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A novel guitar string-like coronary stent method for cerebral
aneurysms

Mark Christopher Arokiara
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Abstract. Aims: To investigate a novel method of stenting using coronary stents for cerebral aneurysms, and
to evaluate its performance in a cerebral aneurysm model. Mezhods: The cerebral aneurysm model, which was
a viscoelastic model with 3 aneurysms, was investigated. These models had large saccular aneurysms (10 to
12 mm) with an aneurysm entry profile of 3 to 4 mm. Coronary stents (balloon mounted) were used to stent
the main artery harbouring the aneurysms. The stents were placed across the mouth of the aneurysms. After
placement of the first stent another stent was deployed inside the first stent. The aneurysms were connected
to the pressure transducers, which can measure pressure difference across the stent, and the pressure in the
main vessel was measured using another transducer. The stents had a strut thickness of about 110 pm. Twenty
beats were recorded before stenting and after each stenting in the aneurysms. Average of twenty beats were
recorded in one single beat with pressures and time. Resu/¢s: The coronary stents could be deployed across the
mouth of the aneurysms. A reduction in the negative peaks was observed after stenting main vessel harbour-
ing the aneurysm. Also, the pressure correlation showed a significant hysteresis in the pressure levels after
stenting. By mass-energy equivalence principle, a reduction in energy could lead to reduction in the mass or
the size of the aneurysm. Between one and two stents at the mouth of the aneurysm, based on the pressure
gradients and the pressure correlation analysis, there were no significant changes. Conclusion: There is poten-
tial for novel stent method using coronary stents in the treatment of cerebral aneurysm.
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UN NUOVO METODO DI STENT CORONARICO SIMILE A UNA CORDA PER ANEURISMI CEREBRALI

Riassunto. Finalita: Per indagare su un nuovo metodo di stent utilizzando gli stent coronarici per aneurismi
cerebrali e per valutare le sue prestazioni in un modello di aneurisma cerebrale. Mezodi: E stato studiato il
modello di aneurisma cerebrale, che era un modello viscoelastico con 3 aneurismi. Questi modelli presen-
tavano grandi aneurismi sacculari (da 10 a 12 mm) con un profilo di entrata aneurisma da 3 a 4 mm. Stent
coronarici (montati su palloncini) sono stati utilizzati per stent I'arteria principale che ospita gli aneurismi.
Gli stent sono stati posizionati attraverso la bocca degli aneurismi. Dopo il posizionamento del primo stent
¢ stato distribuito un altro stent all'interno del primo stent. Gli aneurismi erano collegati ai trasduttori di
pressione, che possono misurare la differenza di pressione attraverso lo stent e la pressione nel vaso principale
¢ stata misurata usando un altro trasduttore. Gli stent avevano uno spessore del puntone di circa 110 pm.
Venti battiti sono stati registrati prima dello stent e dopo ogni stent negli aneurismi. La media di venti battiti
¢ stata registrata in un singolo battito con pressioni e tempo. Risultati: Gli stent coronarici potrebbero essere
distribuiti attraverso la bocca degli aneurismi. Una riduzione dei picchi negativi ¢ stata osservata dopo I'im-
pianto di stent che ospita 'aneurisma. Inoltre, la correlazione di pressione ha mostrato un’isteresi significativa
nei livelli di pressione dopo lo stent. Con il principio di equivalenza massa-energia, una riduzione di energia
potrebbe portare alla riduzione della massa o della dimensione dell’aneurisma. Tra uno e due stent alla bocca
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Introduction

dell’aneurisma, in base ai gradienti di pressione e all’analisi della correlazione di pressione, non si sono verifi-
cati cambiamenti significativi. Conclusioni: Esiste la possibilita di un nuovo metodo di stent che utilizza stent
coronarici nel trattamento dell’aneurisma cerebrale.

Parole chiave: aneurismi cerebrali, angioplastica, deviatore di flusso, stent

UNE NOUVELLE METHODE DE STENT CORONAIRE SEMBLABLE A UNE CORDE DE GUITARE POUR LES ANEVRIS-
MES CEREBRAUX

Résumé. Objectifs: Etudier une nouvelle méthode de pose d’endoprothése vasculaire utilisant des endopro-
théses coronaires pour les anévrismes cérébraux et évaluer ses performances dans un modeéle d’anévrisme
cérébral. Les méthodes: Le modéle d’anévrisme cérébral, qui était un modéle viscoélastique avec 3 anévrismes,
a été étudié. Ces modeles avaient de grands anévrismes sacculaires (10 2 12 mm) avec un profil d’entrée de
I'anévrysme de 3 2 4 mm. Des endoprothéses coronaires (montées sur ballon) ont été utilisées pour enduire
lartere principale abritant les anévrismes. Les stents ont été placés en travers de la bouche des anévrismes.
Apres la mise en place du premier stent, un autre stent a été déployé a l'intérieur du premier. Les anévrismes
ont été connectés aux transducteurs de pression, qui peuvent mesurer la différence de pression a travers le
stent, et la pression dans le vaisseau principal a été mesurée a I'aide d’un autre transducteur. Les stents avaient
une épaisseur de jambe de 110 um environ. Vingt battements ont été enregistrés avant le stenting et apres
chaque stenting dans les anévrismes. Une moyenne de vingt battements ont été enregistrés en un seul bat-
tement avec des pressions et du temps. Résu/tats: Les stents coronaires pourraient étre déployés a travers la
bouche des anévrismes. Une réduction des pics négatifs a été observée apres la mise en place du vaisseau prin-
cipal hébergeant I'anévrisme. En outre, la corrélation de pression a montré une hystérésis importante dans les
niveaux de pression apres la pose d’un stent. Selon le principe d’équivalence masse-énergie, une réduction de
I'énergie pourrait entrainer une réduction de la masse ou de la taille de 'anévrisme. Entre un et deux stents a
la bouche de I'anévrisme, sur la base des gradients de pression et de I'analyse de corrélation de pression, aucun
changement significatif n'a été observé. Conclusion: 11 existe un potentiel pour une nouvelle méthode de stent
utilisant des stents coronaires dans le traitement de I'anévrisme cérébral.

Mots-clés: anévrismes cérébraux, angioplastie, déviateur de flux, stent

7 mm and >50% for aneurysms >25 mm. Women and
hypertension have increased the risk of rupture (8).

Cerebral aneurysms are common in clinical prac-
tice (1-3). Autopsy studies show an incidence of about
1 to 5% in general population (2). The disease has a
common prevalence spread across all age groups (4).
Angiographic studies report a prevalence of about
0.65%(5), whereas MRI studies report an incidence of
3 to 5% (6, 7). Also, the estimated incidence of rup-
ture by these aneurysms yielding subarachnoid haem-
orrhage is about 1/10,000 cases with an incidence of
27,000 cases/yr. in the US alone (2). The rupture rates
vary based on the size of the aneurysms (3). The risk
of rupture is largely based on the size of the aneurysms
with a risk varying from 2.5% for aneurysms less than

Patient-age inversely and cigarette-smoking correlate
with aneurysm risk (9). There is a tendency for familial
clustering of these aneurysms (10). The mean observed
the one-year risk of rupture was 1.4%. The Finnish and
Japanese have 3 to 6 times higher risk of rupture (11).

Rupture of these aneurysms leads to subarachnoid
haemorrhages, which often result in high mortality and
morbidity. Patients with ruptured aneurysms are usual-
ly moribund, and their recovery is also slower. The rup-
ture of these aneurysms is directly related to the size of
the aneurysms though ruptures are also seen in smaller
aneurysms. Controversy exists regarding the manage-
ment of this disease (12). At present surgical clipping
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and endovascular treatment methods are available for
therapy (13, 14). Surgical clipping is associated with
similar complications in comparison to endovascular
methods by studies (15, 16). At present, endovascular
coiling and flow diversion stents are commonly used
methods of treatment (14). Coiling requires high tech-
nical expertise and precision. Endovascular coiling is
associated with 7.8% of peri-procedural morbidity and
2% mortality, which is predominantly due to throm-
boembolic complications. Balloon associated coiling
is associated with 9.8% morbidity and 4% mortality.
The stent-assisted coiling is associated with 19% peri-
procedural complications and 2% mortality. The other
option available is multi-layered flow diversion stents
(17-23). 'These stents are multi-layered the track-
ability is difficult, and the stents are expensive. Also
due to their multi-layered build, the cerebral perfora-
tors could be occluded during and after deployment
and also the restenosis rates are higher. Early and late
thromboembolic complications are higher, and these
devices have a morbidity rate of 4% and mortality rate
of about 4% and overall complication rates of about
16 to 19%. The technical failure rate is about 10% for
these devices, and they are usually deployed with 8F
sheath through groin puncture. Hence, in this study a
single-layered drug-eluting coronary stents were used
to evaluate its performance in cerebral aneurysm mod-

els, which could be used in 6F femoral sheaths.

Methods

Aneurysm model

Coronary aneurysm model was procured from
Elastrat, Geneva, Switzerland. The aneurysm model
used in the study is shown in the figure 1. The aneu-
rysm sizes were given in the figure. The experimen-
tal set-up of the aneurysms and the cerebral vessel
model is shown in figure 2. Six coronary stents (cobalt
chromium drug eluting) were selected, and they were
planned to deploy in the across the mouth of an aneu-
rysm. The aneurysms were further modified for pres-
sure measurements. Hence, custom-made attachments
were made on the wall of the aneurysms for pressure
measurements. Pressure probes were placed in the main
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Figura 2. Shows experimental setup used in the study.
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vessel. Also, the other side of the pressure transducer
was connected to the pressure probe from the aneu-
rysm wall. The model was connected to the continuous
pulsatile flow system with a frequency of 72 beats /min.

Right internal carotid artery model including
three aneurysm models (Elastrat) was inserted in the
simplified pulsatile flow test bench. This tester allows
simulating pressure and flow waveforms that approxi-
mate physiological conditions. A servo-control data
system (Compact DAQ including voltage IO modules
- National Instrument) ensured the repeatability of
flow monitoring, and of pressure measurements. Gear
pump allowed the pulsatile flow in the circuit.

The test consists in evaluating the pressures in
aneurysm models under defined physiological flow
condition before and after stent deployment at aneu-
rysm inflow orifice. The flow condition was tuned. The
pressures in artery model and aneurysm are recorded
with a 500 Hz frequency using numerical data acquisi-
tion system (Compact DAQ - National Instrument).
Then two stents were successively positioned and de-
ployed in front of aneurysm inflow orifice sequentially,
and the pressures in artery model and aneurysm were
recorded a second time after deployment of the sec-
ond stent. The instantaneous pressure waveforms were

measured and stored 20 times from consecutive cycles.
The mean of the cycles was taken and projected into
one beat. The test and the pressure circuit used in the
study are shown in figure 3.

This procedure was applied to each aneurysm
model. Devices were prepared in compliance with
preparation operating procedure OLE0916 (Protom-
edlabs). Prior testing, pressure catheter calibration
is performed according to the operating procedure
OLEO0506 (Protomedlabs). All tests are done follow-
ing the trial operating procedure OLE1506. Control
of bias was done for pressure measurements (accuracy
of +/-2 mmHg) and temperature regulation (+/-2°C).
While recording the pressures the pressure load was
increased from (systolic/diastolic) 120/80 mmHg to
190/110 mmHg and this sequence was maintained in
all the nine recordings accurately.

Stent Deployment

The stents were deployed abutting the mouth of
the aneurysm. The disposition of the stents appeared
like the ‘guitar-strings’ across the aneurysm. The st-
ents were taken over the 014 BMW wires and were
deployed across the aneurysm mouth at balloon infla-
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Figura 3. Diagram of mechanical pressure circuit, disposition of the aneurysmal model and placement of pressure probes
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tion pressures of 12 to 14 atm. Microcatheters were
not used in this technique. Thereafter, the second stent
was taken similarly over the 014 wire and deployed by
balloon inflation.

Results

The stents could be deployed across the mouth of
the coronary aneurysms by over the wire (014) tech-
nique (figure 4). The pressure recordings obtained are
shown in the pictures (Supplementary figure 1, 2, 3 in
Appendix). The pressure recordings were further mod-
ified to analyses the positive and negative tracings. The
results achieved are shown in the figure 5.

The pressure recordings in the cerebral aneurysms
show a lesser tendency for negative dips, which reflects
that the chances of the pressure inside an aneurysm

being higher than the main vessel would be less. The
pressure difference between the main vessel and the
aneurysm, however, is not significant. As the pressure
(test) circuit is closed, the pressures have to equilibrate.
Hence, in the closed-circuit model, the pressure differ-
ence may not be significant.

Stent NO3x18 before and after deployment below Aneurysm # 2

Stents NO3x18 and NO2.75x18 below Aneurysm # 2

Figura 4. Photographs of experimental setup after deployment
of stents across the aneurysm model
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Further analysis was performed with pressure
tracings, and the pressure load was given simultane-
ously. Based on the pressure results correlation graphs
were constructed, and further analysis was performed.
The pressure correlation graph showed a significant
pressure hysteresis, and the hysteresis was not very
different from one stent and two stent deployments
(Figure 6), which is explicit in the graph. The pressure
hysteresis reflects the energy changes after stent de-
ployment. The area inside the hysteresis loop reflects
the resistance or the energy saved by the stent. The
existing governing flow equations were then analysed,
and the results of the obtained analysis were corre-

lated.

Discussion

This study has shown the possible benefits of a
novel flow-divider, which is a coronary stent method
in the therapy of cerebral aneurysms. This is telescop-
ing coronary stents as a pipeline embolization device
instead of the currently available devices. In the past
single layered stents were investigated in carotid aneu-
rysms with initial success. However, single layer meth-
od was not used clinically as the aneurysm occlusion
rates are less than 50%. In the past CFD studies have
shown good results with a reduction in velocity of flow
inside the aneurysms in a highly porous stent (82%,
Wall stent), as well as a decrease in wall shear stress
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(24, 25). Also, a comparison of flow diverter stents has
shown variations in hemodynamics in the cerebral an-
eurysms (26).

Hysteresis in pressure-correlation

The pressure correlation graph has shown only
marginal pressure hysteresis. However, for the long-
term basis, the results are promising as the energy
saved (EH) by pressure hysteresis, as an exponential
calculation for many days and years could be signifi-
cant. For example, for one year (EH x72 beats x 60
min x 24 hours x 365 days), which appears signifi-
cant mathematically. Also, biological remodelling is
not taken into consideration in this calculation. If the
biological remodelling is introduced the calculation is
extrapolated and the energy saved would be higher.
The energy saved would correlate with sizes by mass-
energy equivalence principle, which is applicable for
the fluids also (27). The stent thickness used in this
study was 110 pum. The cobalt chromium stent has a
Poisson’s ratio (transverse contraction strain/longi-
tudinal extension strain) of 0.29. The self-expanding
nitinol stents have a Poisson’s ratio of about 0.34 and
vessel wall has a Poisson’s ratio of about 0.5. Hence, a
nitinol-based stent could result in better results, but it
is speculative at the current moment. A coronary stent
with strut thickness of 80 to 90 microns placed across
a vessel usually occupies 15 to 20% of the metallic sur-
face area (MSA) of the vessel (28). This porosity varies
based on the stent strut thickness. Hence, when this
stent is placed across an aneurysm due to the reduction
in the effective surface area the velocity of fluid flow
across the aneurysm increases, which is according to
Bernoulli’s principle (A1-As) * V1 = A2 * V2, where
As is the area occupied by the stent, and hence V1
increases (29). When the velocity increases the pres-
sure difference (8P) across the artery increases, which
is predominantly an increase in dp/dx and the Sp/dy
reduces. Also, when the strut thickness is increased
this metallic surface area increases further, for example,
a strut thickness of 110 microns will have a metallic
surface area of 23%, and the strut thickness of 140mi-
crons can have a metallic surface area of 29%. There-
fore, proportionately the velocity of fluid flow tends
to increase. 'The pressure on the wall is given by the

mathematical formula, 8p/dn = - (3p/6x)*sin(theta) +
(8p/dy)*cos(theta). Hence, due to streamlining of flow
to certain extent sine (0) angle increases in the x-axis,
and the cos (0) function in y-axis reduces. However,
this flow modification property needs to be verified by
computational fluid dynamics.

Technical features

The deployment of the coronary stent has some
difficulties since the cerebral vessels are tortuous. How-
ever, compared to the flow diversion stents, which are
multi-layered the deployment of this coronary stent
method as a flow divider method is easier. Flow diver-
sion/pipeline stents are being evaluated in small clinical
trials (patient numbers <100) and they have shown a
morbidity of 1.6 to 7% and a mortality rate of 4 to 8%
(30). This is also confirmed with multi-centric stud-
ies (31-36). Also, the device occlusion in the future is
about 30%. Delayed parenchymal haemorrhage rates
vary between 2% to 8.5% (14). Interestingly the rup-
ture of an aneurysm in the late follow-up is rare (<1%).
The thromboembolic complication rate is about 7.5%
(34). A high mortality rate for this elective procedure
is not very appreciable. Also, a device deployment dif-
ficulty rate of about 11 to 21% is observed (30, 35). The
coronary stents are drug-coated and have stent throm-
bosis rates of less than 1% (37). Though a wide range
of endovascular devices are upcoming in the market for
endovascular treatment of the aneurysms the complica-
tion profile is not very attractive (38).

It is worthwhile to study these stents, which are
time-tested in the coronaries, and they are a single-
layered stent, which is easy to deploy with a low-profile
guide catheters (5F or 6F). Interestingly these stents are
even compatible with 6F diagnostic catheters, which
are more steerable and up to 4mm diameter stents can
be deployed using a diagnostic right Judkins catheter.
Since these stents are balloon-mounted, it could cause
some mechanical damages to the aneurysm wall during
deployment, and hence a self-expanding non-balloon
mounted nitinol-based stents, which are available com-
mercially (Stentys™) could be evaluated. Alternatively,
low-pressure deployments could be evaluated with
balloon-mounted stents. Cerebral vessels are more tor-
tuous than coronary vessels, however, this better track-
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ability requirements can be overcome by newer genera-
tion of coronary stents which are quite flexible.

Advantages and modifications

The advantage of being single-layered is that the
vascular compromise on the perforator branches and
the capillaries supplying the normal surrounding brain
structures would be lesser. Also, this would result in
the lesser incidence of peri-procedural thromboem-
bolic/stroke events. The incidence of cerebral vessel
spams during the procedure would be lesser as the
stent struts are thinner and single layered compared
to flow diversion/pipeline stents. If spasm is a major
concern then a self-expanding stent, for example, ni-
tinol based self-apposing stents (Stentys™) could be a
better alternative as deployment is simple and it is not
balloon mounted (39).

The major advantage of this technique is that it is
simple, cost-effective and technically this requires less
skill to deploy that other techniques. Complications
like perforations, cerebral vasospasms, and stroke risks
would be significantly lesser as the metal load is less.
Though it is speculative at this current scenario, this
technique needs to be tested and validated in animal/
human studies with follow-up. Since the coronary st-
ents were tested vastly in the coronaries, it is worth-
while to study in the cerebral aneurysms. If this sin-
gle layer coronary stent technique reduces the rate of
growth of aneurysms, it is appreciable as full aneurysm
closure is not always required for a clinical benefit.
Technically the expertise required for using the coro-
nary stents is less compared to flow diversion methods
and endovascular coils. This technique would be espe-
cially useful in mid-range sized aneurysms as the sur-
gical results as well as the endovascular results are asso-
ciated with higher rate of complications in an asymp-
tomatic individual, which is an apprehension in the
day-to-day clinical practice. While the model seems to
be useful at the level of carotid siphon aneurysms and
post-traumatic and jatrogenic aneurysms, the techni-
cal characteristics of the stent make it unlikely that it
will work properly in the perforating vessels.

Furthermore, since a high rate of apprehension or
reluctance is seen in asymptomatic patients with these
aneurysms initially this coronary stent technique can be

performed. If there is aneurysm expansion subsequent
to this technique, at a later stage, the pipeline devices
can be deployed thereafter. The drug-eluting nature of
these stents will have the additional advantage of low
side branch occlusion and higher perforator patency.

Limitations

The study was performed in-vitro, and the results
have to be explored in a live animal model with cer-
ebral aneurysms. Biological remodelling of the vessel
wall, which adds more strength to the vessel wall and
potential could result in reduced aneurysmal rupture
risk, needs to be studied. Computational fluid dynam-
ics study would show more information in this cir-
cumstance, which needs to be performed to look for
changes in wall shear stress.

Conclusion

There is potential for a novel coronary stent-based
flow divider method in the treatment of cerebral aneu-
rysms. Further iz vivo and in vitro studies are required
to validate the results.
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APPENDIX

Supplement Figure 1: Disposition of the stents across the mouth of the aneurysms

Stent ST4x16 before and after deployment below Aneurysm # 1

Stent RA4x23 before and after deployment below Aneurysm # 1
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Supplement figure 2: Pressure recordings between the main vessel and the aneurysms —

Aneurysm#1 - Normal condition

140

120

80
60
40

20

-20

160
140
120
100
80
60
40
20

-20

140
120

80
60
40
20

-20

H—/\A___N\M—“\_,

0 0.1

Aneurysm#1 - Normal condition

0.2 0.3

Pressure (mmHg)

0.4

0.5 0.6 0.7

Pressure Difference (mmHg)

0.8

Aneurysm#1 - Normal condition with 1 stent

»——\/\-—-\W

0 0.1

0.2 0.3

Pressure (mmHg)

0.4

0.5 0.6 0.7

Pressure Difference (mmHg)

0.8

Aneurysm#l - Normal condition with 2 stents

W"“_—"’““-’V

0 0.1

0.2 0.3

Pressure (mmHg)

0.4

0.5 0.6 0.7

Pressure Difference (mmHg)

0.8

0.9

0.9

0.9

250

200

150

-50

250

200

150

100

50

-50

200

100

50

-50

Aneurysm 1

Aneurysm#1 - High pressure condition

Aneurysm#1 - High condition

Wﬁ

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Pressure (mmHg) Pressure Difference (mmHg)

Aneurysm#1 - High condition with 1 stent

/"‘—/\'Ww

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9

Pressure (mmHg) Pressure Difference (mmHg)

Aneurysm#l - High condition with 2 stents

W‘-"‘V‘

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

Pressure (mmHg) Pressure Difference (mmHg)



60

M.C. Arokiaraj

Supplement figure 3: Pressure recordings between the main vessel and the aneurysms —
Aneurysm 2

Aneurysm#2 - Normal condition
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Supplement figure 4: Pressure recordings between the main vessel and the aneurysms —
Aneurysm 3
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