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Abstract  
Background and Purpose: Growth and rupture, the two events that dominate the evolution of an intracranial aneurysm, 
are both dependent on intraaneurysmal flow. Decrease of intraaneurysmal flow is considered an attractive alternative for 
treating intracranial aneurysms by minimally invasive techniques. Such modification can be achieved by inserting stents 
or flow diverters alone. In the present paper, the effect of different commercial and innovative flow diverters’ porosity was 
studied in intracranial aneurysm models.
Material and Methods: Single and stent-in-stent combination of Neuroform II as well as single and stent-in-stent combi-
nation of a new innovative, low-porosity, intracranial stent device (D1, D2, D1 + D2) were inserted in models of intracranial 
aneurysms under shear-driven flow and inertia-driven flow configurations. Steady and pulsating flow rates were applied 
using a blood-like fluid. Particle image velocimetry was used to measure velocity vector fields in the aneurysm midplane 
along the vessel axis. Flow and vorticity patterns, velocity and vorticity magnitudes were quantified and their value com-
pared with the same flows in absence of the flow diverter.
Results: In absence of flow diverters, a solid-like rotation could be observed in both shear-driven and inertia-driven mod-
els under steady and pulsatile flow conditions. The flow effects due to the insertion of low-porous devices such as D1 or 
D2 provoked a complete alteration of the flow patterns and massive reduction of velocity or vorticity magnitudes, whereas 
the introduction of clinically adopted high-porous devices provoked less effect in the aneurysm cavity. As expected, re-
sults showed that the lower the porosity the larger the reduction in velocity and vorticity within the aneurysm cavity. The 
lowest-porosity device combination (D1 and D2) reached an averaged reduction of flow parameters of 80% and 88% under 
steady and pulsatile flow conditions, respectively. The reduction in mean velocity and vorticity was much more significant 
in the shear-driven flows as compared to the inertia-driven flows.
Conclusion: Although device porosity is the main parameter influencing flow reduction, other parameters such as device 
design and local flow conditions may influence the level of flow reduction within intracranial aneurysms.
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Effekt der Porosität von „flow diverters“ auf den intraaneurysmatischen Blutfluss

Hintergrund und Ziel: Die zwei wichtigsten Faktoren für die Entwicklung intrazerebraler Aneurysmen, nämlich Wachstum 
und Ruptur, hängen vom intraaneurysmatischen Blutfluss ab. Eine Verminderung des intraaneurysmatischen Blutflusses 
durch minimalinvasive Techniken wird als attraktive Behandlungsmethode erachtet. Eine solche Modifikation des Blut-
flusses kann durch das Einbringen eines Stents oder „flow diverter“ allein erzielt werden. In der vorliegenden Arbeit un-
tersuchten die Autoren den Effekt der Porosität verschiedener handelsüblicher und innovativer „flow diverters“ an Model-
len intrakranieller Aneurysmen.
Material und Methodik: Sowohl einzelne oder Stent-in-Stent-Kombinationen des Neuroform II (NF) als auch einzelne 
oder Stent-in-Stent-Kombinationen von neuen innovativen, niedrigporösen intrakraniellen Stents (D1, D2, D1 + D2) wur-
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Introduction
Treatment of intracranial aneurysms aims at discon-
necting the aneurysmal flow from the parent artery and 
at restoring a physiological flow. Such treatment can be 
performed through neurosurgery by placing a metallic 
clip around the aneurysmal neck disconnecting in a de-
finitive manner the aneurysmal flow from the parent 
artery flow. However, these approaches have high com-
plication risks, such as brain edema or arterial vaso-
spasm [1]. Minimally invasive treatments provide better 
results [2] and are accomplished by filling the aneurysm 
cavity with coils and, in certain cases, by deploying an 
intracranial stent which is aiming at maintaining the 
coils compacted and at redirecting the flow in the parent 
artery. With flow currently thought to be the key pa-
rameter that can be influenced by minimally invasive 
treatments immediately, self-expanding and specifically 
designed stents for the cerebral vasculature have been 
used in patients for treatment of cerebral aneurysms [3]. 
It is believed that stents or flow diverters alone will be 
able to redirect the flow in the parent artery and slow 
down the aneurysmal flow leading to a thrombus, thus 
stabilizing the aneurysm in a definitive manner. Some 
authors have also reported a stent-in-stent technique to 
increase the lateral hemodynamic resistance of the stent 
in dissecting or small wide-necked aneurysms [4–7]. 
New generation of intracranial stents and recent devices 
called flow diverters are thought to progressively be-
come the current optimal minimally invasive treatment 
for intracranial aneurysms [8, 9]. Such devices have a 
lower porosity and are used for stand-alone treatment. 

Previous open-cell design stents were mostly used to 
maintain the coils compacted inside the aneurysm cavity 
and had only a limited effect on aneurysmal flow. Pre-
liminary clinical experiences with stent-based flow di-
version have been reported where progressive aneurys-
mal thrombosis induced by single or double stenting 
was observed for wide-necked aneurysms and complex 
vertebrobasilar aneurysms [5–7, 10].

Earlier studies have shown that the efficacy of a 
flow diverter to reduce flow within the aneurysmal sac 
depends on its porosity [11] and on the local hemody-
namic conditions [12].

The first goal of our study is to quantify the effect of 
intracranial stent porosity on intraaneurysmal flow 
characteristics using two different devices with distinct 
porosities and their stent-in-stent combinations to fur-
ther reduce porosity. The second goal is to examine the 
efficacy of intracranial stents in reducing intraaneurys-
mal flow under two different flow conditions.

Material and Methods
Experimental Setup

A hydraulic circuit (Figure 1a) was designed and set up 
to investigate the steady and pulsatile flow in two sili-
cone models of cerebral aneurysms. It consisted of a 
programmable pulsating flow pump, a reservoir, a 
pressure sensor, a flowmeter, upstream and down-
stream pipes, gates and the test section made out of a 
box containing the immersed silicone cerebral aneu-
rysm models. This setup was placed on a breadboard 
on an optical table and was designed to minimize hy-

den in Modellen intrakranieller Aneurysmen mit Eigenschaften von „shear-driven“ und „inertia-driven“ Fluss platziert. 
Flächen mit Geschwindigkeitsvektoren in der mittleren Ebene des Aneurysmas parallel zur Achse des Gefäßes wurden mit 
Hilfe der „particle image velocimetry“ (PIV) ermittelt. Eigenschaften von Fluss und Verwirbelungen, Geschwindigkeit und 
Ausmaß von Verwirbelungen wurden gemessen und mit Messwerten des gleichen Modells ohne „flow diverter“ verglichen.
Ergebnisse: Ohne „flow diverter“ konnte eine beständige Rotation in beiden – „shear-driven“ und „inertia-driven“ – Fluss-
modellen beobachtet werden. Die Auswirkungen nach Platzierung eines niedrigporösen Modells wie D1 oder D2 riefen eine 
komplette Änderung der Flusseigenschaften und eine massive Verringerung der Geschwindigkeit und des Ausmaßes von 
Verwirbelungen hervor, wohingegen die Platzierung klinisch angewendeter hochporöser Modelle geringere Auswirkungen 
auf die Kavität des Aneurysmas hatte. Erwartungsgemäß haben die Ergebnisse gezeigt: Je kleiner die Porosität ist, desto 
größer sind die Auswirkungen auf Blutflussgeschwindigkeit und Verwirbelungen im Aneurysma. Die Kombination mit der 
geringsten Porosität (D1 und D2) erzielte eine durchschnittliche Reduktion der Flussparameter um 80% bzw. 88% bei 
konstanten und pulsatilen Flüssen. Die Verminderung von mittlerer Geschwindigkeit und von Verwirbelungen war beim 
„shear-driven“ Fluss deutlich signifikanter als beim „inertia-driven“ Fluss. 
Schlussfolgerung: Obwohl die Porosität der wichtigste Parameter zur Senkung des Flusses ist, können andere Parameter 
wie das Design des jeweiligen Modells oder lokale Flusseigenschaften die Wirksamkeit der Flussreduktion in intrakraniellen 
Aneurysmen beeinflussen. 

Schlüsselwörter: Intrakranielle Aneurysmen · Particle image velocimetry · Porosität · Experimenteller Aufbau · 
Shear-driven flow · Inertia-driven flow 
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draulic perturbations. All pipe diameters were in the 
range of cerebral artery diameters and were stiff. In 
addition, no major diameter changes and curves were 
allowed.

A gear pump (ISMATEC, MCP-Z Process, Glatt-
brugg, Switzerland) drove the flow and was controlled 
by a function generator which was programmed to re-
produce physiologically relevant flow waveforms simi-
lar to those found in a cerebral artery. A 7-l covered 
reservoir at atmospheric pressure was placed close to 
the pump. Pulsating pressure at the outlet of the test 
section was monitored using a miniature pressure sen-
sor (Unisensor, Rickenbach-Attikon, Switzerland) 
and a standard oscilloscope (LeCroy, Chestnut, NY, 
USA). Flow was monitored using an ultrasonic flow-
meter device (T-102, Transonic Systems Europe, 
Maastricht, The Netherlands), also placed downstream 
of the test section. To yield blood-like viscosity of 3.75 
mPa · s at body temperature, fluid was composed of a 
mixture of distilled water and 50.2% glycerin (Pharma 

86.5%, Reactolab SA, Servion, Switzerland). The fluid 
temperature was maintained at 37 °C using a thermo-
stat.

Silicone Models
Two four-layer silicone models (ELASTRAT SàRL, Ge-
neva, Switzerland) were used (Figures 1b and 1c).

The choice of the models was done in order to allow 
for the investigation of two different kinds of aneurysmal 
flows. Indeed, for a given aneurysm geometry, straight 
and curved parent vessels provide differences in the po-
tential occlusion created by a specific stent [12]. The first 
model used consisted of a lateral aneurysm placed over a 
straight parent artery. This geometry drove a shear-driv-
en flow, i.e., the aneurysmal flow was “induced” by the 
arterial flow. The second model used consisted of a simi-
lar lateral aneurysm geometry placed over a curved par-
ent artery exhibiting consequently an inertia-driven flow, 
meaning that the arterial flow was pointing inside the an-
eurysmal sac. The aneurysm models had a spherical shape 

Figures 1a to 1c. Schematics of the circulation system (a), and of the silicone models (b, c).

a

b c
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with a 10-mm diameter and an elliptic neck with a 6.8-mm 
major axis and a 3.5-mm minor axis. The parent artery 
had a 4-mm diameter. The vessel orientation was hori-
zontal with the aneurysm cavity on top of the vessel. In 
order to avoid major optical deformation due to the an-
eurysm curvature, the models were further immersed in a 
Plexiglas box filled with the same fluid as the flowing 
fluid. Indeed, silicone and the fluid used in this experi-
ment have similar refraction indexes: nsilicone = 1.42 and 
nfluid = 1.47, respectively. This assumption was confirmed 
experimentally using an optical target.

Flow Diverters Tested
All tested devices were self-expanding flow diverters and 
made of nitinol. The first group of devices has an open-cell 
design and exhibits a relatively large porosity whereas the 
second group of devices presents an asymmetric design 
and made of three supporting helicoidal wires. Smaller 
connection wires join the principal spires and are spaced at 
the device edges and brought closer in the device center. 
Due to patent issues, the device cannot be illustrated. The 
effective porosity defined as the ratio of the free neck sur-
face divided by the total neck area (equation 1) could be 
approximated and the corresponding values of the tested 
devices are summarized in Table 1. Three flow diverters 
and six device combinations were tested: (a) no stent, (b) 
one Neuroform II (Boston Scientific, Boston, MA, USA), 
(c) a stent-in-stent combination of two Neuroform II, (d) a 
low-porous device (D1), (e) a second low-porous device 
(D2), and (f) the stent-in-stent combination of D1 and D2.
 Afree Atotal – Adevice AdeviceEffective porosity = ––––– = ––––––––––– = 1– –––––– (1)

 
Atotal Atotal Atotal

Velocity Field Measurement
Particle image velocimetry (PIV) is based on the com-
parison of particles’ position in a succession of flow field 
images separated by a controlled interval of time. Once 

the image acquisition is done, an algorithm analyzes and 
correlates a pair of images to extract the velocity vector 
fields. In the present setup, particles of a size equivalent 
to red blood cells (~ 10 µm) having a density close to wa-
ter density were illuminated using a double-pulsed laser 
sheet (DANTEC New Wave Research solo PIV III 15Hz, 
Dantec Dynamics S.A.S., Nozay, France). The digital 
camera had a resolution of 1,280 × 1,024 pixels (Camera 
DANTEC Measuring Technology HiSense PIV/PLIF 
Camera). The velocity vectors were averaged over 80 sets 
of double images at 4-Hz sampling frequency. For mea-
surements under pulsatile flow conditions, phase averag-
ing was performed at each time step within the pulsation 
cycle with the help of a delayed trigger signal for laser 
activation and image acquisition. Hence, the instanta-
neous measurement was always taken at the same time of 
the cardiac cycle. A photodiode sensor, placed beneath 
the model, was used to monitor the exact timing of laser 
pulses. The procedure was repeated to obtain 20 points 
on one cardiac cycle, i.e., each 50 ms. The time interval 
between the two laser pulses was set in such a way that 
the fastest particle travels no more than half of the inter-
rogation window length. The background noise was first 
filtered by subtracting the average image from PIV im-
ages before the calculation of cross correlation. Diverse 
filters were then applied to instantaneous velocity maps 
to eliminate wrong vectors. Finally, the velocity maps 
were averaged and the vorticity field was derived.

Flow Conditions
PIV measurements were performed in the transectional 
plane of the aneurysm cavity before and after insertion of 
the tested devices under various flow conditions. The dif-
ferent steady and pulsating flow conditions are detailed 
in Table 2. Qmean is the mean flow rate given in milliliters 
per minute (ml/min); Vmean is the mean velocity in centi-
meters per second (cm/s). The Reynolds number, Re, is a 
dimensionless number representing the ratio of inertial 

Table 1. Porosity values for each device or combination of devices tested.

Device of combination Porosity

(a) No device 100%
(b) Neuroform   87%
(c) Two Neuroform   74%
(d) Low-porous device (D1)   63%
(e) Low-porous device (D2)   63%
(f) Combination of D1 and D2   45%

Table 2. Steady and pulsatile flow condition parameters.

Parameters Steady flow  Pulsating flow

Qmean 100 300 500 333
Vmean 13.3 39.8 66.3 44.2
Re 141 423 705 461
α     0     0     0 2.59
Pulsatility index     0     0     0 0.65
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forces to viscous forces and is given by: Re = ρVmeanDµ–1, 
where ρ is the density in kg · m–3, D is the parent artery 
diameter, and µ is the fluid dynamic viscosity in Nsm–2. 
The Womersley number, α, is a dimensionless number 
which expresses the pulsating flow frequency in relation 
to viscous effects; it is defined by α = r(ωρµ–1)0.5, where r 
is the parent artery radius in m, and ω the angular fre-
quency in rad · s–1. Finally, the pulsatility index is given by Vmax–Vmin

Vmean
, where Vmax and Vmin are the maximal and minimal 

flow velocity during the cardiac cycle, respectively.

The flow and pressure phase average at the outlet of 
the test section is illustrated in Figure 2.

Analysis
For each tested device (no device, one Neuroform, two 
Neuroform, one D1, one D2, D1 and D2) and flow con-
dition (steady and pulsating), the velocity vector fields 
in the symmetry plane of the aneurysm model were 
measured. In order to assess the efficiency of the insert-
ed flow diverter, the following parameters were esti-
mated and compared:
(1) the average aneurysm velocity, given by 

i = n

i = 1

1
nVmean = ∑�vi�  

expressed in ms–1, where n is the number of valid vec-
tors in the measurement plane and vi the velocity vector 
i at point <u;v>;
(2) the root mean square (RMS) value of the vorticity 
magnitude given by 

i = n

i = 1

1
nωmean = ∑(ωi

2)0.5, expressed in rad · s–1, 
where n is the number of valid vectors in the measure-
ment plane, and ωi the vorticity value at point <u;v>.

Results
Qualitative Flow Field Analysis: Effect of Decreasing 
Porosity on Velocity Vector Fields

Figures 3 to 5 illustrate the velocity vector fields, the ve-
locity and vorticity magnitudes, respectively, at the peak 
systolic and diastolic flow times in the shear-driven flow 
and inertia-driven flow model.

Figure 2. Flow and pressure phase average over time at the outlet of 
the test section. Illustration of the four main phases evaluated in the 
cycle: point A: diastolic flow (t = 0.10 s); point B: mid-systolic flow 
(t = 0.20 s); point C: peak systolic flow (t = 0.35 s); point D: correspond-
ing B-point flow in diastole (t = 0.75 s).

Figure 3. Velocity vector field at peak systole and diastole under shear-driven and inertia-driven flow.
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Quantitative Flow Field Analysis
Table 3 gives the values of mean aneurysmal velocity 
and RMS of vorticity for the shear-driven and iner-
tia-driven flow under steady and pulsating flow condi-

tions. The numbers in parentheses give the ratio (ex-
pressed as percentage) of the measured quantity in 
presence of a flow-diverting device to the same quantity 
in absence of device.

Figure 4. Scalar map of the velocity field at peak systole and diastole under shear-driven and inertia-driven flow.

Figure 5. Scalar map of the vorticity field at peak systole and diastole and under shear-driven and inertia-driven flow conditions. Velocity values 
are expressed in ms–1 and vorticity in s–1.
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Velocity and vorticity magnitudes were found to be 
three to four times higher in the inertia-driven flow 
model than in the shear-driven flow model, with or with-
out the presence of any device. This reflects the well-an-
ticipated fact that when the parent vessel points toward 
the aneurysm neck, flow enters the aneurysm inflow 
zone easier and at a higher speed, producing accord-
ingly higher velocity in the aneurysm.

The efficiency of the flow diverter in reducing 
intraaneurysmal flow is primarily determined by its 
porosity. This is illustrated in Figure 6, where under 
pulsating flow conditions an overall monotonic de-
crease in mean velocity and vorticity is observed with 
decreased porosity. We remark, however, that al-
though D1 and D2 have the same porosity, their ef-
fect on aneurysmal flow is similar in the shear-driven 
model whereas it is substantially different in the iner-
tia-driven flow model. Indeed, in the inertia-driven 

flow model, D1 and D2 are exhibiting different mean 
velocity values: D1 = 16.5 mm/s; D2 = 10.2 mm/s (dif-
ference 38%) and different vorticity values: 15.19 
versus 8.02 (difference 47%). Furthermore, in the in-
ertia-driven flow model, the stent-in-stent combina-
tion of two Neuroform (porosity 74%) is presenting 
higher flow reduction efficiency than D1 (porosity 
63%).

When comparing steady versus pulsating flow (Ta-
ble 3), we observe that the pulsatile flow conditions do 
not seem to be a major determinant of the effectiveness 
of the flow diverter in reducing velocity and vorticity. 
Flow rate, however, appears to be a considerable modu-
lator of flow reduction efficiency. As seen in Table 3, 
mean aneurysmal velocity and the vorticity RMS reduc-
tion rates are not constant for the different reported 
steady flow rates and are generally higher for the small-
est flow rate (100 ml/min).

Table 3. Mean aneurysmal velocity, root mean square (RMS) vorticity values and in parentheses their corresponding remaining values expressed 
in percent for the combination of the different endovascular devices placed in the shear-driven flow and inertia-driven flow models under steady 
and pulsating flow. NF: Neuroform.

Device Porosity Steady/ Mean Shear-driven flow (straight model) Inertia-driven flow (curved model)
  pulsatile flow Mean velocity RMS vorticity Mean velocity RMS vorticity
    *1E-03  *1E-03

D1 + D2 45% Steady 500   3.29 (19%)   3.03 (17%) 21.7 (31%) 23.7 (19%)
   300   1.87 (14%)   1.87 (14%) 2.00   (6%) 1.58   (5%)
     100   0.91 (15%)   0.62   (9%) 0.34   (3%) 0.26   (2%)
  Pulsatile 333   2.30 (14%)   1.48 (10%) 2.45   (5%) 1.81   (3%)
D1 63% Steady 500   3.77 (21%)   2.85 (16%) 32.0 (46%) 30.8 (37%)
   300   2.04 (15%)   1.31 (10%) 16.0 (46%) 14.7 (45%)
     100   1.17 (20%)   0.71 (11%) 1.31 (11%) 1.04   (8%)
  Pulsatile 333   3.19 (20%)   2.07 (14%) 16.5 (35%) 15.2 (28%)
D2 63% Steady 500   4.05 (23%)   3.14 (18%) 28.7 (42%) 25.1 (30%)
   300   3.71 (28%)   2.94 (22%) 7.06 (20%) 5.45 (17%)
     100   0.87 (14%)   0.62   (9%) 0.92   (8%) 0.55   (4%)
  Pulsatile 333   3.54 (22%)   2.28 (16%) 10.2 (22%) 8.02 (15%)
2NF 74% Steady 500   6.13 (35%)   4.44 (25%) 34.9 (51%) 33.9 (41%)
   300   4.72 (36%)   3.30 (24%) 21.1 (61%) 21.2 (65%)
     100   3.25 (54%)   1.64 (24%) 19.4 (56%) 18.6 (57%)
  Pulsatile 333   6.10 (38%)   3.90 (26%) 15.2 (26%) 13.6 (19%)
NF 87% Steady 500   9.29 (52%)   7.31 (41%) 42.1 (61%) 43.6 (53%)
   300   5.88 (44%)   4.11 (30%) 22.1 (64%) 21.4 (66%)
     100   1.35 (23%)   1.34 (20%) 3.61 (31%) 2.87 (22%)
  Pulsatile 333   7.44 (47%)   5.17 (35%) 20.0 (44%)   7.5 (34%)
None 100% Steady 500 17.7 17.8 68.9 82.8
   300 13.3 13.5 34.6   2.7
     100   6.0   6.71 11.6 13.0
  Pulsatile 333 15.8 14.6 45.0 52.6
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Discussion
Summary of the Study

In vitro experiments are used and developed to under-
stand flow diverters’ efficiency and consequently facili-
tate their development. Such setups are reproducing the 
physiological parameters such as flow and pressure and 
thus avoid the unnecessary use of animals. Flow pat-
terns, velocities, pressure and their derived quantities 
such as shear and vorticity are made accessible by direct 
measurements [13, 14]. Alterations of these quantities 
due to the insertion of a stent were quantified in previ-
ous studies by Lieber et al. [11], Rhee et al. [15], and 
Barath et al. [16–18].

PIV is a nonintrusive technique which allows recon-
structing the velocity vector fields in a flowing fluid 
seeded with particles. This technique, which is widely 
adopted in a variety of liquid and gas flows, has been 
used by Lieber et al. to quantify the effects of the strut 
size of three helical stents on flow [19], by Canton et al. 
to measure the intraaneurysmal flow dynamics’ and me-
chanical stresses’ changes resulting from the placement 
of Neuroform stents in bifurcating intracranial aneu-
rysm models [20], and by Yu et al. in stented and un-
stented sidewall aneurysm models under steady flow of 
different Reynolds numbers [21].

Earlier studies have shown that endovascular flow 
diverters are capable of reducing intraaneurysmal flow 
and that porosity is a major determinant of this flow re-
duction [11, 15]. The current study aimed in comple-
menting and further extending those studies, by exam-
ining and comparing the effects of two versions (D1 and 
D2) of a novel low-porosity endovascular flow diverter 
with those from a commercially available device (Neu-
roform) that is already in use for clinical application. 

Stent-in-stent combinations of D1 and D2 and the Neu-
roform, yielding further reduction in porosity, were also 
studied. Mean velocity and RMS value of vorticity were 
measured using PIV on idealized models of shear-driv-
en and inertia-driven intraaneurysmal flows under 
physiologically relevant steady and pulsating flow con-
ditions. We found that, indeed, porosity is the principal 
parameter affecting intraaneurysmal flow, but the ef-
fects of porosity as well as the absolute levels of intraan-
eurysmal flow are strongly dependent on the local mag-
nitude and nature of flow, that is whether the local flow 
is shear-driven or inertia-driven.

Compared to previous studies, the present paper of-
fers the advantage of providing a better spatial resolu-
tion (pixel size comprised between 11 µm and 18 µm), 
and a better temporal resolution (a photodiode sensor 
was placed beneath the model and the exact time of la-
ser hits was monitored with a 200-MHz bandwidth oscil-
loscope). Secondly, velocity and vorticity magnitudes 
were evaluated qualitatively and quantitatively, finally, 
two simple geometries but completely different in a flu-
id mechanics approach were used providing completely 
different kind of flow.

Effect of Porosity and Strut Design
The differences in flow reduction efficiency among the 
different porosity devices are significant. The lowest-po-
rosity device tested (stent-in-stent combination of D1 
and D2) reduced the aneurysmal flow or vorticity at the 
levels of 14–19% of control under shear-driven flows 
and to the levels of 5–31% under inertia-driven flows. 
High-porosity Neuroform led to a reduction in mean ve-
locity at the levels of 23–52% under shear-driven flow 
and to the levels of 31–61% under inertia-driven flow. 

Figures 6a and 6b. Effect of porosity in the shear-driven model (a) and in the inertia-driven model (b) over the mean velocity and RMS vorticity 
values.

a b
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The results of the present study agree well with those 
from a previous study using the Neuroform stents in 
other kinds of models [22]. In contrast to the Neuroform 
device, which was designed to maintain coils in an aneu-
rysm cavity, the novel endovascular devices D1 and D2 
were specifically designed as low-porosity devices to re-
duce flow in the aneurysm cavity. Our results show that 
the decrease in porosity from 87% in the Neuroform to 
63% in D1 or D2 leads to a substantial decrease in flow 
and vorticity (Table 3 and Figure 6).

Although porosity is the major factor affecting in-
traaneurysmal flow reduction, we also found that the 
two novel devices D1 and D2, which have exactly the 
same porosity (63%), provoked quite different flow re-
duction rates, especially in inertia-driven flow models 
(Table 3 and Figure 6). These results indicate that the 
stent design itself may be a parameter of interest when 
it comes to flow efficiency.

Flow Diverter Effects on Velocity and Vorticity
All devices affected mean flow and vorticity in a similar 
manner. Despite qualitative differences in the nature of 
the intraaneurysmal flow field (Figures 3 to 5), velocity 
and vorticity magnitudes were reduced proportionally 
when porosity was reduced (Figure 6). Hence, both 
mean velocity and RMS of vorticity can equally well 
represent the effects of flow diverters. Wall shear stress 
(WSS) is an important hemodynamic parameter derived 
from the flow field, often described to be a major indica-
tor of aneurysmal rupture [23]. However, in this study, 
WSS could not be assessed due to higher measurement 
error on velocity vectors near or at the wall and to the 
small displacements of the model walls under pulsating 
flow conditions.

Shear-Driven versus Inertia-Driven Flow
Velocity and vorticity values were generally two to 
three times higher in the inertia-driven flow model 
than in the shear-driven flow model. The results ob-
tained underline the fact that flow diversion depends 
as much on the individual vascular geometry and local 
flow conditions as on specific diverter design. Predict-
ing the efficiency of a specific flow-diverting device in 
reducing intraaneurysmal flow cannot be done simply 
by evaluating the device porosity and strut design. One 
needs to include local arterial geometry and flow con-
ditions. Ideally, the assessment of an optimal flow-di-
verting device should be done on a per-patient basis, 
where the patient-specific geometry and local hemo-

dynamics are taken into account. This renders, how-
ever, the analysis complicated and cumbersome for 
clinical applications.

Effects of Amplitude and Pulsatility of Flow
The results have shown that flow reduction under 
pulsating and steady flow at comparable mean flows 
is overall quite similar for both shear-driven and iner-
tia-driven flows and for all tested devices (Table 3). 
The results also show that, under steady flow condi-
tions, flow reduction is inversely proportional to flow 
rate. Under pulsatile flow conditions, the inserted 
flow diverters acted as a low-pass filter, reducing the 
velocity and vorticity absolute values but also reduc-
ing the difference between the highest and lowest 
value during the cardiac cycle. As a result, filtered-flow 
waveforms inside the aneurysm cavity creating more 
diffuse and homogeneous flow patterns are ob-
tained.

Limitations
Limitations of this study are mainly inherent to the ad-
opted experimental methodology. For instance, the 
measurements were made in the mid-transectional an-
eurysmal plane, however, as the laser beam had a non-
negligible thickness, particles located close but out of 
this plane were illuminated and thus counted in the 
measurements. Light reflection caused difficulties in 
measuring velocity in the vicinity of device struts. This 
effect was observed especially in Neuroform stents and 
to thwart this limitation, the laser intensity was reduced 
causing small shadow zones, where no measurement 
could be done. This problem was not observed on de-
vices D1, D2, and D1 + D2.

Clinical Application 
The stent-in-stent combination of D1 and D2 led to se-
vere aneurysmal flow reduction and is likely a good 
therapeutic candidate for stabilizing aneurysms by in-
ducing thrombus formation. At the moment, however, 
there exists no defined flow, vorticity or WSS reduc-
tion threshold to be reached to qualify a flow diverter 
as clinically efficient. In consequence, it might be un-
necessary for a device to reach a 90% reduction. Low-
ering the device porosity could seem a capable means 
to facilitate aneurysm thrombus formation; however, 
thrombus formation is a complex system event that 
might happen under certain circumstances that might 
not only be related to the flow reduction. In-stent clot 
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formation risks may also be raised. Moreover, the 
cerebrovasculature has many side branches with a di-
ameter of ≤ 200 µm and an unfortunate placement of a 
stent strut or wire against such branch may block flow 
into the branch.

Due to the complexity of the procedure, the exact 
position of an intracranial flow-diverting device cannot 
be fully determined in advance and the stent positioning 
approximation can reach 1.5 mm. Some intracranial 
stents have a large open-cell design with variable space 
between the struts when placed in curved segments. It is 
therefore hard to predict the efficiency of the device in 
covering part of the aneurysm neck, as this is strongly 
dependent on the relative placement. The development 
of endovascular devices with the same porosity but with 
smaller wire diameter and smaller window sizes may re-
duce this dependency as well as the potential side 
branches’ occlusion risks.

Conclusion and Outlook
In the mid-1980s, cerebral aneurysms were treated by 
filling the cavity with a balloon; in the 1990s, coils were 
used to fill in the aneurysm cavity and slow down the 
blood reducing the shear level and provoking a throm-
bus. Currently, stents are used to maintain coils inside 
the aneurysm. It is thought that stents alone would be 
able to treat such disease by acting more as a “flow di-
verter” rather than as a “mechanical support for coils” 
[8, 9]. Indeed, stents may aspire at three potential pur-
poses: the aneurysmal/arterial circulation disconnec-
tion, the aneurysmal in-jet redirection, and the estab-
lishment of a scaffold useful for vessel repair. Intense 
research and development efforts are under way for the 
design of stents, which would divert flow and stabilize 
aneurysms in an optimal fashion. Our results lead us to 
suggest that stents with low porosity might be good can-
didates for reducing aneurysmal flow and stabilizing the 
aneurysm, however, their effectiveness is not dependent 
solely on porosity but also on local geometry and local 
hemodynamic conditions.
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