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The pressure reduction coefficient: A new parameter to assess

aneurysmal blood stasis induced by flow diverters/disruptors

Gregory Gascou’, Riccardo Ferrara?, Dominique Ambard?®, Mathieu Sanchez?, Kyriakos Lobotesis®,
Franck Jourdan® and Vincent Costalat

Abstract

Background and purpose: Pore density (PD), surface metal coverage (SMC) and the number of wires are all different
parameters which can influence the efficacy of a flow disruptor/diverter. Nevertheless, the relative importance of a param-
eter to induce intra-aneurysmal blood stasis is still poorly evaluated. Therefore, comparison between devices based on a
unique value is not reliable. The aim of this study was to propose a new bench top parameter (the pressure reduction
coefficient (PRC; &)) in order to assess the global haemodynamic effect of each flow diverter/disruptor to slow flow.
Methods: Eight devices were tested in vitro during three different flow conditions. For the eight devices, the PRC was
computed at different volumetric flow rates to characterise flow reduction. Comparison was made with SMC, PD and the
number of wires.

Results: The PRC obtained for flow disruptors was on average 1.5 times more efficient in reducing flow compared to flow
diverters. PD (mm?) ranged from 24 to 38 for flow diverters and did not independently correlate with the PRC. The SMC of
flow diverters ranged from 25% to 70%, and ranged from 20% to 100% for flow disruptors, without independent correlation
to the PRC. The number of wires ranged from 48 to 96 for the flow diverters and did not correlate independently to the PRC.
Conclusion: There were no direct correlations between individual device characteristics and the PRC, suggesting a multi-
faceted and interrelating association of the overall design of each implant. Hence, the PRC could be used as a simple,
reliable parameter to assess the overall capacity of flow disruptors/diverters to induce intra-aneurysmal blood stasis.
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Introduction used have different features and varying degrees of effi-

Flow diverter/disruptor devices have shown a higher
degree of occlusion of difficult to treat intracranial
aneurysms.'” The aim of these implants is to disrupt
the flow across the aneurysm neck in order to induce
intra-aneurysmal blood stasis, thrombosis and definite
aneurysm healing. Flow diverter devices are braided
stents with fine meshes implanted within the artery
across the aneurysm neck inducing intra-aneurysm
blood stasis and allowing reverse reconstruction.'>*
Flow disruptors also called ‘intrasaccular flow diver-
ters’ are intrasaccular ellipsoid braided-wire emboliza-
tion devices and present a single layer or dual layer
allowing intra-ancurysmal flow disruption at the level
of the neck.”? The effect of these devices is due to their
individual characteristics (lower porosity and pore size
and higher number of wires and metal surface cover-
age), which lead to a permeability decrease compared to
conventional stents.'® The various devices currently

cacy.! There is no consensus to date of the variable,
between porosity and pore density (PD), that may
best reflect the effectiveness of a flow diverter.!' !
Furthermore, there is no standardised and reliable
method to measure flow diverter porosity and PD.'*
However, measuring the capacity of this new gener-
ation device to induce blood stasis may help the clin-
ician to understand better the predictive factors related
to the effectiveness and safety of these devices. The aim
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of this study was to propose a new bench test parameter
(the pressure reduction coefficient (PRC); &) in order to
assess in one measure the global haemodynamic cap-
acity of each flow diverter/disruptor to reduce flow.

Materials and methods
Experimental system

The experimental system is composed of a traction/com-
pression machine in which a 60 ml syringe is disposed
between the control of the volumetric flow rate and a
plexiglass cube where an ‘artery’ has been drilled
(Figures 1 and 2). A glycerin solution with a viscosity
close to the blood at 25°C was used. The volumetric flow
rate was controlled by the traction/compression machine
and verified at the outlet by using a weighing scale. The
volumetric flow rate tested (1.3, 1.7 and 2.1 mL/s) is
within the physiological range.'”'® The fluid pressure
generated by the flow is measured by using a pressure
sensor inserted in the plexiglass cube.

Definition of the bench test parameter

The Bernoulli equation for an incompressible flow,
valid at any arbitrary point along a streamline is the
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Figure 1. Diagram of the experimental set-up.

sum of the internal energy, potential energy and kinetic
energy of any fluid particle:

E =P + pgz 4 pV?/2

where V is the particle speed, P is the pressure, p is the
liquid density, g is the acceleration due to gravity and z
is the elevation of the point above the reference plane.
The PRC (&) proposed in this paper as the bench test
parameter is dimensionless and it characterises the loss
of energy by the following equation:

AP =& pV?)2

In our experimental system the PRC can be deter-
mined measuring the difference of pressure caused by
the device.

Experimental protocol

Firstly, the syringe was emptied at a given velocity to
obtain the desired flow rate inside the system without
the medical device (Figure 2(a)) and the pressure Py is
registered (Figure 2(c)). Secondly, with the device
deployed in the ‘artery’ the syringe was again emptied
with the same velocity inside the system (Figure 2(b)).
The pressure P, is registered (Figure 2(c)).

To evaluate the pressure reduction of the device, the
difference between Py and P4 (AP) was used as well as
the imposed flow rate Q. To obtain a statistical value,
these operations were repeated 10 times for each med-
ical device. A 95% confidence interval of pressure drop
was computed with a Student’s law and z-distribution.

Results

The error measurement of the PRC was low.
Geometrical parameters and the PRC obtained for
each device are summarised in Table 1. Comparison
between inherit properties of the devices (surface
metal coverage (SMC), PD, number of wires) and mea-
sured PRC are illustrated in Figure 3. The pressure
reduction for each device is illustrated in Figures 4
and 5. Different flow diverters had different SMC,
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Figure 2. Representation of the plexiglass cube.



PDs, number of wires and different PRC (Table 1).
There was no direct correlation between isolated char-
acteristics of each device (SMC, PD, and number of
wires) and the overall PRC (Figure 3). The flow diverter
which had the more wires (Surpass) was not the one
harbouring the highest PRC. Similarly, devices with the
largest SMC (FRED) or lower PD (Pipeline) did not
have the highest or lowest PRC (Figure 3).

Table 1. Geometrical parameters and pressure reduction
coefficient obtained for each device.

Discussion

As expected, the flow disruptors with their very low
PD, high SMC and very high number of wires were
superior to flow diverters in inducing stasis with a
PRC 1.5 times higher compared to the average flow
diverter. This statement looks in accordance with clin-
ical experience in which immediate complete or near
complete flow cessation is observed in most of the
flow disruptor procedures*®*° compared to flow diver-
ters in which complete stasis, according to the classifi-
cation of Szikora et al.,'” is commonly observed in only
6.6-15.7% of cases.'*°

Surface metallic Pore' Pressu.re Initially, we expected to find a direct correlation
) coverage dens;ty Nfum.ber red]:(.ct!on between PD and pressure reduction. Surprisingly, in
Device (average) (mm’) of wires coefficient/s study, the PD was not the key parameter in pre-
FRED 5mm 33% 2 164+48 10 dicting the flow reduction capacity between flow diver-
Surpass 5mm  30% 21-32  48-96° 14 ters. In our results, the less porous stent was not the less
Pipeline 5smm  30% 16 48 15 permeable and vice versa. In addition, the number of
P64 5 mm 35% 4-38 64 N wires otr the1 StM(ij1 do no; agpear ;Io be a keg Dfacto;
Silkst 5 mm 45% 30 48 18 proportional to flow reduction. However, an
SMC are described as factors influencing flow dynam-
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Figure 3. The correlation between the geometrical parameters and the pressure reduction coefficient (). In order: (a) the surface
metallic coverage (SMC); (b) the pore density (PD); and (c) the number of wires (N).
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Figure 5. The pressure reduction coefficient (£) is shown by a continuous line and pressure loss (Pa) is shown by a dotted line obtained

for all the devices for each volumetric flow rate (mL/s).

implanted. In contrast, Hodis et al.”® observed that the
factor influencing aneurysm thrombosis after flow
diverter implantation in the rabbit model was not the
PD or the SMC but was the diameter of the aneurysm
ostium.

We hypothesise that each parameter (porosity,
SMC, PD, number of wires) may influence the overall
permeability that is not strictly related to a single mech-
anical parameter of the stent design. If we consider one
single device design, the isolated modification of the PD
will necessarily impact the permeability, but between
two different stents with different wire numbers,

the PD parameter itself is not sufficient to make a reli-
able comparison, as all the other parameters (SMC,
wire diameter, wire angle) may greatly modify the pres-
sure reduction capacity and can lead to different levels
of efficacy in clinical studies.! Furthermore, automated
or manual methods for measuring PD or porosity are
not currently reliable."*** Comparison between differ-
ent devices using one isolated mechanical characteristic
of the stent is therefore not appropriate.

The PRC appears to be a simple parameter to assess
the overall capacity of a flow diverter to reduce the flow
through its mesh whatever the manufacturer’s



parameter description. The overall design is tested in
a simple and reproducible manner. It is important
to underline that the measurement variability was
very low between the 10 measures performed at each
flow rate.

As low pressure is related to blood stasis, the PRC
may be an ideal bench test to assess the clinical effect-
iveness of a flow diverter/disruptor according to funda-
mental haematological demonstration.”>*® In this
view, the permeability difference between devices may
explain why certain types of flow diverter seem to
induce a quicker per-angiographic thrombosis than
others. When using a Silk or a P64 it is important to
know that you are using the highest pressure reduction
device, and that you may induce a more rapid aneur-
ysm thrombosis compared to a Surpass or a Pipeline
that may influence the postoperative pharmacological
strategy to reduce the risk of acute thrombosis. This
parameter may allow the physician to compare different
devices regardless of the number of wires, the SMC, the
PD or the design complexity, and could be used as a
reliable evaluation parameter for future simulations
and conception programmes.

This study presents some limitations. The pressure
reduction related to intra-aneurysmal blood stasis is
not synonymous with aneurysm healing taking into
account the complexity of biological thrombosis, and
the evolution of ancurysms treated by flow diverters is
sometimes unpredictable.”” > This complex process is
poorly understood and influenced by the patient and
aneurysm characteristics and the pharmacological
environment during the pre and postoperative phase.
This simple parameter will stay a bench test indicator
that could not guarantee the success of a given device
for a given aneurysm. Furthermore, the tests are per-
formed on a straight vessel of fixed diameter in order to
simplify and reproduce easily the measurement and do
not represent exactly what happens in vivo. In a realis-
tic anatomical situation, the device is deployed against
a curved vessel wall that necessarily induces a design
modification of the stent on the inner and outer part of
the curve resulting in an asymmetric design modifica-
tion and consequently an asymmetric permeability
modification. Nevertheless, the simplicity and the
reproducibility of the bench test would have been
altered by selecting a particular angle of the tube. We
then assume that there should be proportionality
between the behaviours observed in a straight vessel
compared to a curved anatomical configuration
between devices. Furthermore, in real cases of flow
diverter implantations, blood flow only passes through
one wall of the stent and not both, as is done in this
experimental protocol, but the aim was to propose a
single bench test manoeuvre that was highly reprodu-
cible in order to compare the mechanical characteristics
of different devices and to assess a single parameter: the
PRC; this last being the more accurate to represent
the capacity of a given device to promote stasis in an
aneurysm sac.

Conclusion

This study has demonstrated the lack of correlation
between standard mechanical parameters and the flow
stasis effect in a number of available flow diverters and
flow disruptors. The PRC (&) could be utilised as a
more general parameter to assess flow disruptor/diver-
ter capacity to induce intra-aneurysmal blood stasis.
The relation between the pressure reduction value and
the healing process needs further investigation.

Author contributions

Conception and design of the study: GG, RF. DA, MS, FJ,
VC; acquisition of data: GG, RF, DA, MS, FJ, VC; analysis
and interpretation of data: GG, RF, MS, VC; drafting the
article or revising it critically for important intellectual con-
tent: GG, KL, RF, DA, MS, FJ, VC.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

Funding

The authors received no financial support for the research,
authorship, and/or publication of this article.

References

1. Arrese I, Sarabia R, Pintado R, et al. Flow-diverter devices
for intracranial aneurysms: systematic review and meta-
analysis. Neurosurgery 2013; 73(2): 193-199. discussion
9-200.

2. Brinjikji W, Murad MH, Lanzino G, et al. Endovascular
treatment of intracranial aneurysms with flow diverters: a
meta-analysis. Stroke; a journal of cerebral circulation
2013; 44(2): 442-447.

3. Lv X, Yang H, Liu P, et al. Flow-diverter devices in the
treatment of intracranial aneurysms: a meta-analysis and
systematic review. Neuroradiol J 2016; 29(1): 66-71.

4. Briganti F, Leone G, Marseglia M, et al. Endovascular
treatment of cerebral aneurysms using flow-diverter devices:
a systematic review. Neuroradiol J 2015; 28(4): 365-375.

5. Asnafi S, Rouchaud A, Pierot L, et al. Efficacy and safety
of the Woven EndoBridge (WEB) device for the treatment
of intracranial aneurysms: a systematic review and meta-
analysis. A/JNR Am J Neuroradiol 2016; Epub ahead of
print, doi: ajnr.A4900v1-0.

6. Caroff J, Mihalea C, Dargento F, et al. Woven
Endobridge (WEB) device for endovascular treatment of
ruptured intracranial wide-neck aneurysms: a single-center
experience. Neuroradiology 2014; 56(9): 755-761.

7. Mine B, Pierot L and Lubicz B. Intrasaccular flow-
diversion for treatment of intracranial aneurysms: the
Woven EndoBridge. Expert Rev Med Devices 2014;
11(3): 315-325.

8. Klisch J, Sychra V, Strasilla C, et al. The Woven
EndoBridge cerebral aneurysm embolization device
(WEB 1II): initial clinical experience. Neuroradiology
2011; 53(8): 599-607.



10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

Ding YH, Lewis DA, Kadirvel R, et al. The Woven
EndoBridge: a new aneurysm occlusion device. 4/NR
Am J Neuroradiol 2011; 32(3): 607-611.

Roszelle BN, Gonzalez LF, Babiker MH, et al. Flow
diverter effect on cerebral aneurysm hemodynamics: an
in vitro comparison of telescoping stents and the Pipeline.
Neuroradiology 2013; 55(6): 751-758.

Augsburger L, Farhat M, Reymond P, et al. Effect of
flow diverter porosity on intraaneurysmal blood flow.
Klin Neuroradiol 2009; 19(3): 204-214.

Rayepalli S, Gupta R, Lum C, et al. The impact of stent
strut porosity on reducing flow in cerebral aneurysms.
J Neuroimag 2013; 23(4): 495-501.

Sadasivan C, Cesar L, Seong J, et al. An original flow
diversion device for the treatment of intracranial aneur-
ysms: evaluation in the rabbit elastase-induced model.
Stroke 2009; 40(3): 952-958.

Farzin B, Brosseau L, Jamali S, et al. Flow diverters: inter
and intra-rater reliability of porosity and pore density
measurements. J Neurointerv Surg 2014; 7: 734-739.
Enzmann DR, Ross MR, Marks MP, et al. Blood flow in
major cerebral arteries measured by phase-contrast cine
MR. AJNR Am J Neuroradiol 1994; 15(1): 123—129.
Evans AJ, Iwai F, Grist TA, et al. Magnetic resonance
imaging of blood flow with a phase subtraction tech-
nique. In vitro and in vivo validation. Invest Radiol
1993; 28(2): 109-115.

. Spritzer CE, Pelc NJ, Lee JN, et al. Rapid MR imaging of

blood flow with a phase-sensitive, limited-flip-angle, gra-
dient recalled pulse sequence: preliminary experience.
Radiology 1990; 176(1): 255-262.

Pelc LR, Pelc NJ, Rayhill SC, et al. Arterial and venous
blood flow: noninvasive quantitation with MR imaging.
Radiology 1992; 185(3): 809-812.

Szikora I, Berentei Z, Kulcsar Z, et al. Treatment of
intracranial aneurysms by functional reconstruction of
the parent artery: the Budapest experience with the
Pipeline embolization device. AJNR Am J Neuroradiol
2010; 31(6): 1139-1147.

Berge J, Biondi A, Machi P, et al. Flow-diverter Silk stent
for the treatment of intracranial aneurysms: 1-year
follow-up in a multicenter study. AJNR Am J
Neuroradiol 2012; 33(6): 1150-1155.

Sadasivan C, Cesar L, Seong J, et al. Treatment of rabbit
elastase-induced aneurysm models by flow diverters:

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

development of quantifiable indexes of device perform-
ance using digital subtraction angiography. /IEEE Trans
Med Imaging 2009; 28(7): 1117-1125.

Wong GK, Kwan MC, Ng RY, et al. Flow diverters for
treatment of intracranial aneurysms: current status and
ongoing clinical trials. J Clin Neurosci 2011; 18(6):
737-740.

Hodis S, Ding YH, Dai D, et al. Relationship between
aneurysm occlusion and flow diverting device oversizing
in a rabbit model. J Neurointerv Surg 2014; 8: 94-98.
Radaelli AG, Augsburger L, Cebral JR, et al.
Reproducibility of haemodynamical simulations in a sub-
ject-specific stented aneurysm model — a report on the
Virtual Intracranial Stenting Challenge 2007. J Biomech
2008; 41(10): 2069-2081.

Kumar DR, Hanlin E, Glurich I, et al. Virchow’s contri-
bution to the understanding of thrombosis and cellular
biology. Clin Med Res 2010; 8(3-4): 168—172.

DeWalt DA and Pincus T. The legacies of Rudolf
Virchow: cellular medicine in the 20th century and
social medicine in the 21st century. Isr Med Assoc J
2003; 5(6): 395-397.

Lane DA, Mannucci PM, Bauer KA, et al. Inherited
thrombophilia: Part 2. Thromb Haemost 1996; 76(6):
824-834.

Lane DA, Mannucci PM, Bauer KA, et al. Inherited
thrombophilia: Part 1. Thromb Haemost 1996; 76(5):
651-662.

Zanaty M, Jabbour PM, Bou Sader R, et al. Intra-aneur-
ysmal thrombus modification after flow-diversion. J Clin
Neurosci 2015; 22(1): 105-110.

Fox B, Humphries WE, Doss VT, et al. Rupture of giant
vertebrobasilar aneurysm following flow diversion: mech-
anical stretch as a potential mechanism for early aneur-
ysm rupture. J Neurointerv Surg 2014; 7: e37.

Darsaut TE, Rayner-Hartley E, Makoyeva A, et al.
Aneurysm rupture after endovascular flow diversion:
the possible role of persistent flows through the transition
zone associated with device deformation. [Interv
Neuroradiol 2013; 19(2): 180-185.

Kulcsar Z, Houdart E, Bonafe A, et al. Intra-aneurysmal
thrombosis as a possible cause of delayed aneurysm rup-
ture after flow-diversion treatment. AJNR Am J
Neuroradiol 2011; 32(1): 20-25.



