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Abstract
Purpose Using the Woven EndoBridge (WEB) for aneurysm treatment has emerged as endovascular approach aiming for flow
disruption in aneurysm sac. Since quantifiable data confirming the hemodynamic effect are lacking, we investigated in vivo
aneurysmal flow alterations using time-density curve (TDC) analysis. Additionally, we evaluated whether flow parameters could
be identified as independent factor to predict aneurysm occlusion.
Methods Forty cerebral aneurysm patients treated with WEB were enrolled. Pre- and postinterventional digital subtraction
angiography series were postprocessed and TDCs generated. TDCs were quantified calculating the parameters aneurysmal
inflow velocity, outflow velocity, mean flow velocity, and relative time-to-peak (rTTP) of aneurysm filling. Pre- and
postinterventional values were compared and related to occlusion rate.
Results WEB implanting induced highly significant rTTP prolongation by 52% (p = 0.001) and highly significant decrease of
aneurysmal inflow, outflow, and mean flow velocity (p < 0.001). While outflow velocity was reduced by 49%, inflow velocity
was reduced by 33% only. No statistically significant difference between the occluded and the non-occluded group was observed.
No flow parameter reached significance level concerning predicting aneurysm occlusion.
Conclusion Flow quantification confirms a significant flow-disrupting effect of WEB reducing more the outflow than the inflow
velocity. In our small cohort, no flow parameter reached statistical significance to show predictive value regarding complete
aneurysm occlusion. The hemodynamic effect of WEB is on comparable level to flow-diverting stents meaning that aneurysm
closure can be delayed. In case of only slight inflow changes and high aneurysmal hemodynamic stress, some aneurysms might
not be adequately protected in the short term.
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Abbreviations
BOSS Beaujon Occlusion Scale Score
CFD Computational fluid dynamics
DSA Digital subtraction angiography
FDS Flow-diverting stent
ICA Internal carotid artery
rTTP Relative time-to-peak
TDC Time-density curve

WEB Woven EndoBridge
VA vertebral artery

Introduction

Flow disruption using an intrasaccular flow diverter (Woven
EndoBridge, WEB, Sequent Medical, Aliso Viejo, CA, USA)
has been established as an innovative endovascular concept
for the treatment of especially wide-neck aneurysms.
Treatment intention is to disrupt the blood flow at the level
of the aneurysm ostium and induce aneurysmal thrombosis.
The WEB consists of a dense nitinol mesh and has been pro-
gressively developed since 2010 from a dual-layer version
(WEB DL) [1] to single-layer versions (WEB SL and WEB
SLS (single-layer spherical)) [2]. Actually, the new fifth
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generation of the WEB (WEB 17) is available. Several studies
have demonstrated the safety and efficiency of the WEB
[3–9]. But less is known about the precise intraaneurysmal
flow alterations induced by theWEB and its real hemodynam-
ic efficiency. In the first presentation of the WEB, the
intraaneurysmal flow modulation after implantation was
assessed only by visual analysis of intraaneurysmal contrast
stagnation on digital subtraction angiography (DSA) series
based on a scale not previously validated [10]. Alternatively,
visual assessment of DSA series according to the Raymond
scale [11], the Leeds WEB aneurysm occlusion scale [12], or
the WEB occlusion scale [13] has been described, but quanti-
fiable in vivo data are lacking. Furthermore, aneurysm recur-
rence after WEB implantation can occur [14] and it is not yet
fully understood which aneurysms are more likely to recana-
lize and which flow parameters might play a role.

Objective of our study was to evaluate and quantify in vivo
the intraaneurysmal hemodynamic changes induced by WEB
deployment using time-density curve (TDC) analysis.
Moreover, we aimed to identify flow parameters as indepen-
dent factor that might allow to predict complete aneurysm
occlusion.

Materials and methods

Forty consecutive aneurysm patients (twenty-one women and
nineteen men, aged 38–74 years, 57 median years) treated
with WEB between March 2016 and September 2018 were
retrospectively enrolled in this study in accordance with the
guidelines of our institution and after obtaining written in-
formed consent, if angiographic follow-up after 6 months
was available. Except nine, the aneurysms were unruptured.
The mean aneurysm dimensions were height of 5 (± 2.2) mm,
width of 5 (± 1.7) mm, dome-to-neck-ratio of 1.4 (± 0.2), and
aspect ratio of 1.4 (± 0.4). The aneurysms were located as
follows: five at the carotid terminus (13%), fifteen at the mid-
dle cerebral artery bifurcation (38%), twelve at the anterior
communicating artery (30%), one at the posterior cerebral
artery (3%), four at the basilar artery tip (10%), and three at
the M2 segment of the middle cerebral artery (8%). In all
cases, the WEB SL was used for aneurysm treatment besides
one case in which a WEB SLS was used.

In case of an unruptured aneurysm, dual antiplatelet thera-
py (aspirin, clopidogrel) was initiated 4 days before treatment
and heparin was applied during the procedure. After WEB
deployment, clopidogrel was stopped and aspirin was contin-
ued for 4 weeks. In case of a ruptured aneurysm, aspirin and
heparin were applied during intervention and aspirin was con-
tinued for 4 weeks. Endovascular access was typically via a
standard 6F guiding catheter, and the WEB was delivered
through a VIA microcatheter (Sequent Medical, Aliso Viejo,

CA, USA). WEB sizing was performed according to the man-
ufacturer’s recommendation.

Aneurysmal occlusion status at angiographic follow-up af-
ter 6 months was assessed according to the five-grade Beaujon
Occlusion Scale Score (BOSS classification) [15, 16]. Grade 0
(no residual flow in aneurysm/WEB) and 0′ (opacification of
the proximal recess of WEB) were rated as complete occlu-
sion, the other grades as non-occluded. Binary occlusion sta-
tus was recorded.

Image acquisition

DSA was performed under general anesthesia on a biplane
flat-detector angiographic system (Artis zee Biplane System,
Siemens AG, Healthineers). Vital parameters were monitored
continuously and stabilized during intervention, especially
during WEB deployment. Using standard angiographic
methods (transfemoral route), a 6F guiding catheter was posi-
tioned in the petrous segment of the internal carotid artery
(ICA) or the third segment of the vertebral artery (VA) in the
case of aneurysms of posterior circulation. Pre- and
postinterventional 2D DSA series were acquired at a rate of
4 frames per second. During intervention, catheter and table
position remained unchanged. For image acquisition, 8 ml of
contrast material (Imeron 300, Bracco Imaging) was injected
manually by one experienced operator at a flow rate of about
4 ml/s.

Image analysis and statistics

The target pre- and postinterventional 2D DSA series were
postprocessed using commercially available iFlow software
(syngo iFlow, Siemens AG, Healthineers) that allows an au-
tomated conversion of the DSA series into color-coded im-
ages. In addition, the acquisition of TDCs in freely chosen
regions of interest (ROIs) is possible. Each 2D DSA series
acquired immediately after WEB detachment was used for
analysis as postinterventional series. First, an arterial TDC
distal to the tip of the guiding catheter was generated pre-
and postinterventionally and compared, confirming in this
way the robustness of the manual contrast injections. After
that, in each series, a ROI was manually drawn around the
perimeter of the aneurysm and aneurysmal TDC was generat-
ed representing the intraaneurysmal dynamic behavior of the
mixture of blood and contrast material (compare Figs. 1 and
2). The TDC was quantified by calculating the following
parameters:

& Relative time-to-peak (rTTP) of aneurysmal filling: time
from nadir of the curve to maximum peak, measured in
seconds (s)

& Aneurysmal inflow velocity/wash-in: average slope of the
curve before peak, measured in “density change per s”
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& Aneurysmal outflow velocity/wash-out: average slope of
the curve after peak, measured in “density change per s”

Based on the electronically gained coordinates of the TDC,
the velocity is calculated by curve arithmetic: velocity = Δy
/Δx.

In addition, mean aneurysmal flow velocity was calculated
to assess the degree of aneurysmal hemodynamic stress: mean
flow velocity = (aneurysmal inflow + outflow velocity)/2.

Moreover, the angle between parent artery and surface of
the WEB was measured.

Statistical analysis was performed using the software SPSS
statistics. Mean values and standard deviation before and after
treatment as well as post-/pre-ratios were calculated for each
parameter. The differences between the pre- and
postinterventional values were tested for significance using a
Wilcoxon signed-rank test. A level of p ≤ 0.05 was considered

statistically significant. To assess differences between the oc-
c luded and the non -occ luded group , the p re - /
postinterventional differences and the post-/pre-ratios of each
parameter were tested for significance using the Mann-
Whitney U test. Additionally, the sample group was dichoto-
mized into aneurysms located within the anterior and the pos-
terior circulation and subgroup analysis was performed.
Logistic regression was used to identify independent parame-
ters which might significantly predict aneurysm occlusion.

Results

Immediately after WEB implanting, mean rTTP of aneurys-
mal filling demonstrated a highly significant prolongation by
52% (p = 0.001) (compare Table 1). In addition, aneurysmal
inflow and outflow velocity as well as mean flow velocity

Fig. 1 DSA presents a broad-based aneurysm at the anterior communi-
cating artery (a). After parametric color coding, a ROI is drawn around
the perimeter of the aneurysm (b) and aneurysmal TDC is generated (c).
The TDC is quantified by calculating rTTP of aneurysmal filling, aneu-
rysmal wash-in/inflow velocity, and aneurysmal wash-out/outflow veloc-
ity. For illustration, these parameters are blue-marked in the graph. DSA
shows the aneurysm directly after WEB deployment (d). Identically to
preinterventional, after parametric color coding a ROI is drawn around
the perimeter of the aneurysm (e) and aneurysmal TDC generated (f).

TDC analysis reveals that rTTP of aneurysmal filling and aneurysmal
wash-in/inflow velocity are unchanged, but aneurysmal wash-out/out-
flow velocity is reduced by 58%. This hemodynamic change might be
considered beneficial concerning aneurysm occlusion since our supposed
threshold of 32% postinterventional outflow reduction is exceeded.
Accordingly, DSA follow-up after 6 months presents only opacification
of the proximal recess of WEB (grade 0′ according to the BOSS classifi-
cation), rated as complete occlusion (g)
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showed a highly significant decrease after intervention
(p < 0.001). While mean aneurysmal outflow velocity was
reduced by 49% after WEB implanting, mean inflow velocity
was reduced by 33% only. The mean angle between parent
artery and WEB surface was 95° (± 18°). In only three cases,
minimal protrusion of the WEB into parent artery by 0.4 mm,
0.7 mm, and 0.8 mm was observed, meaning a relative pro-
trusion of 21%, 28%, and 27% in relation to the vessel diam-
eter, respectively.

Neither the pre-/postinterventional differences nor the post/
pre-ratios of the flow parameters nor the WEB angulation
showed a statistically significant difference between the oc-
cluded and the non-occluded group (all p values > 0.05).

Subgroup analysis demonstrated no significant difference of
the flow parameters between the ruptured and the unruptured
group as well as between aneurysms located within the ante-
rior and the posterior circulation. In logistic regression analy-
sis, no single flow parameter reached significance level
concerning predicting aneurysm occlusion.

Eighteen of the forty aneurysms (45%) showed complete
occlusion at angiographic follow-up after 6 months. One
unruptured aneurysm in an elderly patient (73 years) presented
delayed rupture 3 h after WEB deployment. In this case, an-
eurysmal outflow velocity was reduced by 48%, but inflow
velocity showed only minimal decrease by 4% and rTTP of
aneurysmal filling was only slightly prolonged by 4%.

Fig. 1 (continued)
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Concomitantly, the magnitude of the postinterventional mean
flow velocity was high (5.06 density change/s). A comparable
flow constellation after WEB implanting could be revealed in
only one other case of our sample group in a young patient
(40 years). Additionally, in the case of delayed aneurysm

rupture, only incomplete covering of the whole aneurysmwith
the WEB was possible because of an irregular aneurysm
shape.

If a postinterventional reduction of at least 32% of the
outflow velocity was set as cut-off, complete aneurysm

Fig. 2 DSA shows a broad-based
aneurysm at carotid terminus be-
fore (a) and after (c) treatment
with WEB. At (b) and (d), the
corresponding pre- and
postinterventional TDC analysis
is presented. It reveals that after
WEB implanting rTTP of aneu-
rysmal filling is prolonged by
63%, aneurysmal wash-in/inflow
velocity is reduced by 38%, and
aneurysmal wash-out/outflow ve-
locity is decreased by 31%. 3D
rotational run directly after WEB
detachment confirms correct po-
sitioning of the device (e). DSA
follow-up after 6 months demon-
strates aneurysm remnant (grade
3 according to the BOSS classifi-
cation) (f) that was re-treated
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occlusion after 6 months was predictable with high sensitivity
of 83% but only low specificity of 56%. If a postinterventional
reduction of at least 39% of the inflow velocity was added as
an additional parameter, sensitivity raised up to 89% but at the
cost of a low specificity of 39%. If the postinterventional
outflow was reduced only up to 3%, incomplete aneurysm
occlusion at follow-up was predictable with 100% sensitivity
and specificity, but this observation is based on only two
cases.

Discussion

Flow disruption by WEB implanting has emerged as an inno-
vative endovascular concept for aneurysm treatment [3–8],
but quantifiable data concerning the hemodynamic effect of
this treatment strategy are lacking. In our study, we investigat-
ed in vivo hemodynamic changes following WEB deploy-
ment using TDC analysis.

Our hemodynamic analysis reveals that by WEB
implanting the mean rTTP of aneurysmal filling is increased
significantly. In addition, WEB treatment alters highly signif-
icantly the intraaneurysmal flow velocity reducing more the
outflow than the inflow velocity. The aneurysmal hemody-
namic stress is also significantly reduced by WEB deploy-
ment. The level of the hemodynamic changes is comparable
to that reported for intraluminal flow-diverting stents. Here, a
mean reduction of 51% for aneurysmal outflow velocity and
of 37% for aneurysmal inflow velocity was observed [17].
These data suggest that the hemodynamic effect of
intrasaccular flow disruption and intraluminal flow diversion
seems comparable.

The midterm rate of 45% of complete aneurysm occlusion
after WEB treatment in our study is in line with the data
provided by a meta-analysis reporting a 39% complete occlu-
sion rate [5]. In our study, no flow parameter turned out as
independent factor having significant predictive value
concerning complete aneurysm occlusion but this might be
possible in a larger cohort. Based on our preliminary results,
reducing the aneurysmal outflow velocity by WEB might be
crucial concerning complete aneurysm occlusion. A suitable
threshold value might range about 32% of postinterventional
outflow reduction, providing in our series high sensitivity
(83%) at low specificity (56%) concerning the prediction of
aneurysm occlusion. The level of this possible threshold value
is also similar to that described for flow-diverting stents. Here,
a 35% reduction of aneurysmal outflow velocity seems to be a
predictive factor concerning aneurysm occlusion [17].
Moreover, a nearly unchanged postinterventional aneurysmal
outflowmight be considered a prognostically unfavorable fac-
tor concerning complete aneurysm occlusion and change of
the treatment regime should be considered.Ta
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The similar hemodynamic effect of WEB and flow-
diverting stents implies that WEB treatment harbors potential-
ly the similar risk profile including aneurysm rupture as re-
ported for flow-diverting stents. Moreover, if intraaneurysmal
flow alteration and aneurysm thrombosing are considered
similar, it means in consequence that after WEB deployment
aneurysm closure can be delayed by weeks or months.
Additionally, our flow analysis reveals that in some aneu-
rysms intraaneurysmal flow is only slightly changed by
WEB implanting. This is of special concern in ruptured aneu-
rysms, and in principle it could mean that some aneurysms,
especially acutely ruptured, might not be adequately protected
in the short term due to persisting aneurysmal wall stress. This
hypothesis might be a possible explanation for the re-rupture
of WEB-treated aneurysms [16, 18] or the occurrence of de-
layed ipsilateral parenchymal hemorrhage [19]. This hypoth-
esis is further substantiated from our data with one case of
delayed rupture of an unruptured aneurysm after WEB de-
ployment. In this case, aneurysmal inflow velocity showed
only minimal decrease while the outflow velocity was reduced
substantially and the postinterventional aneurysmal hemody-
namic stress remained on a high level. Based on this limited
single observation, only mild reduction of aneurysmal inflow
velocity by WEB at concomitantly remaining high aneurys-
mal hemodynamic stress might be a potentially critical flow
constellation or co-factor concerning delayed aneurysm rup-
ture due to persisting aneurysmal wall stress and endothelial
injury. Additionally, incomplete covering of the whole aneu-
rysm with the WEB might be also a potentially critical co-
factor. Thus, WEB users should be aware of its hemodynamic
functioning and the possible implicit risk potential. From this
point of view, it seems worthy to discuss whether for aneu-
rysms for whom various treatment options exist WEB deploy-
ment should be the preferable approach.

Computational fluid dynamics (CFD) simulations before
implantation of an intrasaccular flow diverter suggested an
association between the aneurysm inflow ratio and compres-
sion of the intrasaccular device [20]. Recently developed
methods for CFD modeling of hemodynamics in aneurysms
treated with intrasaccular devices showed also a distinct
postinterventional reduction of aneurysm flow velocities
[21]. However, CFD simulations are limited by simplifica-
tions of hemodynamic features and lack of patient-specific
information on physiological flow velocity. In contrast to
CFD simulations, in vivo evaluation using time-density anal-
ysis is less time consuming. As an easy-to-handle technique, it
could be used for real-time flow analysis during intervention
before WEB detachment. Thus, the hemodynamic efficiency
of WEB could be monitored directly and maybe favorable or
adverse flow modulations could be identified. Therefore,
intraprocedural flow analysis before WEB detachment could
be included additively into the decision-making process on the
most appropriate WEB and, in case of an unfavorable flow

result, removal of the WEB for a different one or changing the
endovascular approach might be considered. In this way, flow
analysis might contribute to patient safety and improving
long-term results.

Our study results are certainly limited by the small sam-
ple size. Moreover, manual and not mechanical injections
were used for DSA acquisition. Manual injections may
vary minimally but have the advantage of reduced hemo-
dynamic disturbance during the injection period compared
with injections using a power injector. Recently published
data demonstrate that relatively low rate hand injections
may be superior to mechanical injections and best-suited
for aneurysmal TDC analysis since consistency in the an-
giograms is the most relevant parameter concerning TDC
analysis [22]. Furthermore, aneurysm occlusion has to be
considered multifactorial and other than sole hemodynam-
ic factors which may not be predicted by flow characteris-
tics alone, i.e., concomitant antiplatelet therapy, influence
aneurysm thrombosis. Further validation of TDC analysis
in a larger patient cohort seems mandatory to substantiate
our preliminary results.

Conclusion

In vivo flow quantification reveals that WEB implanting has a
highly significant flow-disrupting effect on aneurysmal flow
parameters, inducing rTTP prolongation of aneurysmal filling
as well as reduction of aneurysmal outflow and, to a lesser
extent, inflow velocity. The aneurysmal hemodynamic stress
is also significantly decreased by treatment. Based on our
preliminary results, reducing the aneurysmal outflow velocity
might be crucial concerning aneurysm occlusion, but in our
small cohort no flow parameter reached significance level as
independent factor. The hemodynamic effect of theWEB is on
comparable level to flow-diverting stents meaning in conse-
quence that aneurysm closure can be delayed, and in case of
only slight inflow changes at concomitantly remaining high
aneurysmal hemodynamic stress, some aneurysms might not
be adequately protected in the short term due to persisting
endothelial injury. Thus, WEB users should be aware of its
hemodynamic functioning and its possible implicit risk
potential.
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