two different parameters such as WSS and
velocity decrease during FD placement at the
aneurysm neck and the appearance of the flow
lines changes before and after FD implantation.

For example, placement of a NEUROFORM
stent decreases the mean inflow velocity by
15%, whereas a PED reduces mean inflow by
more than 80% [60]. This link between porosity
and inflow reduction has been known since the
use of non-DF stents. It is even more important
when porosity is low, raising the suspicion that
changes in these two variables play an impor-
tant role in thrombus formation within the
aneurysm [61]. A greater relative reduction in
WSS and velocity is observed in small or fusi-
form aneurysms after DF implantation and
some authors report that a one-third decrease in
velocity is predictive of occlusion at 12 months
[62, 63].

9.2.11 Cellular and Tissular Level

If the relationship between the stent and the wall
has been extensively studied in cardiology, the
particularity of the animal studies that focus on
flow diverters is that it is the free segment of the
stent (FSS) located at the level of the neck of the
aneurysm (where there is no contact between the
stent and the wall) that is the major zone of
interest.

Indeed, the FSS must undergo biological
changes in order to allow the occlusion of the
aneurysm. In the first days (D1-3), there is a
denudation of the endothelial cells of the artery
where the DF is implanted. There are also islands
of inflammatory cells at the wire intersections at
the level of the FSS. Neonintimal formation at
the artery is quite rapid compared with the more
delayed formation at the FSS (Fig. 9.13).

There are two potential sources of neointimal
and neoendothelial cells to overlay the FSS: cells
from the adjacent arterial wall (near-to-near
migration) and circulating stem cells. For some
authors, the neointima spreads over the FSS
wires from the artery [13]. In this sense, it is pos-
sible that the most perfect possible apposition of
the FD is important to allow this layer to form.
On the other hand, poor FD apposition could lead
to an increase in thrombotic risks. It could also
lead to failure to heal because of channels



9 Flow Diverter Stents

17

Fig. 9.13 (a) Section of the free segment of the FD after
extraction which finds a thick neointima. (b) Neointima
“bridges” are sometimes found on the luminal side that
did not follow the “rule” of a close progression. (c)
Photograph of the FSS of an FD 3 months after implanta-
tion in a canine model. This image shows the neointimal
progression, which starts from the artery and propagates

between the DF and the artery that prevent
migrating progenitor cells from “sliding” from
the artery to the FD [64-66]. A complexification
of these explanations would be to propose a mul-
tifactorial healing process starting from a flow
modulation inducing thrombosis notably at the
dome, with the concomitant neointimal forma-
tion of the FD starting at the portal artery. There
may be a link between thrombus formation and
endothelialization of the FD that is intertwined in
the healing process.

over the FD guides, predominating at the crossings, and
proceeding in the direction of flow. (d) Shows the luminal
aspect of the FSS of an angiographically occluded aneu-
rysm at 3 months and finds a continuous neointimal layer
on the surface of the FD. Courtesy of J. Raymond —
I. Salazkin — A. Makoyeva (Montréal)

9.2.12 Factors Related to Aneurysm
Characteristics

9.2.12.1 The Importance of Aneurysm

Size and Volume

It is likely that the size and total aneurysmal vol-

ume have an impact on the efficacy of FDs. In a

review of the literature, experiments in large ani-

mals that resulted in aneurysms with larger vol-

umes had lower efficacy rates than experiments

involving smaller aneurysms [67].
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9.2.12.2 The Importance of a Curve at
the FSS or Covered Branch

FD has been shown to be more effective in lateral
aneurysms in straight arteries than in curved
arteries, regardless of whether one or more FDs
are used [68]. The angle between the FSS and the
direction of flow is important as studied by CFD
[69]. The more parallel the flow is to the FSS, the
better the conditions seem to be for providing
support to the neointima. In the case of a curved
FSS, which concerns a major part of the clinical
situations, the porosity of the implant is of course
more important at the convexity of the curve
(Fig. 9.14).

9.2.12.3 Lateral or Bifurcation
Aneurysms and Fusiform
Aneurysms

Some authors have studied the efficacy of the FD

in bifurcation aneurysm situations and report a

low rate of efficacy [70]. Flow diversion in the

treatment of bifurcation aneurysms may be less

effective because of the presence of a branch cov-

ered by the DF. Thus, in some experiments, the
presence of a branch from the aneurysmal neck
or fundus has been identified as a factor for fail-
ure [71]. Some anatomic configurations (lateral
aneurysms) facilitate complete ap-positioning of
the FSS at the aneurysm neck allowing continu-
ous neointimal coverage along the DF wires
(Fig. 9.15). This is more commonly encountered
in lateral aneurysms and is not possible in bifur-
cation aneurysms in which the SSF only partially
covers the neck. The size of the neck is also a
factor influencing the outcome.

9.2.12.4 The Covered or“Jailed”
Branch

The presence of a covered, or “jailed” branch
arising from the neck or aneurysm is often cited
as a cause of ineffective FDs. An FSS can cover
both the neck of the aneurysm and a branch. It is
desired that this branch remains open, with no or
minimal occlusive tissue formation at its ostium.
Darsaut et al., in a canine model of a lateral aneu-
rysm with a branch, demonstrated the ability of
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Fig. 9.14 (a-d) placement of an FD (PED) for the recanali-  aneurysm, in a quite straight segment, and the stent was
zation of a left carotid-cave unruptured aneurysm. The angio-  placed with push providing a good compaction at the neck (e).
architecture permits here to have the FSS in front of a lateral ~ Control angiogram at 6 months showed a total occlusion (f)

Fig. 9.15 Recurrent aneurysm of previously ruptured Posterior Communicating artery and simple coiling with
Posterior Communicating artery was treated with FD (a).  the concomitant use of a balloon inside the FD (d, e).
Persistence of a flux within the sac was noted for 12  Control angiogram at 6 months of the retreatment showed

months after the treatment by FD (b, ¢) and retreatment  a total occlusion of the aneurysm (f)
was performed using direct access of the sac through the
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Fig. 9.16 Recanalization of a previously ruptured left
posteroinferior cerebellar artery initially treated by coils
(a). Stenting with an FD in the vertebral artery, covering
both aneurysm neck and PICA ostium (b—e). The control

the FD to occlude the aneurysm while leaving the
branch open [72] (Fig. 9.16). To date, in animal
models of large bifurcation aneurysms, the FD
has failed to occlude these aneurysms, which cor-
roborates some clinical papers that have, for
example, shown the ineffectiveness of FDs in
bifurcation aneurysms with a jail branch consid-
ered hemodynamically significant [68, 73].

9.2.12.5 Factors Related to the Choice
of the FD

The effects of the FSS on flow are influenced by
the porosity and pore density, which are them-
selves related to the thickness of the unitary wires
and the distance between them [74]. The final
porosity of the FSS differs significantly from the
nominal porosity, which should be a characteris-
tic given by the manufacturer. The more over-
sized a DF is in relation to the artery; the longer
and more porous its transition zone is, and the
greater its deformation is. Conceptually, a high
pore density decreases the physiological distance

L - & t-

angiogram at 6 months showed a preserved patency of the
PICA. The aneurysm is still circulating but partially col-
lapsed (f)

between unitary wires facilitating neointimal
coverage from proximal to proximal. Sadisvan
et al. showed that pore density was a more impor-
tant parameter than porosity in terms of effective-
ness [20]. It is likely that increasing the number
of wires, thus affecting the two cardinal parame-
ters of porosity and pore density, will increase the
effectiveness of the implant. Hong et al. showed
that the amount of neointima formed was propor-
tional to the amount of metal coverage (MC) of
the implant [75]. In clinical practice, the diameter
of FD is usually chosen in relation to the proxi-
mal diameter (proximal delivery zone), with a
degree of oversizing always present to avoid the
risk of migration. This oversizing is often greater
at the distal anchor zone because of the progres-
sive decrease in vessel caliber. The degrees of
expansion are variable and the stent will expand
where space is available, either at the aneurysmal
neck or in covered branches of significant caliber.
This deformation will be even more important if
the FD is oversized. The TZs between the areas
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compressed by the vascular tree and the uncom-
pressed areas are areas of lower porosity.

Compaction of the Flow Diverter by

the Operator

Compaction of the device during deployment
will decrease the porosity of the implant to
increase its potential to reduce aneurysmal flow
and provide better support for neointimal forma-
tion. Unfortunately, the transition zones are not
accessible to compaction by the operator and
their porosity is even more important when the
implant is oversized in diameter. Their responsi-
bility in post-FD failures is likely, especially
since these zones are often located in the flow
entry zones [68, 69].

9.3 Clinical Studies

9.3.1 Efficacy

Numerous series report the efficacy rates (in
terms of angiographic occlusion) as well as the
morbidity and mortality rates of the use of the
flow diversion technique. The differences within
these series are numerous and are related to: the
characteristics of the treated aneurysms, such as
their nonproximal location, or at a bifurcation
[76-79]; the context of their use, ruptured aneu-
rysms [80-82], blister dissections [83, 84], surgi-
cal wounds [85, 86], aneurysmal recurrences
[87]; the FD type [87, 88].

The FDA approval followed the PUFES study, a
prospective uncontrolled study that obtained
73.6% complete occlusion at 6 months and a
morbidity rate of 5.6% in 107 patients [89].
Similar efficacy and morbidity figures have been
found in many prospective registries, such as
InterPED [90].

In the meta-analysis of Arrese et al. [91], 15
studies were analyzed for a total of 897 patients
with 1018 aneurysms. The mean duration of
patient follow-up was 8.5 months. The early mor-
tality rate (1 month) was 2.8% (1.7% hemorrhage
and 0.9% ischemia). The early neurological mor-
bidity rate was 7.3%. At more than 1 month, the
most frequent complication was ischemia (3.6%),

followed by mass effect (1.1%), and rupture
(0.9%). The delayed mortality rate was 1.3%
(total 4.1%) and the delayed neurological mor-
bidity rate was 2.6%. This represents a total of
14% of morbidity and mortality over the average
follow-up period (8.5 months. With regard to the
occlusion rate, the average rate was 76.2%. The
authors mention that in light of their work the
results with FDs are worse than in reported series
of coiling, or even clipping [92, 93]. The bias
here is obvious, and the conclusion severe if FDs
were used after ruling out other treatments
(Figs. 9.17 and 9.18). However, the high rate of
occlusion at 9 months questions whether this
population is predominantly composed of com-
plex aneurysms.

The meta-analysis of Brinjikji et al. [94]
included a total of 1451 patients and 1654 aneu-
rysms. The 6-month complete occlusion rate was
76%. Procedure-related morbidity was 5% and
mortality was 4%. The postprocedure subarach-
noid hemorrhage rate was 3%. The rate of intra-
cerebral hemorrhage was also 3%. The rate of
infarction was also 3%, significantly lower in the
anterior circulation than in the posterior circula-
tion. The same is true for the rate of ischemic
events, which was 6%, and significantly lower in
the anterior circulation than in the posterior
circulation. This meta-analysis shows that FD
treatment is safer in small aneurysms with a
lower rate of ischemic events and subarachnoid
hemorrhage. These complication rates are in
agreement with a systematic review by Briganti
et al. who found a mean neurological morbidity
of 3.5% and a mean mortality of 3.4% [95]. And
also with Lv et al. that analyzed 29 studies or
1524 patients between 2009 and 2014 and
reported a morbidity of 14% and a mortality of
6.6%. In this latter study, fusiform, dissecting,
circumferentially implanted, posteriorly located,
and distal aneurysms were the selected risk fac-
tors [96].

Considering flow diversion among MCA,
anterior communicating artery, and distal ante-
rior cerebral artery aneurysms, the recent meta-
analysis of Cagnazzo et al. [97] included 27
studies (484 aneurysms). The long-term adequate
occlusion rate (O’Kelly-Marotta scale, C-D)
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Fig. 9.17 Illustrative case for the use of FDs in complex
cases. Case of a 53 years old female that presented with
rapidly progressive intracranial hypertension symptoms.
MRI revealed a giant partially thrombosed right Sylvian
aneurysm (a). Treatment was performed by coiling and

was 82.7%. Treatment-related complications
were 12.5%, with 5.4% morbidity. MCA location
was an independent factor associated with lower
occlusion (OR = 0.5, P = 0.03) and higher com-
plication rates (OR = 1.8, P = 0.02), compared
with anterior communicating artery and distal
anterior cerebral artery aneurysms. Large/giant
aneurysms were associated with higher odds of
complications (OR = 2.2, P = 0.03). The rates of
occlusion and narrowing of arteries covered by
flow-diverter stents were 6.3% and 23.8%,
respectively. Symptoms related to occlusion and
narrowing of the jailed arteries were 3.5% and
3%, respectively.

Regarding the posterior circulation, data from
previous reviews are in agreement with a meta-
analysis that was published in Neuroradiology in
2016, including 14 studies for a total of 225 pos-

flow diverter (Silk Vista Baby) after a craniectomy (b—e).
Follow-up images performed at 12 months showed the
near-complete occlusion of the aneurysm sac and a sig-
nificant reduction of the mass effect that permitted to
replace the bone flap (f)

terior circulation aneurysms in 220 patients. The
procedure-related mortality rate was 15%, with
an occlusion rate of 84%. The rate of ischemic
events was 11% (7% related to perforators). The
post-procedure subarachnoid hemorrhage rate
was 3%. The rate of intracerebral hemorrhage
was 4% [98].

9.3.2 Classifications

To evaluate our interventions, we have no choice
but to reduce the variety and heterogeneity of
clinical outcomes [99, 100]. It is best to judge the
outcomes of these interventions in a reduced
number of categories. The names of these catego-
ries must then be determined in order to differen-
tiate successes from failures. Angiographic
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Fig. 9.18 Illustrative case for the use of FDs in complex
cases. Patient of 25 years old presenting with diplopia.
MRI found and fusiform aneurysm with parietal hemor-
rhagic and thrombotic changes responsible for a brain-
stem focal ischemia (a—d). After a preventive posterior

judgments after coiling of cerebral aneurysms are
generally reported using the Roy/Raymond clas-
sification which judges occlusion in three catego-
ries of aneurysm occlusion (complete occlusion,
residual neck, or residual aneurysm). While this
scale is easy to use for judging coiled aneurysms,
there are limitations in the reproducibility of
assigning an angiographic result to a coiled
patient by different observers [101]. Similar
results have been obtained in magnetic resonance
[102]. The same classification has been used to
evaluate post-FD results, but its appropriateness
is questionable. Indeed, residual aneurysms are
common findings after FD placement, and occlu-
sion results have the potential to improve with
time. The situation is different with the coiling of

fossa craniectomy, an occlusion of the post-PICA seg-
ment of the right vertebral artery was performed, and 2 FD
were placed after the implantation of a tutor stent (Leo)
and coiling (control angiogram at 3 months: e, f)

cerebral aneurysms where it is desired that the
end result persists. A residual neck is often an
acceptable outcome in the follow-up of a coiled
aneurysm. This may also be the case with FD
treatment, but not always, because even slow
opacification of an FD-treated aneurysm may be
sufficient to sustain a mass effect, aneurysm pro-
gression, and in some cases rupture. Several clas-
sifications dedicated to post-flow diversion
angiographic findings have been proposed. The
main are listed below.

9.3.2.1 O’Kelly-Marotta (OKM)
Classification [103]

In this classification, a grade is assigned to each

aneurysm based on the degree of initial opacifica-
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tion (ABCD) and the degree of stasis [1-3]
observed during the degree of initial opacifica-
tion (ABCD) and the degree of stasis [1-3]
observed during different angiographic phases
(arterial = 1, capillary = 2, and venous = 3).

e A: Total opacification

e B: Subtotal opacification
e C: Residual collar

e D: Complete occlusion

9.3.2.2 Kamran-Byrne (KB)
Classification [104]

This classification is proposed for saccular and
fusiform aneurysms. For both types of aneu-
rysms, it documents two items: the degree of
aneurysmal occlusion using a 5-grade classifica-
tion for aneurysmal occlusion and a three-point
classification for the artery.

Item 1: Degree of occlusion for saccular aneu-
rysms (an equivalent exists for fusiform
aneurysms)

e Grade 0, No change in intra-aneurysmal flow

e Grade 1, Opacification of more than 50% of
initial aneurysm volume

e Grade 2, Opacification of less than 50% of ini-
tial aneurysm volume

e Grade 3, Opacification limited to the region of
the aneurysmal neck

e Grade 4, Complete occlusion

Item 2: Assessment of the artery.
e “a”: No change in caliber of the artery
e “b”: Stenosis of the artery

[IPRIN

e “c”: occlusion of the artery

9.3.2.3 Grunwald Classification
(SMART) [105]

This classification includes 5 grades from O to 4.
This classification is the same for saccular aneu-
rysms and fusiform aneurysms. The SMART
classification takes into account the appearance
of the inflow, the stasis (a, b, or ¢), and the loca-
tion of residual opacification within the aneu-
rysm as well as the degree of stenosis of the
artery.

Assessment of the occlusion

e Grade O (arterial time): Early in-jet is found

e Grade 1 (venous time): The aneurysm is
circulating

e Grade 2 (venous time): The walls and the
dome are judged to be unsafe

e Grade 3 (venous time): The walls and the
dome are judged secure

e Grade 4 (venous time): Complete occlusion

Hemodynamic evaluation
* “a”: no significant stasis
* “b”: stasis is visible in the capillary phase

@ 99,

e “c”: stasis is visible in the venous phase
Carrier axis, intra-stent stenosis (ISS):

e Grade 0: No stenosis

e Grade 1: Mild stenosis

e Grade 2: Moderate stenosis

e Grade 3: Severe stenosis (>70%)
e Grade 4: Occlusion

9.4 Complications

They can be neurological or systemic. When they
are neurological, they are of two main types,
ischemic or hemorrhagic. They may or may not
be symptomatic; simply revealed by follow-up
examinations. The main difficulty is their defini-
tion, because it is obvious that the reported rates
will differ according to the definition. In the case
of the flow diverter, the implant puts the artery at
risk permanently and complications may occur in
a delayed fashion. This is important because case
series often have a short average follow-up time,
which may not reveal these complications at a
distance.

9.4.1 Ischemic

Endovascular treatment that requires intra-
arterial implantation of a metallic prosthesis
raises concerns prosthesis, raises fears of throm-
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boembolic complications (TE) similar to throm-
boembolic (TE) complications similar to the
subacute  thrombosis  encountered during
angioplasty-stenting of stenosing coronary or
peripheral arteries [106]. They are largely related
to uncontrolled platelet aggregation on the sur-
face of the foreign body that has not yet been
incorporated into the wall via neointimal forma-
tion. Flow diversion, therefore, requires a priori
dual antiplatelet therapy, which will be discussed
in the last paragraph.

TE complications can be immediate or
delayed, symptomatic or not. They can occur at
the level of the stent (Fig. 9.19), but also down-
stream or at the level of a branch covered by the

FD. They represent a wide spectrum of complica-
tions: FD thrombosis, FD stenosis, downstream
thrombus, ischemia of perforators or covered
branches, etc. The heterogeneity of their causes
and presentations also makes their report in clini-
cal series very heterogeneous. However, the rate
of TE complications is reported to be higher in
the posterior circulation, but also in large aneu-
rysms [94, 107]. However, these published data
are limited by the short duration of patient fol-
low-up. Skukalek et al. recently published a lit-
erature review and meta-analysis of post-FD
complications, including TE complications.
Nineteen studies were analyzed for a total of
1110 patients [108]. Their results were as fol-

Fig. 9.19 Illustrative case of a left Sylvian bifurcation
aneurysm, previously ruptured and with multiple sessions
of treatment by coils treated by FD (a, b) under dual anti-
platelets therapy. Intra-stent thrombosis at hour 3, pre-
sented with severe aphasia and right hemiplegia (c).

Rescue manoeuvers of mechanical thrombectomy intra-
stent with anti-GpllIblla infusion (d) yielded to quick
reperfusion (e), but a frontal area of necrosis and aphasia
persisted
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lows: Symptomatic and transient TE: 3.67%.
Permanent symptomatic TE and mortality:
1.35%. Asymptomatic TE: 1.93%.

Early or delayed FD thrombosis is always
reported in a series of about 100 patients, with an
occurrence rate of less than 5% [109]. It is impor-
tant to keep in mind that the indications in which
the first FDs were firstly implanted (proximal
carotid aneurysm) were previously treated by
occlusion of the (carotid) vessel. In these patients,
for whom occlusion was possible, the impact of
complete thrombosis of an FD is assumed to be
low (unless the DF overlaps the bypass of the
polygon of Willis). In this sense Labeyrie et al.
report in January 2015 a series of large or fusi-
form aneurysms treated by occlusion of the sup-
porting axis. The permanent neurological
morbidity in this series was also 5% [110]. Thus,
evaluation of the polygon or usual or unusual
anastomotic support is important to assess before
placement of an FD. In other words, if an FD is
implanted in a patient tolerant of occlusion, it is
important to know this before implant
placement.

Another complication associated with the use
of FD is delayed stenosis of the bearing artery.
Chalouhi et al. report an observation rate of
15.8% of these stenoses, all asymptomatic, in an
angiographic study of 139 patients; 73% of these
stenoses were detected at 6 months [111].

Finally, as shown in the literature on non-DF
intracranial stents, an eventual period of discon-
tinuation of anti P2Y12 is a delicate moment.
One of the causes, always raised by the authors,

is the role of antiplatelets in ischemic and
hemorrhagic complications. Some very late
thrombosis (defined in the cardiology literature
as occurring more than 1 year after implantation)
has been reported [36, 112, 113]. In a series of 86
patients including aneurysms of the anterior or
posterior circulation, Guédon et al. report a 3.5%
rate of late ischemic complications. The other
reported delayed cases are fusiform aneurysms of
the basilar trunk treated with multiple PEDs in a
telescopic fashion. Certainly, neointimal forma-
tion on fusiform aneurysms treated with multiple
PEDs takes longer to achieve. It may also never
be achieved, and the addition of new FDs as sug-
gested by some may not be the answer. The lon-
ger the aneurysm segment, the greater the
thrombotic potential of these FDs seems to be. In
such cases, the authors advise maintaining dou-
ble antiplatelets for a longer duration (more than
1 year). These particular cases are difficult in
practice, because faced with patients who are
clinically worsening, the difficulty is to do
nothing.

Ischemic complications related to perforator
occlusions after flow diversion are well known
and described. Their overall rate is estimated by
meta-analyses to be about 6%. The branch cov-
ered by the FD may be an artery whose vascular-
ization is terminal, of the perforating artery type,
or it may be a branch whose vascularization
regime has or may have suppletions (communi-
cating arteries, pial arteries, ophthalmic artery,
etc.) (Fig. 9.20). With respect to posterior fossa
aneurysms, the number of perforators potentially

Fig. 9.20 Illustrative case of an aneurysm of the right
Sylvian artery with a recurrent branch (a) covered by a
flow diverter (b), yielding to the occlusion of this branch

(depicted on the control angiogram at 6 months, ¢), with-
out symptomatic events
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covered by the FD is very large. The greater num-
ber of complications in the treatment of basilar
aneurysms could be explained by the delicate and
terminal perfusion of the functional structures of
the brain stem, and their limited possibility of
collateralization. With regard to the anterior cir-
culation, Gawlitza et al. report on 18 aneurysms,
17.6% of symptomatic lacunar lesions rapidly
regressed and 29.4% of asymptomatic lacunar
lesions [79, 114-117].

In this context, coverage of the anterior cho-
roidal artery (AchoA) with FDs has been the
subject of several publications [116, 118]. Most
authors report the absence of clinical complica-
tions. However, they report rare cases of asymp-
tomatic occlusions. The AchoA territory can be
supplemented by other contributions. Takahashi
et al. describe 7 cases of retrograde filling of
the AchoA in case of occlusion of the clinoid
ICA occlusion. The normal AchoA presents
anastomoses with the posterior communicating
artery and the PCA. These anastomoses are
located at the level of the choroid plexuses, the
lateral geniculate body, or at the level of the
geniculate body, or at the proximal portion of
the PCA [119].

Another artery often covered is the ophthal-
mic artery. Some authors have reported a 25%
occlusion rate of this artery during FD placement
[114, 120]. Rouchaud et al. performed ophthal-
mologic examinations of 28 patients treated with
FD for carotid ophthalmic aneurysms; 31% of
patients complained of the onset or progression
of visual symptoms. In 39.3% of cases, abnor-
malities were found on ophthalmologic
examination, including retinal emboli and optic
nerve atrophy [114]. Collateral branches to the
ophthalmic artery are numerous, and while proxi-
mal occlusion does not appear to be dangerous, it
is the emboli to the retina that appear to be of
greater concern.

Regarding the coverage of arteries with obvi-
ous bypasses (arteries communicating arteries,
A1l segment with an effective anterior communi-
cator), these may decrease in caliber or become
occluded depending on the hemodynamic

regimes, and this without neurological deficit in
the vast majority of cases [121] (Fig. 9.21).
Another important factor is the actual porosity of
the FD located in front of these branches, which
is influenced by the placement technique (com-
pression of the implant) and by the choice of its
size [122].

9.4.2 Hemorrhagic

When a flow diverter is used to treat an aneu-
rysm, the rate of hemorrhagic complications is
estimated at about 5%, but the figures vary from
0% to 10% depending on the series [80, 123—
125]. The complications described are subarach-
noid and intraparenchymal hemorrhages. These
may be near or distant from the aneurysm corre-
sponding to aneurysmal rupture or parenchymal
hemorrhage. Hemorrhagic complications have a
poor prognosis including major morbidity and
mortality. The management of these patients
under dual antiplatelets therapy is delicate and
the transfusion of platelets, the possible recourse
to surgery, and the risk of DF thrombosis create
clinical situations that are often complicated
[108].

Ruptures following the placement of flow
diverters have been widely reported [126—128]
(Fig. 9.22). Their time of occurrence is not lim-
ited to the perioperative period according to
reported clinical cases. Rouchaud et al. review
the literature and reported that 3/4 of delayed
ruptures occurred within the first month, that in
50% of cases, these were giant aneurysms, and
that in 20% of cases, these ruptures occurred
despite prior coiling. The prognosis of these
ruptures is very poor in 80% of cases [129]. There
are many hypotheses to explain these ruptures:
Related to the thrombus that could cause tran-
sient destabilization of the aneurysmal wall
[126]. Biological origin related to mural hypoxia,
inflammation, and enzymatic degradation. This
biological reaction may cause inflammatory
secretions in the aneurysm wall via proteases in
particular [130]. Hemodynamic origin, such as
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Fig.9.21 Case of a 37 years old female with an Anterior
communicating unruptured “fusiform” aneurysm (a).
Treatment consisted of the placement of an FD in each
A1-A2 segment (Silk Vista Baby) (b—d). Control angio-

the presence of residual flow at the inflow zone
[131] or the rapid creation of an intra-aneurysmal
thrombus that creates an internal force responsi-
ble for tearing the aneurysm sac [132].

Some authors recommend the use of coils
associated with the FD implantation. However,
these coils do not provide perfect protection,
with Siddiqui et al. reporting two cases of rup-
ture after coiling and FD, and Fischer et al.
reported one [133, 134]. Staged techniques, with
initial coiling of the aneurysm fundus followed
by FD implantation, have been reported in cases
of ruptured aneurysms. The goal is twofold: to
avoid early aneurysmal rupture and to maximize
aneurysmal occlusion. However, there is a lack

gram showed the exclusion of the aneurysm, and note the
modification of flux and caliber within both cerebral ante-
rior circulations (e)

of strong scientific data to support this strategy
except [81, 135].

Intraparenchymal hemorrhages vary in sever-
ity depending on the situation and the size of the
hematoma. There is no consensus for the man-
agement of these hemorrhages, and attitudes
obviously depend on the clinical presentation.
Depending on the clinical presentation, several
options are possible: modification, or not, of the
antiplatelet regimen, recourse to surgery [124,
136].

The most common explanation is the hemor-
rhagic transformation of a silent ischemic lesion,
aggravated by double antiplatelet aggregation.
However, it is interesting to note that no prior
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Fig. 9.22 Patient of 53 years old presented with a SAH
(mFisher 4) WENS 1 (a). Cerebral angiography did not
depict a saccular aneurysm, but a late-filling and stagnat-
ing millimetric area rising from the right retro-carotidian
segment. Conservative management was primarily
decided, and control angiography at day 7 showed a slight

ischemic lesion was observed in the reported
cases of hematoma. Yet, these patients frequently
have postprocedural control imaging, but MRI
series have shown that silent ischemic lesions are
common [137]. One could always imagine a
hemorrhagic transformation of a small lesion, or
of an ischemic lesion that took place remotely
from the procedure. Other authors have sug-

rebleeding and growth of the aneurysm (b). FD placement
under dual antiplatelet therapy was decided and done on
day 7 (c). Early control CTA at day 8 was performed fol-
lowing a clinical deterioration, and showed a rebleeding
(d), note the absence of opacification of the aneurysm and
the patency of the FD

gested microscopic embolisms of foreign bodies
(PVP, polyvinylpyrrolidone), composed of the
internal linings of catheters, which have been
found in the brain parenchyma of patients who
died of post-FD hemorrhagic complications
[138].

Another original explanation is the modifica-
tion by the flow diverter of the compliance of the
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vessel in which it is placed. This implantation
would change the pressure regime transmitted to
the distal vasculature and would result in a hem-
orrhagic complication [124, 139].

9.5 Antiplatelets Regimen
Antiplatelets are used more and more frequently
in daily practice. They are used pre-procedure,
intra-procedure, and post-procedure, sometimes
for several years following treatment. However,
there are actually no recommendations based on
strong scientific evidence, and the management
of antiplatelets both before and after the proce-
dure remains debated.

The classic preparation, which uses two com-
plementary molecules, Aspirin and Clopidogrel,
has its limitations. The variability of response to
Clopidogrel has been demonstrated, and its link
to ischemic and hemorrhagic complications is
strongly suspected [140]. In this context, some
learned societies such as SNIS concluded in 2014
that there is insufficient evidence to recommend
the routine use of platelet function tests [141].
The life span of platelets is 7-10 days.
Approximately 10-15% of the platelet supply is
replaced daily. Tests to assess the degree of plate-
let inhibition are numerous, and the gold standard
is LTA (Light Transmission Aggregometry). In
the field of INR, the most studied test is the
“Verify Now” test, which is the subject of author
recommendations [142]. This test estimates the
ability of a drug to block the P2Y 12 receptor and
thus makes it possible to identify hypo- and
hyperresponders. Indeed, general and specific
reasons make each person’s sensitivity to anti-
platelets such as clopidogrel unique (obesity,
drug interactions, genetic mutations, pro-
coagulant states, smoking, etc.) [102, 143]. The
results are reported in P2Y12 reactive units
(PRU). If the PRU is high: many platelets are
reactive, the risk is thrombotic, If the PRU is low:
few platelets are reactive, the risk is hemorrhagic.
Delgado et al. proposed acceptable values
between 60 and 240 for endovascular stent/DF
treatment of cerebral aneurysms [144]. However,
other authors such as Tan et al. place the thresh-

old at 208 [140]. In his meta-analysis, Skukalek
et al. report the following: a high dose of Aspirin
administered for more than 6 months is associ-
ated with fewer TE or bleeding events. Less than
6 months of Clopidogrel administration is associ-
ated with more TE events. Loading doses of
Aspirin and Clopidogrel are associated with
fewer bleeding events. Platelet inhibition test
results did not correlate with complications
[108]. The data from this meta-analysis appear to
support the use of high-dose Aspirin and
Clopidogrel for at least 6 months in combination
with a pre-procedure loading dose.

Aspirin is a COX-1 inhibitor and prevents the
synthesis of TXA2, which inhibits platelet func-
tion throughout its life. Aspirin is rapidly effec-
tive, with maximum activity measurable as early
as 30-60 min after administration [145]. Small
doses, less than 100 mg, are sufficient to com-
pletely block TXA2 synthesis. However, if a
period of 47 days is required for full normaliza-
tion of platelet activity, normalization of TS is
observed between 48 and 72 h after cessation.
Reversal of the therapeutic effect can be achieved
by platelet transfusion. Resistance to aspirin is
controversial, with reported rates of resistance
ranging from 5% to 40%, and resistance can be
overcome by increasing the dose [146].

Clopidogrel is a hepatically metabolized pro-
drug that induces irreversible ADP blockade at
the P2Y12 surface receptor. Clopidogrel has no
immediate effect at a maintenance dose of 75 mg
but requires 3—7 days to achieve the desired inhi-
bition [147]. A loading dose of Clopidogrel
600 mg achieves platelet inhibition in 24 h
[148]. The definition of resistance varies between
trials and influences the proportion of resistant
patients. The rate of resistance to Clopidogrel
varies between studies and tests used, reaching
over 50% in some series [149]. The most com-
monly reported interaction is with proton pump
inhibitors. This interaction was the subject of an
FDA warning in 2009, and one study suggested
that the combination of Clopidogrel and panto-
prazole should be preferred when these drugs are
used together.

Prasugrel and Ticagrelor have already been
adopted by many teams despite the lack of evi-
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dence of superiority [150] and randomized stud-
ies are needed on this topic. While Prasugrel is a
pro-drug that requires hepatic hydrolysis and oxi-
dation before binding to the P2Y12 receptor,
Ticagrelor does not undergo a transformation
in vivo. Prasugrel, for example, shows less inter-
patient variability than Clopidogrel. The largest
published series is that of Akbari et al., who
reported in a non-randomized study a bleeding
complication rate of 19.4% in the Aspirin/
Prasugrel arm compared with a rate of 3.6% in
the Aspirin/Clopidogrel arm [151]. The authors
also recommend lowering the daily dose of
Prasugrel to 5 mg.

Ticagrelor is not all good. It requires twice-
daily dosing, which decreases compliance, and it
is difficult to antagonize, with little theoretical
efficacy of platelet transfusions in case of bleed-
ing complications. It also has adverse effects
such as dyspnea. It is necessary to be wary of its
drug interactions; thus, it is recommended to
keep the dose of aspirin below 100 mg per day
and to avoid doses above 40 mg of the following
statins: Simvastatin and Lovastatin.

Anti-GplIblla  (Abciximab, Eptifibatide,
Tirofiban) molecules cause more rapid platelet
inhibition than Clopidogrel. They can be injected
intra-arterially or intravenously. They can be
used preventively or in the context of clinical or
angiographic thromboembolic complications.
They can be used during coiling, stenting, or FD
implantation [152-154]. A bolus type protocol
per IV or IA procedure could allow a rapid and
constant platelet inhibition, thus avoiding prior
preparations and tests. However, the modalities
of relaying the treatment which will be continued
orally by the patient raise questions. Indeed, the
interest of a preparation tested before the proce-
dure is the probable obtaining of a stable regime
and a predefined post-procedure treatment. If a
per-procedure bolus approach were to be applied,
the post-procedure therapy should not suffer
from resistance and/or an excessive rate of bleed-
ing complications. In these cases, molecules such
as Prasugrel and Ticagrelor may be interesting
because of their efficacy, but may also raise con-
cerns about an increase in the bleeding complica-
tions described in the cardiology literature [155].

Similar in action mechanism to Ticagrelor,
Cangrelor allows intravenous administration and
offers the benefit of a very short duration of
action (2 min) with a half-life of 3 to 6 min after
stopping the infusion. Cangrelor may be a feasi-
ble alternative for patients requiring immediate
intervention with the use of FD. It allows the pos-
sibility for a secure transition to long-term
ticagrelor and progression to surgery in the set-
ting of unexpected complications, but the recent
introduction of an intravenous P2Y12 inhibitor
further adds to the multitude of modalities and
contexts in which changes in therapy can occur
[156-158].
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