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ABSTRACT
Background Intracranial aneurysm ﬂow diverting
stents are a new endovascular treatment option for wide
neck and large/giant aneurysms. Since August 2011, our
center has integrated ﬂow diverting stents into aneurysm
treatment management. To further understand the
effects of ﬂow diverting stents, we developed the
intracranial stent ﬂow mapping program, which allows
detailed, case by case, examination and comparison of
blood ﬂow changes within an aneurysm before and after
stent treatment.
Methods The Intracranial Stent Flow Mapping program
(IS FlowMap) utilizes algorithms detecting movement
changes between consecutive images. Sequences of
catheter angiograms capturing the movement of injected
contrast were used to map ﬂow patterns and examine
aneurysmal ﬂow before and after stent implantation.
Results A pilot study of this new technique in ﬂow
diverter (FD) stent treated aneurysms was performed.
Four clinical aneurysms (two wide neck and two giant
aneurysms) were analyzed by IS FlowMap. The
characteristics of redirected ﬂow in cases treated with
one stent or two overlapping stents in the reconstructed
vessels are presented. Distinct differences in ﬂow
impingement on the aneurysm wall, aneurysmal inﬂow,
and ﬂow circulation before and after FD stent treatment
were found.
Conclusions We present a novel approach to map
blood ﬂow motion within aneurysms and have shown
the feasibility of the technique in clinical aneurysms. This
new technology can help monitor ﬂow changes induced
by stents and study the relationship between the
modiﬁed ﬂow and treatment outcome.
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Flow diverter (FD) stents present an alternative
treatment for aneurysms unsuitable for traditional
methods, such as endovascular coiling or surgical
clipping. The treatment uses high mesh density
stents to reconstruct the diseased parent vessel and
reduce blood ﬂow within the aneurysm, excluding
the aneurysm from the circulation and facilitating
progressive thrombosis within it.1–3 Since August
2011, our center has integrated ﬂow diverting
stents into the endovascular therapy of wide neck,
large, and fusiform aneurysms.
Although it has been indicated that changes in
the blood inﬂow and circulation patterns underlie
stent induced aneurysmal clot formation, we found
that the ﬂow changes induced by the FD stent were
difﬁcult to visualize and compare.4 To analyze ﬂow
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and circulation patterns and associated aneurysm
clot formation and clinical outcome, we have developed a new blood ﬂow analysis tool—Intracranial
Stent Flow Mapping program (IS FlowMap)—
which allows detailed examination and comparison
of the ﬂow changes for individual aneurysms. In
this paper, using this new technology, we present a
pilot study of the ﬂow changes in aneurysms which
were treated with FD stents.

METHOD
The IS FlowMap program was developed to assist
the measurement of ﬂow changes in aneurysms due
to stents.5 IS FlowMap analyzes the movement of
injected contrast and is based on technology to
detect motion in a series of images. It is a well
studied and validated numerical method which,
among other applications, is used to detect motion
in airborne images for military purposes and to
map the velocity of ocean currents using continuous satellite images.6–9
To compare the ﬂow changes in FD treated cases,
we utilized cerebral angiogram images that capture
contrast ﬂow within aneurysms for IS FlowMap
ﬂow motion detection.10 Because the variation in
contrast intensity in the angiogram results from the
blood ﬂow motion, blood ﬂow velocity in the aneurysm can be measured by the spatial and temporal
changes of the image intensity as5:
Ix Vx þ Iy Vy ¼ It

ð1Þ

where Ix and Iy are the contrast intensity changes in x
and y coordinates (the spatial changes in intensity). It
is the contrast intensity change in different image
frames (the temporal change in intensity). Vx and Vy
are the ﬂow velocity in the x and y directions.
The DICOM images of injected contrast entering
the aneurysm dome were applied as the input for
the ﬂow mapping analysis.10 Comparison of the
contrast intensity changes between two consecutive
frames was performed by IS FlowMap.
Measurement of the intensity change in the image—
Ix and Iy, and the intensity change between two
frames—It was then applied based on (1). Finally,
based on the trajectory of Vx and Vy, the blood ﬂow
motion within the aneurysm was mapped.11
The study was approved by institutional review
board review. Four aneurysm cases (two wide neck
and two giant aneurysms) which were treated with
Pipeline (EV3, Irvine, California, USA) FD stents
were analyzed to study the changes in ﬂow before
1
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and after stent treatment. Sequences of cerebral angiograms
which were routinely used to assist the embolization procedure
were archived into a Dell 490 workstation to measure ﬂow.
Cerebral angiograms for each aneurysm were acquired before
and after stent deployment using a Philips Integris System
(Philips Healthcare, The Netherlands). All of the angiograms
were performed using standard cerebral angiogram protocols.
Images were captured at 6 frames/s and contrast injection rates
were set as 6 ml/s from the internal carotid artery with image
resolution of 0.18 mm×0.18 mm×1.0 mm per voxel.

RESULTS
Changes in ﬂow characteristics from FD stent treatment
obtained using IS FlowMap are shown in ﬁgures 1–4. In each
ﬁgure, the columns are, from left to right: the original angiogram used as input for the IS FlowMap, the ﬂow impingement
direction, and a velocity vector plot presenting the aneurysmal
ﬂow pattern. The ﬂow impingement on boundaries including
the aneurysm wall, vessel wall, and FD stents is denoted with a
color wheel, where the impingement direction corresponds to
the position of the color on the wheel.12 For example, ﬂow
impingement to the left will be indicated by a red color. The
vector plot, which depicts the dynamics of the ﬂow motion,
helps compare the inﬂow pattern and ﬂow circulation within
the aneurysm.11 The location of stents is highlighted using
yellow lines in the left image. One of the cases (case No. 4) was
treated with two overlapping stents, and green lines were used
to indicate the location of the second stent.
Case No. 1 is a 9.55 mm, wide neck aneurysm located at the
distal left vertebral artery. Figure 1a-1 and 1b-1 show the angiogram before and after FD treatment, respectively. Before FD
treatment, the ﬂow impingement was directed toward the aneurysm proximal wall (ﬁgure 1a-2, red arrow). After treatment, the

curvature of the vertebral artery changed. Aneurysmal inﬂow
was redirected away from the proximal wall of the aneurysm
and the ﬂow impingement toward the proximal wall was
reduced (ﬁgure 1b-2, red arrow). We also identiﬁed the inﬂow
impingement on the jailed microcatheter which was later used
to deploy embolization coils in the aneurysm dome. The yellow
arrows in ﬁgure 1a-3 and 1b-3 indicate the inﬂow changes
before and after stenting, respectively. The outﬂow changed
from toward the distal artery (black arrow in ﬁgure 1a-3) and
became directed through the stent by the stent mesh (black
arrow in ﬁgure 1b-3).
Case No. 2 is a wide neck, irregular shaped, multi-blebs
aneurysm (maximum dimension 14 mm) located at the left
internal carotid artery ophthalmic artery region (ﬁgure 2). The
angiograms were taken during endovascular treatment with
catheters in place. The difference in vessel boundary at the neck
can be seen from plots of the ﬂow forces at the vessel wall in
ﬁgure 2a-2 and 2b-2 (white arrows), indicating a well deﬁned
reconstructed vessel boundary at the aneurysm neck after FD
stent treatment. The stent redirected the outﬂow along the
reconstructed parent artery (ﬁgure 2a-3 and 2b-3 red arrows).
The inﬂow within the aneurysm also changed. We observed
reduced ﬂow in one of the blebs of the aneurysm (yellow
arrows in ﬁgure 2a-3 and 2b-3); moreover, a new circulation
was formed in the distal sac after stenting (black arrow).
Case No. 3 is a 23 mm giant aneurysm located at the left
carotid artery–ophthalmic artery region. Flow characteristics
before and after FD stents treatment are shown in ﬁgure 3. A
nearly vertical inﬂow jet seen in the original angiogram (ﬁgure
3a-1) diminished after stenting (ﬁgure 3b-1). However, ﬂow
impingement on the apex and distal wall remained unchanged
(ﬁgure 3a-2 and 3b-2, white arrows). We found clear ﬂow velocity vector changes near the inﬂow jet (ﬁgure 3a-3 and b-3,

Figure 1 Inﬂow and outﬂow pattern changes in a 9.55 mm wide neck vertebral artery aneurysm before (a) and after (b) the ﬂow diverter (FD)
stent implant. Flow impingement at the aneurysmal proximal wall (red arrow in a-2) was reduced after the FD implant (b-2). The ﬂow velocity
vector plot (right column) shows changes in the aneurysmal inﬂow (yellow arrows) and outﬂow (black arrows) before (a-3) and after (b-3) the FD
stent was implanted.
2
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Figure 2 A new reconstructed ﬂow boundary and different aneurysmal circulation in a 14 mm wide neck multi-blebs internal carotid artery
aneurysm after the ﬂow diverter (FD) stent was implanted. (a) and (b) are before and after the FD stent was implanted, respectively. The
reconstructed vessel which creates a new ﬂow impingement boundary can be observed at the area of the aneurysm neck (white arrows in a-2 and
b-2). The ﬂow velocity vector plot (a-3 and b-3) shows distinct changes in the aneurysmal inﬂow and outﬂow (yellow and red arrows) as well as the
new circulation formed (black arrow) after the FD stent was implanted.
red arrows). A new recirculating ﬂow appeared after stent treatment from the reduced inﬂow jet to the proximal end of the
aneurysm wall (ﬁgure 3b-3, yellow arrow).
Case No. 4 is a 26.1 mm giant aneurysm located at the right
cavernous segment of the internal carotid artery. The aneurysm

was treated with two Pipeline stents—the ﬁrst stent was 25 mm
and the second stent was 14 mm, deployed coaxially. Figure 4
shows blood ﬂow (ﬁgure 4a) before treatment, after placing the
ﬁrst stent (ﬁgure 4a), and after placing the second stent (ﬁgure
4a). Before treatment, blood ﬂow in the aneurysm produced a

Figure 3 Inﬂow changes and new circulation formed in a 23 mm giant internal carotid artery aneurysm comparing the blood ﬂow pattern before
(a) and after (b) the ﬂow diverter (FD) stent was implanted. A nearly vertical inﬂow jet is seen in the original angiogram (a-1). After the stent was
implanted, although the vertical inﬂow diminished (b-1), ﬂow impingement on the apex and distal wall remained unchanged (white arrows in a-2
and b-2). In the ﬂow velocity vector plot, changes in inﬂow are denoted with red arrows (a-3 and b-3) and a new circulation formed after FD
implantation is indicated by a yellow arrow.
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Figure 4 Distinct changes in blood ﬂow pattern before treatment (a), after a ﬁrst ﬂow diverter (FD) stent is implanted (b), and after overlapping
with a second FD stent in a 26.1 mm giant internal carotid artery aneurysm. Yellow lines in b-1 and c-1 indicate the location of the ﬁrst stent.
Green lines denote the position of the second stent: (a-2) shows the blood ﬂow impinging in a radial direction toward the entire aneurysm wall
before the treatment. It was reduced immediately after the ﬁrst stent was implanted (b-2). The ﬂow vector plot shows the clear ﬂow direction
changes after the ﬁrst and second FD stents were implanted (yellow arrows in b-3 and c-3).

uniform, radial ﬂow force acting on the aneurysm wall (ﬁgure
4a-2, dotted circle)—the color at the aneurysm wall follows the
same order as the color wheel, indicating the eccentric ﬂow
impingement in a radial direction toward the entire aneurysm
wall. With the ﬁrst stent, the ﬂow impingement became localized
(ﬁgure 4b-2, white arrow) and the ﬂow directions within the
aneurysm changed completely (ﬁgure 4b-3, yellow arrows). After
deploying the second stent, this impingement decreased and the
ﬂow was further redirected along the reconstructed parent artery.
Yellow arrows in ﬁgure 4c-3 show less ﬂow entering the aneurysm, as the ﬂow was increasingly directed along the reconstructed
parent artery after placement of the second stent.

DISCUSSION
Since FD stents were introduced for aneurysm treatment,
encouraging treatment outcomes have been found in many
centers.1 2 13 These new treatment devices present a new option
for aneurysm patients and, at the same time, a new task for the
scientiﬁc community to analyze related clinical data and assist
treatment planning. Inspired by such needs, researchers have
proposed different approaches to study the effects of ﬂow
diverting stents.14 In the original research on endovascular stent
4

induced aneurysmal clot in a canine model, Wakhloo et al4 suggested that the mechanism inducing clot formation may relate
to changes in the inﬂow zone and circulation pattern within the
aneurysm. In this paper, we presented a novel ﬂow mapping
technology (IS FlowMap) which allows comparison of these key
ﬂow changes in individual aneurysms before and after FD stent
treatment.
The fundamental principle of FD stent treatment is a device
with a mesh designed to disrupt the hemodynamics within the
aneurysm and consequently promote progressive thrombosis.
However, there is limited information about the relationship
between aneurysmal ﬂow changes induced by FD and aneurysmal clot formation in humans, due to a lack of methodology.
Further understanding of FD stent induced thrombogenesis and
the healing process in clinical practice is of great interest.15–19
Cerebral angiography is the gold standard for interventional
procedures. Sequences of contrast ﬂow images are critical tools
for endovascular treatment planning and they are usually stored
and archived as a part of the clinical record. IS FlowMap, which
utilizes angiogram data without additional procedures, directly
measures ﬂow from clinical images. Since it does not simulate
ﬂow, IS FlowMap avoids the multi-scale simulation problem of
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sub-millimeter stent meshes, and their combination with vessel
geometry.11 20 It does not require a three-dimensional reconstruction process for the aneurysm shape nor use of virtual
stenting to position the stents, as do previously published aneurysm hemodynamic simulations with stents.21 This direct ﬂow
analysis technology contributes to a fast turnaround time for IS
FlowMap—average ﬂow analysis time from raw images to ﬂow
results is less than 30 min. Moreover, as opposed to virtual
stenting using pretreatment aneurysm geometry to study ﬂow
changes due to stents, IS FlowMap analyzes the ﬂow for the
clinically deployed stent shape, taking into account morphological changes of the parent artery due to interventional procedures commonly seen in FD treatment, such as in case Nos 1
and 2 (ﬁgures 1 and 2, respectively).
IS FlowMap was developed to rapidly analyze FD stent
treated cases to understand the ﬂow changes in different aneurysms. However, because IS FlowMap is impartial to the details
of a particular device, it can likely be useful to analyze other
treatments than FD stents. Development of quantitative analysis
based on this technology, such as quantifying the reduction in
aneurysmal ﬂow, will be helpful to perform comparative studies
in large clinical series Moreover, future research to investigate
the relationship between ﬂow changes and clot formation
within aneurysms using follow-up data will be helpful to understand the progressive inﬂuence of FD devices in vivo and assist
future advancement of FD devices.

REFERENCES
1

2

3
4

5
6

7

8
9

10
11

12
13

CONCLUSION
We have presented a novel approach to map blood ﬂow movement within aneurysms that utilizes cerebral angiograms to visualize and analyze ﬂow motion, and may be helpful to future
quantiﬁcation of ﬂow changes during FD stent treatment. We
demonstrated the feasibility of the technique and analyzed the
ﬂow changes in clinical aneurysms which were treated using FD
stents.
Contributors Both authors made substantial contributions to conception and
design; acquisition of the data, or analysis and interpretation of the data; drafting
the article or revising it critically for important intellectual content; and ﬁnal
approval of the version to be submitted.
Funding This research was supported in part by a UCLA Radiology Exploratory
Research Grant (#120003).

14

15

16

17

18
19

20

Competing interests None.
Ethics approval The study was approved by the institutional review board.
Provenance and peer review Not commissioned; externally peer reviewed.

Chien A, et al. J NeuroIntervent Surg 2013;0:1–5. doi:10.1136/neurintsurg-2012-010613

21

Lylyk P, Miranda C, Ceratto R, et al. Curative endovascular reconstruction of
cerebral aneurysms with the Pipeline embolization device: the Buenos Aires
experience. Neurosurgery 2009;64:632–42.
Kulcsar Z, Ernemann U, Wetzel SG, et al. High-proﬁle ﬂow diverter (silk)
implantation in the basilar artery: efﬁcacy in the treatment of aneurysms and the
role of the perforators. Stroke 2010;41:1690–6.
Lieber BB, Stancampiano AP, Wakhloo AK. Alteration of hemodynamics in aneurysm
models by stenting: inﬂuence of stent porosity. Ann Biomed Eng 1997;25:460–9.
Wakhloo AK, Schellhammer F, de Vries J, et al. Self-expanding and
balloon-expandable stents in the treatment of carotid aneurysms: an experimental
study in a canine model. AJNR Am J Neuroradiol 1994;15:493–502.
Pargios N, Chen Y, Faugeras O. Handbook of mathematical models in computer
vision. New York: Springer, 2006.
Korotaev GK, Huot E, Le Dimet FX, et al. Retrieving ocean surface current by 4-D
variational assimilation of sea surface temperature images. Remote Sensing Environ
2008;112:1464–75.
Preusser T, Droske M, Garbe CS, et al. A phase ﬁeld method for joint denoising,
edge detection, and motion estimation in image sequence processing. Siam J Appl
Math 2007;68:599–618.
Benabbas Y, Ihaddadene N, Djeraba C. Motion pattern extraction and event detection
for automatic visual surveillance. Eurasip J Image Video Process 2011;2011:1–15.
Ratheesh K, Supriya R, Santhosh Kumar G. Motion segmentation and meanshift
assisted contour reﬁnement for airborne vidio. IADIS Int Conf Comput Graph Visu
2008:112–18.
Chien A, Sayre J, Dong B, et al. 3D quantitative evaluation of atherosclerotic plaque
based on rotational angiography. AJNR Am J Neuroradiol 2011;32:1249–54.
Chien A, Tateshima S, Castro M, et al. Patient-speciﬁc ﬂow analysis of brain
aneurysms at a single location: comparison of hemodynamic characteristics in small
aneurysms. Med Biol Eng Comput 2008;46:1113–20.
Levkowitz H. Color theory and modeling for computer graphics, visualization, and
multimedia applications. Boston, Mass: Kluwer Academic Publishers, 1997:219, xvii.
Narata AP, Yilmaz H, Schaller K, et al. Flow diverter stent for ruptured intracranial
dissecting aneurysm of vertebral artery. Neurosurgery 2011;70:982–8.
Cebral JR, Mut F, Raschi M, et al. Aneurysm rupture following treatment with
ﬂow-diverting stents: computational hemodynamics analysis of treatment. AJNR Am
J Neuroradiol 2011;32:27–33.
Fischer S, Vajda Z, Aguilar Perez M, et al. Pipeline embolization device (PED) for
neurovascular reconstruction: initial experience in the treatment of 101 intracranial
aneurysms and dissections. Neuroradiology 2012;54:369–82.
Kuzmik GA, Williamson T, Ediriwickrema A, et al. Flow diverters and a tale of two
aneurysms. J Neurointerv Surg Published Online First: 17 April 2012. doi:10.1136/
neurintsurg-2012-010316
Kulcsar Z, Houdart E, Bonafe A, et al. Intra-aneurysmal thrombosis as a possible
cause of delayed aneurysm rupture after ﬂow-diversion treatment. AJNR Am J
Neuroradiol 2011;32:20–5.
Fiorella D, Hsu D, Woo HH, et al. Very late thrombosis of a pipeline embolization
device construct: case report. Neurosurgery 2010;67:E313–14.
Siddiqui AH, Kan P, Abla AA, et al. Complications following treatment with pipeline
embolization for giant distal intracranial aneurysms with or without coil
embolization. Neurosurgery 2012;71:509–13.
Chien A, Sayre J, Vinuela F. Comparative morphological analysis of the geometry of
ruptured and unruptured aneurysms. Neurosurgery 2011;69:349–56.
Kulcsar Z, Augsburger L, Reymond P, et al. Flow diversion treatment:
intra-aneurismal blood ﬂow velocity and WSS reduction are parameters to predict
aneurysm thrombosis. Acta neurochirurgica 2012;154:1827–34.

5

