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ABSTRACT

BACKGROUND AND PURPOSE: Vascular devices generating high shear stress can cause type 2A acquired von Willebrand disease,
which is characterized by low von Willebrand factor activity accompanied by hemorrhagic complications. The braided mesh structure
of flow-diverting stents with a relatively small strut size can create abnormally high shear stress while arterial blood flows through
the stent struts into the aneurysm, and flow-diverting stent may be associated with reduced von Willebrand factor activity.

MATERIALS AND METHODS: Aneurysmal morphologic parameters and patient data were examined retrospectively among patients
who had an unruptured intracranial aneurysm treated with a flow-diverting stent. The RISTOtest (test for whole blood ristocetin-
induced platelet aggregation) for von Willebrand factor activity, as well as tests for aspirin and clopidogrel/prasugrel effectiveness,
were performed immediately before the endovascular procedure and 24 hours later by multiple electrode aggregometry.

RESULTS: A total of 39 patients with 56 aneurysms were recruited, and statistical analyses were performed in 32 patents with 49
aneurysms. Compared with the baseline values, von Willebrand factor activity was reduced in 16 patients but increased in 23
patients. Aneurysmal variables (eg, neck area, volume, volume-to-neck area ratio, size ratio, and morphologic index) clearly distin-
guished patients with reduced von Willebrand factor activity from those with nonreduced von Willebrand factor activity. The re-
ceiver operating characteristic curve showed that the morphologic index and volume had the highest discriminative power, with an
area under the curve of 0.99.

CONCLUSIONS: In high-volume/large-neck aneurysms, flow-diverting stent implantation can cause reduced von Willebrand factor
activity, which may be linked causally to acquired von Willebrand disease.

ABBREVIATIONS: ADP 4 test for clopidogrel/prasugrel responsiveness; AvWD 4 acquired von Willebrand disease; FDS 4 flow-diverting stent; LVAD 4
left ventricular assist device; vWD 4 von Willebrand disease; vWF 4 von Willebrand factor; RISTO 4 test for whole blood ristocetin-induced platelet
aggregation

Reduced von Willebrand Factor (vWF) activity, secondary to
quantitative and qualitative abnormalities, results in defective

hemostasis known as von Willebrand disease (vWD), the most
frequent hereditary hemorrhagic disease worldwide. Various car-
diovascular diseases, such as aortic stenosis and several congenital
heart diseases, have long been known to cause acquired von
Willebrand disease (AvWD).1 In recent decades, a considerable
number of patients have also been described with AvWD, associ-
ated with vascular devices that create pathologically high shear
stress in the blood. Such devices include the left ventricular assist

device (LVAD) and extracorporeal membrane oxygenation.2,3

vWF is synthesized normally and at normal levels in such patients,
and the reduced vWF activity results from accelerated enzymatic
cleavage of the factor due to device-related high shear stress.

The flow-diverting stent (FDS) is a novel endovascular de-
vice for the treatment of previously difficult-to-treat cerebral
aneurysms. A unique feature of the FDS is its braided mesh
structure with a relatively high pore density and small strut size.
Computational fluid dynamics simulation recently showed that
FDSs4 and even peripheral stents5 can create abnormally high
supraphysiologic shear stress while blood flow passes through
stent struts into the aneurysm.

We aimed to characterize reduced vWF activity after FDS
implantation for endovascular treatment of intracranial aneur-
ysms. We focused on the spatial characteristics of the aneu-
rysm to identify $1 simple variable that may predict the
presence of reduced vWF activity. We also assessed the current
literature about the vascular device-related AvWD in the
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context of our results to propose a hypothesis that links
reduced vWF activity to delayed intracranial bleeding after FDS im-
plantation, a life-threatening complication that occurs in approxi-
mately 6% of these patients.6

MATERIALS AND METHODS
Patients
This study was performed in accordance with the ethical stand-
ards established in the 1964 Declaration of Helsinki and its later
amendments, and the study protocol was approved by our insti-
tutional review board. All patients provided written informed
consent to undergo planned endovascular procedures. Data were
collected retrospectively from patients who had intracranial
aneurysms treated endovascularly with an FDS (Pipeline Embolization
Device; Covidien, Irvine, California) (alone or in conjunction with
coiling) from July 2017 to October 2018. Patients received FDS treat-
ment if they had giant, wide-neck, fusiform, dissecting, and/or recur-
rent/remnant (after intrasaccular coiling) unruptured aneurysms or
any unruptured aneurysms deemed unsuitable for standard (simple
coiling, balloon-assisted coiling, or stent-assisted coiling) endovascu-
lar procedures. Patients with multiple aneurysms were included only
if all aneurysms had received FDS treatment. Only patients treated
by dual-antiaggregant loading with a single dose (at midnight the
night before a morning endovascular procedure) were selected; all
other loading strategies were excluded. Finally, patients who had an
existing mass effect and were given intravenous and/or oral cortico-
steroids during/immediately after FDS implantation were also
excluded from the study, due to possible distortion of the aggregom-
etry results.

Aneurysm Characteristics
All geometric characteristics were examined on reconstructed
3D rotational angiographic images (Allura Clarity; Philips
Healthcare, Best, the Netherlands) by 2 interventional neuro-
radiologists. The measured morphologic parameters of the
aneurysms included neck width (along the long axis of the
parent artery), height (perpendicular to the neck), and 2 or-
thogonal maximum widths, represented as N, H, W1, and
W2, respectively. The diameter of the parent artery (D) was
also measured at the level of the neck region. All measure-
ments were expressed in millimeters. In patients with bifur-
cation aneurysms, the arithmetic mean diameters of the main
trunk and 1 stented branch were calculated. In patients with
fusiform aneurysms, the neck width was measured as the an-
eurysm length along the parent artery. Using these parame-
ters, we calculated specific variables previously defined in the
literature,7 including the aspect ratio (calculated as H/N),
size ratio (H/D), neck area, volume of the aneurysm, and vol-
ume-to-neck area ratio. To generate rapid and user-friendly
calculations, we assumed that the neck area was circular
and calculated it simply as N2; volume was calculated as H �
W1 � W2 (for saccular aneurysms). We defined 1 novel vari-
able (morphologic index), multiplication of the neck area and
volume, represented as N2 � H � W1 � W2. In patients with
multiple aneurysms, individual variables were calculated for
each aneurysm and were then added to obtain a single value
for each patient.

Medications
All endovascular procedures were performed with the patients
under general anesthesia and systemic heparinization, which was
typically initiated before placement of the guiding catheter to
maintain the activated clotting time at 2- to 3-fold above baseline
(initial heparin bolus, 5000–10,000 IU). All patients received a
loading dose of 600mg of clopidogrel or 30–60mg of prasugrel,
as well as 300mg of aspirin, 9–12hours before the procedure. As
a maintenance dose, 75mg/day of clopidogrel or 10mg/day of
prasugrel, combined with 100–300mg of aspirin, was prescribed
to all patients at the time of discharge. Some patients with a rela-
tively low body mass index could not tolerate the prasugrel-aspi-
rin dual-maintenance therapy; aspirin was discontinued in such
circumstances. In patients undergoing stent implantation in the
carotid artery proximal to the Willis polygon or vertebral artery,
clopidogrel/prasugrel maintenance therapy was typically given
for up to 3months. In patients who underwent stent implanta-
tion in or distal to the Willis polygon or basilar artery, antiaggre-
gant maintenance was extended by up to 6months. After
cessation of clopidogrel or prasugrel, aspirin was prescribed for at
least another 6months.

Impedance Aggregometry
Patients were assessed for platelet responsiveness by a rapid plate-
let function test (Multiplate Analyzer; Roche, Basel, Switzerland)
performed in the angiography suite, just before the endovascular
procedure. During the past 2 years, we have routinely repeated
the test at 24 hours after treatment for patients treated with FDSs.
We also expanded our routine test examination to include the ris-
tocetin-induced platelet aggregation (RISTOHigh; Roche) (test
for vWF activity) tests, besides the test for clopidogrel/prasugrel
responsiveness (ADP), the test for aspirin responsiveness, and the
test for general performance of platelets and their glycoprotein IIb/
IIIa receptor. All 4 tests were performed through a single blood
draw and lasted about 10minutes. As described previously, we fol-
lowed a tailored medication strategy and noted a positive clinical
impact under the guidance of the rapid platelet-function test.8

Patients were scheduled for follow-up visits at 1, 3, and
6months after discharge from our institution. Routine CTA was
performed at 3months, and CTA or digital subtraction angiogra-
phy was performed at 6 or 12months after discharge.

Statistical Analyses
Data were analyzed using SPSS (Version 25; IBM, Armonk, New
York). Differences with P, .05 were considered statistically signif-
icant. Categoric data were expressed as No. (%) and were com-
pared using the Fisher exact test. Continuous data were expressed
as the mean 6 SD and were compared using the Mann-Whitney
U test. The Wilcoxon signed rank test was used to compare de-
pendent data. Receiver operating characteristic curve analysis was
performed to determine the optimal sensitivity and specificity, as
well as the cutoff points to establish the predictive ability of each
variable.

RESULTS
A total of 39 patients with 56 aneurysms were recruited (patient
age, 18–67 years). Of the 56 aneurysms, 42 were sidewall and 14
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were bifurcation aneurysms; 1 aneurysm was fusiform and the
remaining 55 were saccular aneurysms. Five and 37 were
located on the cavernous and intradural segments of the in-
ternal carotid artery, respectively; 10, on the middle cerebral
artery; 1, on the anterior cerebral artery; 2, on the vertebral
artery; and 1, on the basilar artery. All patients were treated
with FDSs; 6 patients (1 aneurysm each) also received subop-
timal coiling before FDS implantation during the same proce-
dure. This preceding coiling was performed for the treatment
of aneurysms with relatively large sizes that exceeded 1.5–
2 cm in 1 dimension.

The RISTOtest results indicated reduced vWF activity
24 hours after treatment, compared with baseline values, in 16
(41%) patients. The preceding preventive intrasaccular coiling
may further change flow variables within the aneurysmal
lumen and distort the RISTOtest results; thus, the 6 patients
treated by coiling plus an FDS were not included in the statisti-
cal analyses. Indeed, all those 6 patients had reduced vWF ac-
tivity (Fig1). One patient with fusiform aneurysms and
reduced vWF activity was also excluded from the analysis.
After we excluded these 7 patients, 9 of the remaining patients
with 14 saccular aneurysms treated by an FDS alone were

included in the reduced-vWF group.
The remaining 23 patients did not
show a reduction in vWF activity and
thus composed the nonreduced vWF
group. The demographic data and
treatment variables in the reduced and
nonreduced vWF groups are summar-
ized in Table 1. All test results and
aneurysmal morphologic variables of
the reduced and nonreduced vWF
groups are summarized in Tables 2–
4. After we compared all aneurysmal
variables with the RISTOtest results,
the so-called morphologic index and vol-
ume of the aneurysm provided superior

discrimination between the reduced and nonreduced vWF groups
(Table 5 and Figs 1 and 2).

All patients were followed up both radiologically and clinically
for at least 3months. We encountered 2 clinical complications.
First, 1 patient from the reduced vWF group with 2 aneurysms at
the basilar artery fenestration and right MCA bifurcation experi-
enced dysphasia 10 days after treatment. MR imaging showed
right-sided insular cortex ischemia. At 3months, the dysphasia
had resolved completely, and both aneurysms were occluded
according to CTA. Second, 1 patient from the reduced vWF
group with 3 aneurysms at the anterior communicating artery
and right and left MCA bifurcation experienced rupture of a large
(18-mm maximum diameter) anterior communicating artery an-
eurysm into the ventricular system 4weeks after treatment, which
subsequently resulted in death. For anatomic reasons, preventive
coiling before FDS implantation was not used for this relatively
large aneurysm. No other clinical complications were observed
during the 3-month follow-up period.

DISCUSSION
This study is the first to show laboratory evidence of reduced
vWF activity in approximately 41% of our study population after

FIG 1. Scatterplots extracted from 32 patients treated by FDS only (closed circles) show a comparison of RISTO (ie, whole blood ristocetin-
induced platelet aggregation) change with the volume (A) and morphologic index (B) of the aneurysm depicted on the x-axis. Open circles
denote 6 patients treated by coilingþ FDS, and x denotes 1 fusiform aneurysm; all have actually reduced vWF activity. The patient with delayed
aneurysmal bleeding after FDS implantation is designated by (ruptured).

Table 1: Treatment variables in the reduced and nonreduced vWF groups

Characteristic
Reduced
vWF (%)

Nonreduced
vWF (%) All (%) P Value

Patient No. 9 23 32
Mean age (yr) 59.4 6 5.6 46.8 6 11 50.3 6 11.3 .003
Sex (female) 7 (77.7) 17 (73.9) 24 (75) .869
Mean aneurysm No. 1.56 6 0.7 1.61 6 0.5 1.59 6 0.6 .742
Aneurysm frequency

1 aneurysm/patient 5 (55.6) 13 (56.5) 18 (56.3) .559
2 aneurysms/patient 3 (33.3) 9 (39.1) 12 (37.5) .564
3 aneurysms/patient 1 (11.1) 1 (4.4) 2 (6.2) .826

FDS frequency
1 stent/patient 5 (55.6) 17 (73.9) 22 (68.7) .566
2 stents/patient 3 (33.3) 5 (21.7) 8 (25) .581
3 stents/patient 1 (11.1) 1 (4.4) 2 (6.3) .294
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FDS implantation for the treatment of intracranial aneurysms.
Reduced vWF activity was best predicted by the morphologic
index and volume of the aneurysm, with cutoff values of 4343
and 256, respectively. This finding suggests that a FDS may
reduce vWF activity after its implantation in a saccular aneurysm
larger than 8–10mm in 1 dimension, according to the results
of Multiplate Analyzer. Our findings clearly link the FDS

implantation to AvWD and thus may provide a way to better
explain the mechanism of delayed hemorrhagic complications
because both the laboratory-verified reduced vWF activity and
various hemorrhagic complications during the clinical course are
2 leading characteristics of shear-generating vascular device–
related type 2A AvWD.1-3

vWF mediates platelet tethering to the subendothelial matrix
at sites of vascular injury to initiate hemostasis under the condi-
tion of arterial flow. Its secretion from endothelial cells is consti-
tutive and accelerated in response to inflammation and ischemia
(ie, activated endothelium). A mature vWF monomer has several
domains and forms high-molecular-weight multimers (up to 100
monomers) just before entering the circulation; the A1 domain
contains binding sites for the platelet glycoprotein Ib-IX receptor
complex, whereas the A3 domain binds to subendothelial colla-
gen. The A2 domain has a specific site that is cleaved by disinte-
grin and metalloprotease with thrombospondin type 1 repeat 13
(ADAMSTS-13) normally found in the circulation. The vWF
multimer circulates normally in the globular inactive form and is
hemostatically active only after exposure to supraphysiologic
high shear stress, which causes force-induced conformational
changes (ie, elongation), which lead to brief activation of the
binding domains of A1 and A3. The vWF attains a globular con-
figuration within 1–2 seconds when the shear is stopped or nor-
malized. This shear-induced elongation, particularly in a
repetitive manner, also renders the vWF multimer accessible to
the ADAMTS-13 enzyme, leading to smaller vWF multimer frag-
ments, which globally reduce factor activity.9

Although many studies have used computational fluid dy-
namics to analyze changes in intrasaccular flow and shear stress
on the aneurysm wall after FDS implantation, 1 study also exam-
ined the shear stress of blood flow through stent struts in the an-
eurysm.4 The authors of that study found ultra-high levels of
blood shear stress (up to 200 Pa) through the struts, nearly equal
to the shear stress created by a typical LVAD. The authors stated
a possible link existed between shear stress–induced platelet acti-
vation and subsequent intrasaccular white thrombus formation
after FDS. That study, however, did not refer to vWF or AvWD.
Another computational fluid dynamics study, in which a bare
metal stent was implanted across an aneurysm of the thoracic
aorta, also yielded similar results, with a peak value of the systolic
shear rate through the stent struts of up to 16,000/s (approxi-
mately 40- to 50-Pa shear stress).5 Of note, a critical shear rate of
3000–5000/s (approximately 5- to 8-Pa shear stress) is needed for
vWF elongation (ie, activation).10

We have used the Multiplate Analyzer, a rapid automated
whole-blood aggregometry test, for determination of vWF activ-
ity because all patients have already been assessed by this test for

Table 3: Multiplate aggregometry results among the reduced
and nonreduced vWF groups

Multiplate
Aggregometry

Reduced vWF
(Mean) (n = 9)

Nonreduced vWF
(Mean) (n = 23)

P
Value

ADPin 14.78 6 5.5 12.78 6 5.4 .433
ADPlast 12.33 6 6 11.83 6 5.1 .681
ASPIin 11.67 6 5.6 12.13 6 4.9 1.000
ASPIlast 14.56 6 6.5 12.09 6 6.4 .341
TRAPin 59.11 6 25.3 56.65 6 23.5 .837
TRAPlast 50.44 6 16.2 63.74 6 29.2 .229
RISTOin 43.44 6 21.9 27.35 6 14.3 .103
RISTOlast 29.22 6 18.1 42.35 6 20.3 .094
RISTOchange –(14.22 6 12.3) þ(15.0 6 11.3) .000
RISTOchange
(range)

–43 to –4 þ1 to þ39

Note:—-in indicates initial; -last, last; ASPI, test for aspirin responsiveness; TRAP,
test for general performance of platelet and its glycoprotein IIb/IIIa receptor;
RISTO, test for whole blood ristocetin-induced platelet aggregation.

Table 4: Morphologic variables of aneurysms in the reduced
and nonreduced vWF groups

Morphologic
Variables

Reduced vWF
(Mean) (n = 9)

Nonreduced
vWF (Mean)

(n = 23)
P

Value
Neck area 41.35 6 32.89 11.44 6 6.13 .000
Volume 894.09 6 1010.45 82.33 6 81.37 .000
Volume-to-
neck area

37.11 6 49.4 9.65 6 7.12 .001

Aspect ratio 1.72 6 0.74 1.31 6 0.43 .103
Size ratio 6.36 6 7.15 1.68 6 1.0 .000
Morphologic
index

30,515.58 6 28,234.38 1042.84 6 1641.06 .000

Table 2: Multiplate aggregometry results in all 32 patients

Aggregometry
Initial
(Mean) Last (Mean) P Value

Normal
Rangea

ADP 13.34 6 5.4 11.97 6 5.2 .096 53–122
ASPI 12.0 6 5.0 12.78 6 6.4 .537 74–136
TRAP 57.34 6 23.6 60.0 6 26.6 .524 94–156
RISTOtest 31.88 6 17.9 38.66 6 20.3 .024 90–201

Note:—ASPI indicates test for aspirin responsiveness; TRAP, test for general per-
formance of platelet and its glycoprotein IIb/IIIa receptor; RISTO, test for whole
blood ristocetin-induced platelet aggregation.
a According to the manufacturer.

Table 5: Cutoff values of aneurysm variables according to the ROC analysis
Morphologic Variables AUC Threshold Value Sensitivity (%) Specificity (%) 95% Confidence Intervals P Value
Neck area 0.908 18.35 78 79 0.800–1.000 .000
Volume 0.990 256 89 96 0.966–1.000 .000
Volume-to-neck area 0.870 13.67 89 78 0.736–1.000 .001
Aspect ratio 0.691 1.47 67 65 0.486–0.895 .098
Size ratio 0.908 2.16 89 78 0.807–1.000 .000
Morphologic index 0.990 4343 89 91 0.965–1.000 .000

Note:—AUC indicates area under curve; ROC, receiver operating characteristic.
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clopidogrel/prasugrel and aspirin responsiveness. Recent studies
using the Multiplate Analyzer have suggested that the RISTOtest
may be used to rule out vWD confidently.11,12 The test is also
reportedly effective for the diagnosis and follow-up of AvWD in
patients with a LVAD.13

Because both the thromboxane A2 and ADP pathways are
important amplification mechanisms that greatly enhance out-
side-in signaling of platelets via interactions between vWF and
the glycoprotein Ib-IX receptor,9,14 high-shear-stress platelet
aggregation15 and the RISTOtest16 are sensitive to aspirin and
clopidogrel/prasugrel. The initial and late RISTOtest results,
therefore, were below the normal limits in all our patients who
underwent loading of both medications. Irreversibly suppressed
thromboxane A2 (by aspirin) and ADP (by clopidogrel/prasu-
grel) metabolism remained stable while we took blood samples
for the initial and 24-hour aggregometry tests (Table 2); thus,
changes in the RISTO test during this period might be associated
solely with changes in vWF activity. In the present study, the late
RISTOtest results indicated reduced vWF activity in 16 patients
and increased activity in 23 patients. Indeed, an increase in vWF
activity in the blood is seen within 24hours after endothelial acti-
vation (ie, injury), induced by either balloon angioplasty17 or
stent implantation18 in the coronary arteries. A similar response
was expected in all patients in our study population; this
occurred, however, in only 23 patients with “small” aneurysms,
whereas vWF activity was reduced in the remaining 16 patients
with “large” aneurysms due to the predominant role of FDSs.

Because computational fluid dynamics simulations show supra-
physiologic characteristics while the flow passes through stent struts
across the aneurysmal neck,4 the total sheared blood volume (and
number of shear-induced elongated vWF multimers) might

correlate with both the aneurysmal
neck area and aneurysmal volume.
Therefore, we established a novel vari-
able to predict the presence of reduced
vWF activity. The morphologic index
of the aneurysm is determined as the
aneurysmal neck area multiplied by
volume. Receiver operating characteris-
tic curve analysis showed that reduced
vWF activity was best predicted equally
by both the novel morphologic index
and the volume of the aneurysm (Table
5 and Fig 1 and 2). As expected, 1 fusi-
form aneurysm was observed in the
reduced vWF group due to a relatively
large neck length/area.

Adjunctive coiling is the most fre-
quently used measure to protect
aneurysms from delayed rupture in
patients undergoing FDS implanta-
tion. Although adjunctive coiling does
not eradicate this complication,19 we
applied a preventive coiling strategy in
6 of 39 patients whose aneurysms
were deemed vulnerable to rupture/
growth because of their relatively large

size. The morphologic indices and volumes of these patients pre-
dicted that they would be in the reduced vWF group, and this pre-
diction was correct (Fig 1). Our results show that adjunctive
suboptimal coiling may not nullify the reduction in vWF activity
after FDS implantation.

One problem that continues to be encountered after FDS im-
plantation is late aneurysm rupture, a life-threatening complication
that occurs in approximately 3% of patients.6 The accumulation of
white thrombi within the aneurysmal lumen, with subsequent lysis
of and/or extravasations from the aneurysmal wall due to local vas-
oactive and destructive factors secreted by the recruited cells,
appears to be the most acceptable explanation for late aneurysm
rupture after FDS implantation.20,21 MR imaging findings after
FDS implantation (ie, perianeurysmal edema and circumferential
mural enhancement after contrast administration) further support
the concept of thrombus-initiated aneurysmal wall injury.22 Moreover,
approximately half of such ruptured aneurysms are larger than 2.5cm
in diameter,19 implying that a heavier thrombus load (ie, a larger aneu-
rysm)may be a predisposing factor.

One other life-threatening complication that occurs after FDS
implantation in approximately 3% of patients is delayed paren-
chymal bleeding.6 More than 80% of delayed intraparenchymal
bleeding occurs within the vascular territory having that of
treated aneurysms,19 supporting a deleterious role of FDS and/or
its implantation procedure. In a previous study documenting MR
imaging findings soon (within 2–9 days) after elective FDS im-
plantation,23 new DWI lesions in the brain were present in 13 of
24 patients (57%). Additionally, new susceptibility effect foci
were definitively found in 8 (38%) and putatively found in 6
(28%) of 21 patients (66% overall); these foci nearly always
occurred distally within the vascular territory undergoing FDS

FIG 2. Receiver operating characteristic (ROC) curves for all aneurysm variables. Volume and mor-
phologic index of the aneurysm have the highest discriminative ability. See also Table 5. MI indi-
cates morphologic index.
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treatment. On delayed MR imaging, all susceptibility effect foci
remained unchanged in size, number, and morphology, confirm-
ing that the stable lesions represented microhemorrhages.
Another recent strictly controlled clinical study24 identified a
temporal/causative association between DWI lesions and suscep-
tibility effect foci (microhemorrhage) after FDS implantation.
Those investigators found new DWI lesions in 27 of 30 patients
(90%), whereas microhemorrhage was not detected on MR imag-
ing at 1 day after stent placement. At 6months, MR imaging indi-
cated new microhemorrhagic foci in 11 of 30 patients (36%);
notably, 14 of 18 (77%) microhemorrhagic foci had originated
from previous ischemic DWI lesions, while the remaining 4 were
de novo. Because de novo emergence of ipsilateral ischemic foci
has been observed on MR imaging up to 1 year after FDS ther-
apy,25 these remaining 4 microhemorrhagic foci might also have
resulted from newly generated ischemic foci during the follow-up
period. Taken together, a shear-induced sustained increase in vWF
activity coming from a downstream stented vessel may be responsi-
ble for the initiation of a series of events leading to microthrombus
formation in the ipsilateral microcirculation of the brain with subse-
quent hemorrhagic transformation.

Some vascular devices can create high shear in the blood, thus
deteriorating strictly controlled vWF activity balance and causing
clinical and laboratory evidence of type 2A AvWD. LVAD and
extracorporeal membrane oxygenation are typical examples.
Neuroimaging studies of patients with these types of shear-gener-
ating vascular devices may help explain the above-mentioned MR
imaging findings after FDS. An MR imaging examination con-
ducted on patients after LVAD explantation (mean duration,
2.43 6 1.08 years) revealed cerebral microbleeds in 97% of
patients; the number of microbleeds was positively correlated
with the hemorrhagic stroke episode during LVAD support.26

Similarly, symmetric white matter microhemorrhagic foci have
been reported onMR imaging, even after days or weeks of extrac-
orporeal membrane oxygenation maintenance.27,28 These find-
ings are consistent with previous MR imaging studies conducted
on patients with FDS.23,24 We hypothesized that supraphysiologic
shear-induced activation (ie, elongation) of vWF serves as an ini-
tiator of a cascade of events that eventually lead to delayed hem-
orrhagic complications after FDS implantation. Our result is the
first to show the possible link between FDS implantation and
AvWD.

Important limitations of this study are its retrospective design
and limited number of patients. Another important limitation is
that it was constructed on the basis of a single laboratory investi-
gation. Lack of computational fluid dynamics analysis of the
aneurysms is another limitation. Therefore, a prospective series
supported by other vWF assays (both multimer activity and
length) and computational fluid dynamics analysis would be use-
ful to validate the present findings.

CONCLUSIONS
This is the first study to show that reduced vWF activity may
occur after FDS implantation, especially in patients with relatively
large intracranial aneurysms. A reduction in vWF activity was
best predicted by the morphologic index and volume of the
aneurysm. Because the reduced vWF activity accompanying

the hemorrhagic disorder is the typical characteristic of vas-
cular device–related AvWD, we hypothesize by analogy that
after FDS implantation, shear-induced activation of vWF
may be causally linked to the initiation of a cascade of events
leading to delayed hemorrhagic complications.
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