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BACKGROUND AND PURPOSE: FD technology enables reconstructive repair of otherwise difficult-to-
treat intracranial aneurysms. These stentlike devices may induce progressive aneurysm thrombosis
without additional implants and may initiate complete reverse vessel remodeling. The associated
vascular biologic processes are as yet only partially understood.

MATERIALS AND METHODS: From 12 different centers, 13 cases of delayed postprocedural aneurysm
rupture were recorded and analyzed. Symptom, aneurysm location and morphology, and the time
elapsed from treatment until rupture were analyzed.

RESULTS: There were 10 internal carotid and 3 basilar artery aneurysms. Mean aneurysm diameter
was 22 � 6 mm. Eleven patients were symptomatic before treatment. A single FD was used for all
saccular aneurysms, while fusiform lesions were treated by using multiple devices. A supplementary
loose coiling of the aneurysm was performed in 1 patient only. Ten patients developed early aneurysm
rupture after FD treatment (mean, 16 days; range, 2–48 days); in 3 patients, rupture occurred 3–5
months after treatment. In all cases, most of the aneurysm cavity was thrombosed before rupture. The
biologic mechanisms predisposing to rupture under these conditions are reviewed and discussed

CONCLUSIONS: FDs alone may modify hemodynamics in ways that induce extensive aneurysm
thrombosis. Under specific conditions, however, instead of reverse remodeling and cicatrization,
aggressive thrombus-associated autolysis of the aneurysm wall may result in delayed rupture.

ABBREVIATIONS: AAA � abdominal aortic aneurysm; approx. � approximate; AR � aspect ratio;
CCF � carotid cavernous fistula; DSA � digital subtraction angiography; FD � flow diverter; HE �
hematoxylin-eosin; ICA � internal carotid artery; L � left; Max. � maximum; NA � not applicable;
PAO � parent artery occlusion; R � right

The advent of FD implants has provided a new endovascular
tool for reconstructive treatment and vascular remodeling

of broad-based, large or giant, and fusiform aneurysms, for

which conventional reconstructive surgical or endovascular
treatment methods are either not feasible or are prone to a
high recurrence rate.1,2 Although long-term follow-up data
are not yet available, promising experience is accumulating for
treatment of such aneurysms.1-5 On the basis of flow-diver-
sion concepts alone, progressive aneurysm thrombosis and
reverse remodeling of the aneurysm and the vessel wall are
expected, without the use of additional embolic material. The
time course of this healing process is as yet unclear, and there
likely exist individual differences, influenced by factors in-
cluding the type of FD and resultant flow change, parent vessel
geometry, aneurysm size and morphology, and blood coagu-
lation parameters.

After the first reports of aneurysms rupturing weeks after
flow-diversion treatment with the Silk FD (Balt Extrusion, Mont-
morency, France)6 and the competing Pipeline Embolization De-
vice (ev3, Plymouth, Minnesota) (P.K. Nelson, unpublished data,
Annual Meeting of the American Society of Neuroradiology,
Boston, Massachusetts; May 19, 2010), our aim was to collect
similar cases, analyze them, and try to understand the mecha-
nisms leading to delayed rupture during the healing process.

Materials and Methods
This retrospective analysis describes 13 cases from 12 centers world-

wide of delayed hemorrhage following implantation of the Silk FD

device (Balt Extrusion). These cases represent all complications of this

type from the 12 centers, occurring in the 16 months before March

2010. One case (No. 7) has been previously published as a case re-

port.6 According to the internal records of the company, through the
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end of March 2010, �1500 FD procedures were performed with the

device worldwide. Given the lack of reliable worldwide registry on

procedures and complications with the device, the exact incidence of

delayed ruptures could not be assessed.

In all cases, treatment was performed with the intention to cure a

large or giant wide-neck saccular or fusiform intracranial aneurysm

otherwise difficult to treat, and flow diversion was judged to be the

most appropriate treatment option (On-line Table). All patients re-

ceived aspirin and clopidogrel therapy before treatment, which was

continued for 2–3 months after FD implantation (depending on the

individual center) or until rupture. Eight of the 9 saccular lesions were

treated with the FD alone. One saccular aneurysm was treated with

the FD and additional very loose coil packing of the aneurysm. The

fusiform aneurysms (n � 4) were treated with initial implantation of

1 or 2 LEO� stents (Balt) to provide intravascular support for the

complementary added less rigid FD. All patients underwent fol-

low-up imaging by CT/CT angiography or MR/MR angiography be-

tween treatment and delayed aneurysm rupture; all, except 1, under-

went imaging after rupture.

To identify common features in these cases, we analyzed risk fac-

tors for rupture and symptoms before and after FD treatment, aneu-

rysm morphology and AR (dome height to neck ratio), treatment

details, clinical evolution, and time between treatment and rupture.

Changes in flow pattern (ie, inflow jet, contrast material stagnation)

before and after FD implantation were assessed by reviewing the rel-

evant DSA sequences (2–3 images/s); computational fluid dynamic

analyses were not performed. Evolution and volume of aneurysm

thrombosis after FD treatment were estimated from the available

brain imaging studies. Pathologic samples, when available, were also

assessed.

Results

Patient and Aneurysm Characteristics
The mean age of the 13 patients was 60 � 11 years, and there
were 9 women. Eleven aneurysms were symptomatic, with
neurologic symptoms due to mass effect or recent onset of
alarming headaches. Nine patients had known hypertension; 2
were active smokers. Two patients were admitted with a sus-
pected sentinel leak and were treated in the acute phase.

The aneurysms arose from the cavernous (n � 2) and su-
praclinoid (n � 8) ICAs and the basilar trunk (n � 3). Of the
4 fusiform aneurysms, 3 affected the basilar trunk and 1, the
terminal ICA. All 9 saccular lesions were broad-based, involv-
ing a major part of the circumference of the parent vessel. All
aneurysms were large or giant, with a mean diameter of 22 � 6
mm. For the saccular aneurysms, the mean dome size was
20 � 3 mm and the mean AR was 3.1 � 0.9. The mean � 7.5
SD transverse diameter of the fusiform aneurysms was 27 mm
(range, 17–35 mm). Two of the saccular aneurysms showed
partial thrombosis (approximately 70% and 20% of the aneu-
rysm volume) before treatment. PAO was not considered as an
alternative treatment option in 9 of the 13 cases. In the other 4
cases, a test occlusion was performed; in only 1 was PAO con-
sidered feasible.

Treatment
At the end of the procedure, the FD was implanted as desired
in 11 of 13 cases. In 2 cases, the device was not completely open
despite postdeployment manipulations. Thromboembolic

complications occurred in 4 patients during the procedure,
resulting in ischemia-related neurologic deficits.

Flow-Pattern Changes after FD Implantation
On the basis of conventional DSA images, an inflow jet was
identified before device implantation in 12 of 13 patients. Af-
ter device implantation, this was still present and clearly iden-
tifiable in 11 cases (Fig 1). FD placement increased contrast
material stagnation in the aneurysm cavity in all cases.

Clinical and Radiologic Evolution Following FD
Implantation
From the 13 patients, 10 had an acute and diffuse subarach-
noid hemorrhage and 2 patients with a cavernous aneurysm
developed a CCF, all suggestive of rupture of the treated an-
eurysm. One patient (No. 1) with a 21-mm proximal M1 seg-
ment aneurysm had a hemorrhage with intraventricular ex-
tension at the head of the caudate nucleus, which was in close
conjunction with the dome of the aneurysm. This bleeding
was also suggestive of aneurysm rupture rather than of hem-
orrhagic transformation of an infarct because no ischemic
changes were seen on the 8-hour posttreatment control CT
scan. Four patients developed severe headaches during the pe-
riod between treatment and rupture. Eight patients received
corticosteroids at some time after treatment for aneurysm
mass effect�reduction purposes. On the basis of the time be-
tween treatment and aneurysm rupture, patients were sepa-
rated into groups with early (�3 months) and late (3–5
months) rupture. Patients in the early rupture group (n � 10)
were still receiving both aspirin and clopidogrel treatment.
The mean treatment-to-rupture time was 16 days (range,
2– 48). Patients in the late rupture group (n � 3) were receiv-
ing aspirin alone. The mean treatment-to-rupture time was
132 days (range, 110 –150 days). Most interesting, 1 carotid
cavernous aneurysm (No. 11) still showed complete patency at
3 months, at which time clopidogrel treatment was stopped.
The aneurysm ruptured 20 days later, at which time it was
already largely thrombosed.

Aneurysm Thrombosis
At follow-up imaging, 12 of the aneurysms were partially or
completely thrombosed. In the case in which additional coil
packing was performed, thrombosis could not be assessed.
Two aneurysms were completely thrombosed, and in the
other cases, most of the lumen was occluded by thrombus, as
estimated from the imaging studies (mean occlusion, �80%;
On-line Table).

Pathology Results
Postmortem dissection and detailed histopathologic examina-
tion were performed in patients 5 and 6, showing a massive
subarachnoid hemorrhage. Macroscopically, both aneurysms
showed massive organizing intraluminal thrombus and mural
thinning at the site of rupture (Fig 2). Microscopically, the
aneurysm wall at the site of the rupture was extremely thin,
with mural necrosis, loss of fibrous tissue and medial smooth
muscle cells, and infiltration by macrophages extending from
the adventitial surface (Fig 3).
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Discussion
In this multicenter case series of aneurysms rupturing after
flow-diversion treatment, we analyzed each case and identi-
fied common features potentially contributing to delayed deg-
radation of the aneurysm wall and subsequent rupture.

Rupture-Risk Assessment before Treatment
All patients belonged to a relatively high-risk group, most pre-
senting with a combination of multiple risk factors for rup-
ture. Eleven aneurysms were symptomatic before treatment,
and symptomatic aneurysms have a relative risk for rupture of
8.3 compared with asymptomatic ones.7 Most patients had
hypertension. With a mean aneurysm size of 22 mm and with
all lesions being �15 mm, the rupture risk further increased.8

For saccular aneurysms, a high AR (�1.6) has been shown
to correlate with aneurysm rupture.9 In our series, the mean
AR for the 9 saccular aneurysms was 3.1 and was �1.8 in all
cases. In a study by Ujiie et al,10 an AR of �1.6 correlated with
slow flow in the dome area, resulting in low wall shear stress.
This is known to cause aggregation of blood cells along the
intimal surface,10 endothelial dysfunction, and cell loss.11 This
result, in turn, leads to intimal damage, thrombosis, and in-
tramural inflammation with further degeneration of the aneu-
rysm wall.12 In principle, these processes, leading to degener-
ation of the aneurysm wall and eventual rupture, may also

have important biologic effects on the aneurysm wall after
treatment. Although most large and giant aneurysms, like in
our series, tend to have a high AR, this indirect sign of aneu-
rysm wall vulnerability and fragility may become more rele-
vant when addressing the delayed rupture risk of aneurysms
smaller than those from this series.

Treatment Effects with FD Implantation
FD implantation resulted in significant flow changes in all cas-
es; however, inflow jets as recorded before treatment were still
present immediately after treatment in most patients. With in
vitro studies and numeric simulations of FD hemodynamic
effects, such a lack of flow change has been observed with
inertia-driven flow (when the arterial flow points to inside the
aneurysmal sac) compared with shear-driven flow.13 There-
fore, FD effects in an individual patient depend on local flow
conditions and are mainly governed by parent vessel geometry
and aneurysm configuration. A possible undesirable effect of
insufficient flow diversion may be the induction of a detri-
mental intra-aneurysmal flow pattern. FD treatment could
therefore lead to a sudden change in flow pattern, with conse-
quent increased stress to areas that were not previously ex-
posed to strain. This might play a leading role in rupture if
there is no or only partial thrombosis.

Treatment with FDs changed the intra-aneurysmal hemo-

Fig 1. Patient No. 3. A, Posteroanterior view DSA image of an incidentally discovered left ICA parophthalmic aneurysm. B, Persistence of the inertia-driven inflow jet (arrow) is shown
after device deployment. C and D, Nonenhanced CT scan 2 days after intervention shows already partial thrombosis of the aneurysm (C ), and a CT angiogram at day 5 shows massive
subarachnoid hemorrhage and only a minor portion of the aneurysm that is still perfused, corresponding to the inflow jet area (open arrow) (D ).
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dynamics resulting, in all cases, in complete or significant
thrombus formation in the aneurysm cavity. The reduced but
persisting intra-aneurysmal flow could provide a basis for
continuous thrombus renewal. This is known to favor auto-
lytic aggressive thrombus formation.14

Role of Intra-Aneurysmal Thrombus in Delayed
Aneurysm Rupture
Thrombus developed in the aneurysm sac in all cases after FD
treatment, suggesting that in some circumstances, intralumi-
nal thrombus may contribute to the pathophysiologic cascade
ending in rupture in both untreated and treated aneurysms. In
clinical studies, besides increased de-endothelialization and
aneurysm wall infiltration by leukocytes,15,16 the presence of
fresh and organizing luminal thrombus was identified as a key
factor leading to aneurysm wall degradation and correlating
with aneurysm rupture.15

On the other hand, thrombus formation is the first step
leading to permanent aneurysm repair through cicatrization
and reverse remodeling of the vessel wall. Coil and FD treat-
ment have demonstrated well their great potential to induce
this pathway of cure through thrombosis.1,2 It is unclear why
thrombosis may lead to cure in some cases, whereas in others,
it appears to trigger increased autolysis, which may overload

the biologic defense mechanisms of the vessel wall and result
in aneurysm rupture.

Similar pathologic processes are observed and have been
extensively investigated in AAAs. In AAAs, mural thrombus
forms along the aneurysm wall in permanent contact with the
flowing blood and undergoes continuous thrombolysis and
renewal.14 Mural thrombi within AAAs are characterized by
an absence of organization and cell colonization17 and are as-
sociated with a thinner arterial wall, more extensive elastolysis,
a lower attenuation of smooth muscle cells in the media, and a
higher level of immunoinflammation in the adventitia.14 By
aggregating platelets continuously entrapping circulating
white blood cells and absorbing plasma components, the mu-
ral thrombus acts as a source of secreted proteases within the
aneurysm, leading to further chemical degradation and weak-
ening of the aneurysm wall with subsequent evolution of the
aneurysm.17 The volume of mural thrombus correlates with
protease activity both in the thrombus itself and within the
aneurysm wall,18 suggesting that the bigger the thrombus, the
more important its biochemical effects.

It is tempting to apply these observations to intracranial
aneurysms. All the aneurysms in our series contained a signif-
icant volume of thrombus following FD treatment, which
filled most or the entire volume of the aneurysm cavity. In the

Fig 2. Patient No. 6. A and B, Posteroanterior view DSA image of a symptomatic fusiform aneurysm of the basilar trunk (A) and lateral view after FD treatment (B ) demonstrate contrast
stasis in the aneurysm. C, 3D CT angiogram obtained 3 days after treatment shows patency of the basilar trunk and lack of aneurysm filling. D, Macroscopic view of the basilar artery
and aneurysm after postmortem examination shows a massive thrombus volume bulging through the aneurysm wall defect. E, HE-stained microscopic view of the edge of the aneurysm
wall rupture shows a partially maintained but vanishing adventitia (black arrow) and disappearance of the vascular tunica media (white arrow).
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2 cases examined histopathologically, thrombus without sig-
nificant organization or cellular colonization was identified, as
described in AAA. That thrombosis may precipitate rupture
was also suggested in patient 11, in whom, as described above,
delayed rupture occurred only after thrombus developed.

In contrast, clinical observations of aneurysms following
spontaneous partial thrombosis do not suggest that thrombo-
sis significantly increases the risk of rupture.19 However the
biologic consequences of stepwise thrombosis may not be the
same as those for a large thrombus developing rapidly. One
could suggest that depending on the quality, quantity, and
evolution of the thrombus, the aneurysm wall might be ex-
posed to varying thrombus-induced autolytic activities,
though this possibility is hypothetic. Furthermore, in the pres-
ence of a large thrombus, defense mechanisms opposing au-
tolysis and wall degradation may be overwhelmed by a large
enzymatic overload. Whether cicatrization and reverse re-
modeling or rupture occur may depend on the balance be-
tween pro- and antiautolytic activities in the aneurysm wall.
Our observations support this hypothesis because the rup-
tured aneurysms in our series were large and thin-walled and
contained extensive thrombus that developed during a short
period.

The temporary swelling and increased volume of a throm-

bosed aneurysm following FD treatment or PAO20 might also
be explained by a similar mechanism, though following grad-
ual rather than rapid thrombosis (the latter favoring rupture).

Cicatrization and reverse remodeling with a decrease in
aneurysm volume are thought to start only after complete
thrombosis.21 According to our hypothesis, by promoting
thrombus within the aneurysm sac and by isolating it from the
circulation, FD devices facilitate this process. Cicatrization
and reverse remodeling are favored when thrombus in the
aneurysmal cavity stops the continuous process of renewal, an
event that becomes more likely following sealing of the lumi-
nal surface of the thrombus by a layer of neointimal tissue and
in-growth of mesenchymal cells.

Major Common Features of the Ruptured Aneurysms
The main goal of this analysis was to suggest a mechanism to
explain the observed delayed aneurysm wall degradation and
rupture. We have identified 4 features in our series that may be
associated with an increased risk of delayed rupture:

1) Large and giant aneurysms, potentially able to contain
large rapidly accumulated thrombi

2) Symptomatic aneurysms suggesting recent growth and
wall instability

Fig 3. Patient No. 5. A and B, Giant fusiform aneurysm of the right distal ICA, right oblique view before (A) and after FD implantation, with a persisting inflow jet (thick arrow) (B ). C,
Cross-section of the aneurysm after postmortem examination shows organized thrombus filling most the aneurysm lumen. Note a dissecting cavity with liquefied clot between the organized
thrombus and the thick part of the aneurysm wall (arrow). D, Microscopic view of the aneurysm after HE-staining at the rupture site shows necrosis and almost complete disappearance
of the aneurysm wall.
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3) Saccular aneurysms with an AR of � 1.6
4) Morphologic characteristics predisposing to an inertia-

driven inflow, not necessarily addressed by a FD device.

In this series, at least 3 of the 4 features were present in all
patients, and in 7 patients, all 4 features were present. Needless
to say, our study was not designed and does not enable us to
assess the relative risk of delayed rupture in the presence of �1
of these features. Nevertheless, delayed-rupture events for all
aneurysms with the above-mentioned characteristics remain
rare after this form of treatment; however, to date, no scien-
tifically reliable registry data are available to address the exact
incidence. We suggest that for delayed rupture to occur, a
complex interaction of multiple factors is required. For intra-
cranial aneurysms, these factors and interactions have, as yet,
been only partially unraveled.

Proposed Treatment Strategy to Avoid Ruptures
On the basis of our observations and our hypothesis, we sug-
gest that measures to prevent the buildup of unstable throm-
bus exhibiting high and aggressive autolytic characteristics fol-
lowing flow diversion may reduce the incidence of delayed
rupture. This might be achieved with aneurysm filling, with
the addition of coils, or by increasing the flow-diverting effect
of the implants. Coils may exhibit favorable effects in stabiliz-
ing thrombus, different from stagnation through flow diver-
sion alone. Deconstructive methods like PAO remain a very
valuable and safe solution when hemodynamically tolerated.
We should not forget the high natural bleeding risk in this
specific group of patients with large and giant aneurysms and
should balance the treatment risk accordingly.

The major limitations of this study are the retrospective
nature of the analysis, the lack of exact data on the incidence of
aneurysm ruptures after FD treatment, and the lack of a con-
trol group that would make comparison with other similar
aneurysms not rupturing after FD treatment possible.

Conclusions
Intra-aneurysmal thrombus formation after flow-diversion
treatment of large and giant intracranial aneurysms may trig-
ger a complex cascade of biologic events, known to have dele-
terious effects on the aneurysm wall. Thrombus formation is a
recognized necessary step to cure aneurysms by endovascular
methods by leading, in most cases, to reverse remodeling and
cicatrization. Under specific conditions, however, aggressive
autolytic effects of the thrombus may lead to delayed rupture.
The effectiveness and, therefore, the success of this otherwise
very promising technique may be improved by identifying an-
eurysms at risk of delayed rupture and by using strategies to
avoid the development of unstable clot.
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