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Abstract
Purpose There is limited information available on the inci-
dence of in-stent stenosis (ISS) secondary to the use of flow-
diverting stents in the intracranial vasculature. We sought
to determine the incidence, severity, and clinical course of
ISS on angiographic follow-up after treatment of saccular
aneurysms with p64.
Methods We retrospectively reviewed all patients who un-
derwent treatment of a saccular (ruptured and unruptured)
intracranial aneurysm with ≥1 p64 between 2011 and
2015. Fusiform aneurysms and dissections were excluded.
Aneurysms with prior or concomitant saccular treatment
(e. g., coiling, clipping) were included. Extradural targets
and aneurysms with parent vessel implants other than p64
were excluded. ISS was assessed on follow-up angiography
and defined as <50% (mild), 50–75% (moderate), or >75%
(severe).
Results In total, 205 patients (147 female, 71.7%; median
age 57 years), with 223 saccular aneurysms were treated
with p64 and had at least 9 months of digital subtraction
angiography (DSA) follow-up completed. There was no
DSA follow-up available in 8 patients. ISS of any degree
at any time was recognized in 65/223 (29.1%) of all target
aneurysms. The maximal degree of lumen loss was <50%
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in 40 lesions (17.9%), 50–75% in 19 lesions (8.5%), and
>75% in 6 lesions (2.7%). ISS did not cause a focal neuro-
logical deficit in any patient. No progression from stenosis
to occlusion was observed. Balloon angioplasty was per-
formed in 1 lesion and was well tolerated. In 56 lesions
(84.8%), a significant reduction of ISS occurred sponta-
neously, 2 mild stenoses remained stable, and for 6 lesions
the long-term follow-up is pending.
Conclusion Treatment with p64 is associated with an over-
all rate of 8.5% moderate ISS (50–75%) and 2.7% severe
ISS (>75%), which is comparable with the rate of ISS re-
ported in the literature for other flow diverting stents. There
is a tendency for ISS to spontaneously improve over time.

Keywords Flow diverter · Stent · Aneurysm · In stent
stenosis · p64

Introduction

The recent introduction of flow-diverting stents (FDS) into
clinical practice to treat intracranial vascular disease has
revolutionized the treatment of intracranial aneurysms.
While much attention has been paid to aneurysm cure
rates, ischemic complications and hemorrhage, little data
has been published on the incidence of in-stent stenosis
(ISS). The p64 is a flow-diverting implant which differs
in material (nitinol and platinum), porosity (51–60%), and
radial force from other devices with the same intended use.
This may have an effect on the incidence and course of
ISS. It was our aim to determine the incidence, clinical
significance, treatment, and course of ISS associated with
p64 used for the treatment of saccular aneurysms.
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Methods

Patient Population

Between 14 December 2011 and 31 December 2015, 233
patients with 255 intracranial saccular aneurysms without
previous treatment of the parent vessel were admitted to our
institution for endovascular treatment with the p64 flow
diverter. For each patient we recorded demographic data,
clinical presentation, location of the target lesion, therapeu-
tic intervention, immediate angiographic and clinical result,
and for 205 patients with 223 aneurysms clinical and radio-
logical follow-up information were available. The data was
anonymously entered into a computer database.

Grading of In-stent Stenosis

ISS was defined as any lumen loss within the implanted
p64(s). Angiographically this appears as a gap between the
contrast filled vessel lumen and the inner contour of the p64.
When there was no such appearance, there was no evidence
of angiographic ISS. ISS was graded to be <50% (mild),
50–75% (moderate), or >75% (severe). Measurements were
carried out using the PACS software (AGFA), which yields
noncalibrated relative distances.

Endovascular Treatment

All treatments were performed under general anesthesia.
Patient informed consent was obtained before the procedure
in all cases. At least one p64 was used in all patients.

All patients received dual antiplatelet medication with
either 1 × 100mg ASA (aspirin) per oral daily and 1 ×
75mg clopidogrel per oral daily for at least 3 days or with
1 × 500mg ASA and 1 × 600mg clopidogrel 24 h prior to
the treatment. The effectiveness of the antiplatelet regime
was tested using the Multiplate® Analyzer (Roche) and
in case of doubt with the VerifyNow® System (Accriva).
Patients nonresponsive to clopidogrel received either 1 ×
10mg prasugrel or 2 × 90mg ticagrelor per oral daily. No
p64 was implanted unless a significant platelet inhibition
was confirmed. The postprocedural regimen included dual
antiplatelet medication for 12 months, followed by 100mg
ASA per oral daily continued for life.

Standard procedures were performed via the right com-
mon femoral route using a 6 F sheath and guide catheter. All
procedures were performed under heparin anticoagulation
with a 3000 IU bolus dose at the start of the procedure and
subsequent 1000 IU bolus doses every hour to maintain the
activated clotting time between 2–2.5 times the baseline.

Procedural Assessment and DSA Follow-up Evaluation

Patency and flow characteristics within the flow diverter
and distal branches were assessed angiographically imme-
diately after placement of the p64s and during follow-up.
Follow-up DSAs were scheduled at 3, 9, and 24 months
after the treatment. In the case of ISS or other potential is-
sues, additional follow-up DSA examinations were offered
according to individual clinical requirements. Only patients
with at least 9 months DSA follow-up were analyzed. Stan-
dard angiographic projections were used to assess the pa-
tency of the vessels and the aneurysms in addition to the
angiographic projections that repeated those used during
the treatment.

Neurological examinations were performed to evaluate
for potential ischemic or hemorrhagic complications in the
postoperative period (<24 h post procedure) and at each
subsequent follow-up visit.

If ISS was seen on any study, the antiaggregation ef-
fect was tested using both the Mutliplate and Verify Now
systems to ensure an adequate level of platelet inhibition.
Once an adequate level of platelet inhibition was ensured,
dual antiplatelet medication was continued until the ISS had
resolved.

Results

A total of 233 patients (165 female, median age 57 years)
were treated for saccular aneurysms with at least one p64
and 205/233 (88.0%) had follow-up DSA examinations per
clinical protocol for at least 9 months, making them eligi-
ble for inclusion in this study. A total of 255 aneurysms
were treated with p64 and 223/255 (87.4%) had at least
9 months DSA follow-up. Six patients were treated for rup-
tured aneurysms and the remaining 227 patients had unrup-
tured aneurysms. A total of 240 aneurysms in 219 patients
were covered by one p64 implanted, in 12 cases two p64
were implanted, and in 3 patients three p64 were implanted.

In total, 23 complications occurred (9%): 6 (2.4%) in
the periprocedural period (<24 h), 7 (2.7%) in the postpro-
cedural phase (24 h–30 days), and 10 (3.9%) occurred after
30 days. The majority of these complications were ischemic
in nature including all seven that occurred in the postpro-
cedural period and six of those that occurred after 30 days.
Two patients had subarachnoid hemorrhages (one postpro-
cedural contralateral asymptomatic, one traumatic during
the F/U period). There were three deaths following the pro-
cedure in this cohort: 1 patient died from a traumatic ICH
during the follow-up period, 1 patient died from pneumonia
due to excessive steroid consumption, and 1 died unrelated
to the treatment.
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Fig. 1 A patient treated with a single p64 flow diverter for an aneurysm related to the superior hypophyseal artery (a). A follow-up angiogram
at 4 months (b) showed severe in-stent stenosis (arrow). She underwent balloon angioplasty. A delayed angiogram 12 months after this balloon
angioplasty shows only mild residual stenosis with no flow limitation

In all, 205 patients, with 223 aneurysms, were avail-
able for a DSA follow-up of at least 9 months or longer.
Of the 223 aneurysms, 158 were associated with no ISS
(70.8%), 40 aneurysms (17.9%) were associated with mild
ISS (<50%), 19 aneurysms (8.5%) were associated with
moderate ISS (50–75%), and 6 (2.7%) were associated with
severe stenosis (>75%).

Of the 149 patients with 163 lesions with no or in-
significant stenosis on the initial follow-up angiogram
(3 months), 3 patients went on to develop mild stenosis and
two developed moderate stenosis. Of those 39 lesions with
mild stenosis on the initial angiogram (3 months), 28 had
complete resolution and 9 lesions remained stable on the
mid-term follow-up and only two persisted and further six
were resolved on the long-term follow-up which is pending
for 1 patient. Two patients developed worsening (one to
moderate, one to high grade) ISS at the subsequent DSA
(9 months). Of those 16 patients with moderate stenosis on
the 3 months angiogram, 12 had either complete resolution
or improvement of their stenosis with 4 patients remaining
stable and only one was not improved on the 1-year follow-
up. All 5 of the patients with severe stenosis at 3 months
had delayed angiograms, 1 was treated with balloon dilata-
tion early in our experience (Fig. 1) and four had either
improved or resolved at follow-up imaging.

Overall the degree of any ISS was seen in 66 (29.6%) of
223 aneurysms at subsequent angiographies and there was
a trend for this to improve spontaneously over time.

Of the 13 patients who had multiple p64 stents implanted
one showed ISS stenosis, which resolved spontaneously.
There was no in-stent stenosis associated with the 3 rup-
tured aneurysms available for the 9 months follow-up.

In 3 patients (1.5%) an occlusion of the p64 was en-
countered. This was in no case associated with a known
ISS and in all patients related to inconsistencies with their
dual antiplatelet medication.

Discussion

Since their introduction into clinical practice flow divert-
ers have provided a viable alternative treatment strategy for
complex aneurysms previously not amenable to endovascu-
lar management. Numerous studies have shown a favorable
safety and efficacy profile [1–5]. The recent meta-analysis
performed by Brinjikji et al. [6] found procedure-related
morbidity and mortality of 5 and 4%, respectively. The
meta-analysis of Wang et al. [7] focused exclusively on
the use of flow diverters in the posterior circulation. In this
scenario procedure related mortality was 15% and ischemic
stroke rate 11%.

While this information is no doubt of extreme impor-
tance when determining appropriate treatment strategies
and consulting patients, little has been published on inti-
mal hyperplasia and in-stent stenosis following the use of
flow diverters in the intracranial vasculature.

Cohen et al. [8] reviewed the delayed consequences of
flow diverters used to treat intracranial ICA aneurysms
<25mm in diameter in 34 patients, 18 treated with the PED
and 16 treated with the Silk (Balt, Montmercy, France) flow
diverters. Serial angiography was performed at 2, 6, 9 to 12,
and 16–20 months post procedure. In-stent stenosis was de-
fined as any growth process beyond the strict limits of the
metallic mesh of the stent metallic mesh and was graded
as mild (<25%), moderate (25–50%), or severe (>50%). In-
stent stenosis was detected in 38% of Silk flow diverters
and 39% of PED’s on initial follow-up angiography. This,
in the majority of cases was mild (9/13); however, 1 patient
had moderate stenosis and another severe, both of which
were seen in association with the Silk stent. One patient
was symptomatic and suffered from recurrent TIA symp-
toms; however, in addition to the mild in-stent stenosis, the
patient also had severe distal tapering of the Silk and it is
more likely the latter was the cause of the clinical symp-
toms.
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In the more recent publication of John et al. [9], long-
term angiographic follow-up (mean length 12.5 months)
was available in 51 patients treated with the PED. In this ret-
rospective study intimal hyperplasia was defined as 1–25%
narrowing. In-stent stenosis was defined as mild (25–50%),
moderate (50–75%), or severe (>75%). In-stent stenosis was
seen in 5 patients (>25 narrowing) and in 4 patients was
graded as mild and the fifth patient moderate. None of these
patients had flow limitation or clinical symptoms. How-
ever, a further 16 patients had intimal hyperplasia (31%).
According to the definition of <25% narrowing as intimal
hyperplasia, we can see that 26% of patients had intimal
hyperplasia in the study of Cohen et al. (9/34). Similarly,
the overall rate of any in-stent stenosis (excluding com-
plete occlusion) in the study by John et al. is 41%, which
is remarkably similar to that seen in the Cohen et al. co-
hort (overall 38%). The findings of the study conducted by
Lubicz et al. [10] are more difficult to directly compare
principally because of the difference in definition (<50%
mild, >50% severe). However, in this study 22 patients had
mild stenosis (49%) which is considerably higher than that
reported by the previously mentioned groups. Our findings
of an overall incidence of 29% in-stent stenosis and 32%
of patients treated are congruent with the findings of other
authors.

The cellular responses that occur following mechanical
vascular injury immediately after stent deployment can be
divided into three different phases [11–13]:

● Early phase – platelet activation and inflammation
● Intermediate phase – granulation tissue and smooth mus-

cle cell migration and proliferation
● Late phase – tissue remodeling

In the early phase endothelial cells are partially or com-
pletely destroyed or crushed and this causes the activation
and aggregation of platelets, infiltrating leucocytes and the
release of various growth factors and cytokines [11, 14, 15].
The response of the endothelium to stent-induced damage
can be further subdivided into three phases – endothelial de-
nudation, re-endothelialization, and/or neo-endothelializa-
tion. The initial destruction of the endothelium initiates the
formation of a thin thrombus layer that covers the vascular
and stent surface even in the presence of dual antiplatelet
agents and heparin [12]. Subsequent to platelet activation
and aggregation there is recruitment of circulating leuco-
cytes [15]. This leucocyte–platelet interaction is critical in
the initiation and progression of neointimal formation [16].

During the intermediate phase, endothelial cells prolifer-
ate and migrate over the injured areas with vascular smooth
muscle cells (VSMCs) and macrophages replacing the fibrin
clot with granulation tissue. The macrophages enhance the
inflammatory response and secrete numerous chemokines

and growth factors and these are required for the healing of
the wounded endothelial surface.

During the late tissue remodeling phase, there is mod-
ification of the VSMCs from contractile to synthetic phe-
notypes. This is important for the generation of extracellu-
lar matrix (ECM), which is eventually deposited in the in-
tima [17]. Eventually a permanent matrix of collagen type I
and III is produced and this allows the complete healing of
the wound. Much of the information regarding the inter-
actions between stents and arterial walls has come from
the cardiology literature and it is yet to be determined if
the same processes occur in the intracranial arteries treated
with flow-diverting stents.

Histological studies have been conducted to determine
how stents repair aneurysms. Kadirvel et al. [18] recently
showed that, in rabbits, the formation of this neointima be-
gins rapidly after stent deployment and that the smooth
muscle cells grow over the stent struts that directly over-
lie the arterial wall. This process then continues over the
aneurysmal neck until the aneurysm is excluded and the
parent vessel is “reconstructed”. The authors suggest that
since the smooth muscle and endothelial cells that grow
over the stent struts are derived from the underlying parent
artery, then optimal apposition of the flow diverter may be
necessary for ideal healing. It is also possible devices with
more wires, and hence more contact with the parent artery
may result in a similar, but more florid response. This would
theoretically not be the same with telescoped flow diverters
since only the first stent is in direct contact with the vessel
wall. In the study by de Vries at al. [19], using the Surpass
stent (which can have up to 96 wires aimed at uniform stent
pore configuration across different vessel diameters), only
4 (n = 30) patients had narrowing and in all these patients
it was <20%. Unfortunately it was not documented which
size of Surpass was used in these cases so no meaningful
conclusions can be drawn from this. Interestingly, in our
series only a single case treated with multiple telescoped
stents developed transient in-stent stenosis.

To our knowledge there is no data currently that suggest
malapposition between a flow diverter and the vessel wall
has an effect on in stent stenosis although there is evidence
to suggest that malapposition is associated with late stent
thrombus in coronary vessels [20]. Similarly late thrombo-
sis as a consequence of poor apposition can increase the
risk for complications secondary to thromboembolic events
[21, 22].

It is also known that malapposition can result in an en-
doleak and incomplete aneurysm occlusion [23, 24]. Two
recent advances in technology may allow us to further de-
lineate the potential role malapposition has on the inci-
dence of in-stent stenosis. Intravascular optical coherence
tomography (OCT) is based on interferometry to scan the
backscatter of a near infrared light source with low coher-
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ence length that is relayed and received via a single fiberop-
tic wire. The wire is simultaneously rotated and pulled back
to obtain a series of images at 100–200 um intervals. Al-
ternatively, and more readily available, is high-resolution
contrast-enhanced cone beam CT (Vaso-CT). This can be
used to assess stent wall apposition and offers inherent ad-
vantages over standard DSA because of its 3D images as
well as over MRI and CT because of the increase in spatial
resolution. Flood et al. [25] compared Vaso-CT to standard
DSA acquisitions and found a good correlation between the
degree of stenosis measured by the two techniques. Simi-
larly, they showed a good correlation between the Vaso-CT
findings and histological examination. Importantly, Vaso-
CT can prove extremely useful in the detection of eccentric
stenosis where DSA can easily overlook this if the projec-
tion angle is not optimized. More recently, van der Marel
et al. [26] compared Vaso-CT and OCT and they found
good correlation between the findings on OCT and Vaso-
CT with OCT being able to detect malapposition with 98%
sensitivity and 81% specificity. Although OCT is currently
not in clinical practice, these preliminary studies suggest
that OCT may be an important tool to assess stent wall
apposition in the future.

Further research is required on the exact determinants
of in stent stenosis and whether there is a significant effect
from aspects such as under or oversizing the device [27],
the effect of wall shear stress (WSS) [28] or even the stent
alloys [29].

Our study has several limitations inherent to a retrospec-
tive design.

Conclusion

Any degree of ISS occurs in approximately 29% of all pa-
tients treated with a p64. More than 50% lumen loss is
encountered in only 11.2%. There is a general trend for im-
provement over time without treatment other than contin-
ued dual antiaggregation. We would, however, advise close
monitoring of these patients as ISS might progress to a crit-
ical level, eventually prompting balloon dilatation, which
can be performed with a high success rate and good safety
margins.
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