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All models are wrong, but some are useful.

George E.P.Box

A person who never made a mistake never tried anything new.

Albert Einstein
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ABSTRACT

Brain Arteriovenous Malformations (BAVM) are rare but significant vascular anomalies that
can lead to severe neurological consequences. Managing them has been challenging, and
endovascular treatment has emerged as a cornerstone approach. Endovascular embolization,
involving the use of liquid materials that solidify inside the vessels, can partially or completely
occlude a BAVM. The arterial route has traditionally been the primary access point for treating
BAVMs. However, in recent years, transvenous embolization (TVE) has revolutionized the
treatment of selected cases, yielding excellent curative results. This approach, involving
endovascular embolization from the venous side in a counterflow manner, demands advanced

operator skills.

When we initiated this study, there were no BAVM models suitable for teaching or training in
TVE. The objective of our thesis was to develop a new BAVM model for TVE. Our central
research question was whether it was possible to create a new BAVM model for transvenous

embolization.

As an initial part of the thesis, we conducted extensive research, were we systematically
examined all the models employed in BAVM studies. We observed that endovascular models
predominantly featured the utilization of the rete mirabile in swine, and that in vitro models had
not been widely utilized for this purpose. Three-dimensional printing appeared to be an
attractive technique for creating new models, cheaper and more accessible than animals;

however, no effective models with hollow channels had been developed using this technology.

We discovered that a specialized 3D printing technique known as Stereolithography (SLA) had
been used to create objects with small channels for a field called Millifluidics. Given that
creating small hollow channels has been a technological challenge and achievement in
millifluidic, we chose to utilize SLA to develop a novel vascular model. We began with simple

Rodrigo RIVERA | PhD Thesis | University of Limoges - France | 2023 13
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container designs, which we referred to as 'chips,' featuring inner hollow tubes. Over time, we
incorporated softer curves and more organic structures to simulate a BAVM, with the classical

elements of arterial feeders, nidus, and draining veins.

On a second phase of our research, we tested our initial BAVM chip model using the
transarterial route embolization within a closed circuit and we were able to confirm its structural
and functional reliability. This study was used as a proof of concept that the model could be

employed for training, teaching, and research in BAVM embolization.

Through an iterative design process, we reached the final evolution of the BAVM model, where
we were able to transfer real patient image data into a computational design and 3D print it.
This model was connected to a system with a pump, enabling us to replicate the vascular
environment of transvenous embolization. We successfully demonstrated the feasibility of TVE
using microcatheters and liquid embolic agents. This accomplishment marked the creation and
testing of the first in vitro BAVM model for TVE using 3D printing, successfully answering

our research question.

This unique and innovative model opens new possibilities for teaching, learning, training, and

research in endovascular treatment for BAVMs.
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RESUME.

Les malformations artérioveineuses cérébrales (MAVC) sont des anomalies vasculaires rares
mais significatives pouvant entrainer de graves conséquences neurologiques. Leur prise en
charge a ét¢ un défi, et le traitement endovasculaire s'est imposé comme une approche
essentielle. L'embolisation endovasculaire, impliquant l'utilisation de matériaux liquides qui se
solidifient a I'intérieur des vaisseaux, peut partiellement ou complétement obstruer une MAVC.
La voie artérielle a traditionnellement été le principal point d'acces pour traiter les MAVC.
Cependant, ces dernieres années, l'embolisation transveineuse (ETV) a révolutionné le
traitement de certains cas, obtenant d'excellents résultats curatifs. Cette approche, impliquant
I'embolisation endovasculaire du c6té veineux de maniére a contre-courant, exige des

compétences avancées de l'opérateur.

Lorsque nous avons lancé cette étude, il n'existait aucun modele de MAVC adapté a
l'enseignement ou a la formation en ETV. L'objectif de notre thése était de développer un
nouveau modele de MAVC pour I'ETV. Notre question de recherche centrale était de savoir s'il

était possible de créer un nouveau modéle de MAVC pour I'embolisation transveineuse.

Dans une premiere partie de la thése, nous avons mené des recherches approfondies, examinant
systématiquement tous les modeles utilisés dans les études sur les MAVC. Nous avons observé
que les modeles endovasculaires utilisaient principalement le rete mirabile chez le cochon, et
que les modeles in vitro n'étaient pas largement utilisés a cette fin. L'impression 3D semblait
étre une technique attrayante pour créer de nouveaux modeéles, moins chére et plus accessible
que les animaux ; cependant, aucun mod¢le efficace avec des canaux creux n'avait été

développé en utilisant cette technologie.
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Nous avons découvert qu'une technique d'impression 3D spécialisée appelée stéréolithographie
(SLA) avait été utilisée pour créer des objets avec de petits canaux pour un domaine appelé
millifluidique. Etant donné que la création de petits canaux creux était un défi technologique et
une réalisation en millifluidique, nous avons choisi d'utiliser la SLA pour développer un
nouveau modele vasculaire. Nous avons commencé avec des conceptions de conteneurs
simples, que nous avons appelées « puces », comportant des tubes internes creux. Au fil du
temps, nous avons incorporé des courbes plus douces et des structures plus organiques pour
simuler une MAVC, avec les ¢léments classiques des artéres d'alimentation, du nidus et des

veines de drainage.

Dans une deuxiéme phase de nos recherches, nous avons testé notre mod¢le initial de puce de
MAVC en utilisant 'embolisation par voie transartérielle dans un circuit fermé et nous avons
pu confirmer sa fiabilité structurelle et fonctionnelle. Cette é¢tude a servi de preuve de concept
que le modele pouvait étre utilisé pour la formation, l'enseignement et la recherche en

embolisation de MAVC.

Grace a un processus de conception itératif, nous sommes parvenus a la dernicre évolution du
modele de MAVC, ou nous avons pu transférer des données d'image de patients réels dans une
conception informatique et I'imprimer en 3D. Ce mod¢le était connecté a un systéme avec une
pompe, nous permettant de reproduire I'environnement vasculaire de 1'embolisation
transveineuse. Nous avons réussi a démontrer la faisabilit¢ de I'ETV en utilisant des
microcathéters et des agents emboliques liquides. Cette réalisation a marqué la création et le
test du premier modele in vitro de MAVC pour I'ETV utilisant 'impression 3D, répondant ainsi

avec succes a notre question de recherche.

Ce modéle unique et innovant ouvre de nouvelles possibilités pour I'enseignement,

l'apprentissage, la formation et la recherche dans le traitement endovasculaire des MAVC.
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Chapter I. Introduction to Brain Arteriovenous Malformations

Brain arteriovenous malformations (BAVMs) are complex vascular lesions, implying an
abnormal connection between arteries and veins with an interposed tangle of disorganized
vascular vessels, the so-called nidus, by-passing the normal capillary system, leading to an

arteriovenous shunt! (Figure 1).

Figure 1. A BAVM scheme showing in red the feeding arteries, the nidus and veins in purple.

Image Source: Barrow Neurological Institute.

1.1. Etiology.

Brain arteriovenous malformations have been considered a congenital disease for a long time.
The precise mechanism of its origin and formation has yet to be elucidated, thus, there is
growing evidence nowadays that most of them are not present at birth and develop during the
post-natal period, because of a genetic predisposition and exposure to secondary triggers during
life>3. They represent a complex endothelial cell dysfunction, triggered by still unknown
factors®. Most of these malformations are sporadic, with no clear genetic mutation, thus,

familiar studies have determined single nucleotide polymorphisms in some genes as the activin-
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like kinase receptor 1 (Alk-1), interleukin-6, tumor necrosis factor alpha and NOTCH4 >¢, On
the other side, syndromic or hereditary BAVMs account for a small percentage of these vascular
lesions etiology. In this group, patients with hereditary hemorrhagic telangiectasia type 1 and 2
(HHT1 and HHT?2), an autosomal dominant genetic disorder, are prone to develop capillary
telangiectasias, arteriovenous fistulas and arteriovenous malformations (AVMs) in several
organs including the brain. The genetic defect is a mutation in endoglin and Alk-1 genes for
HHT1 and HHT2 respectively, compromising the codification and signaling in the
vasculogenesis process’. Brain AVMs behave more as a dynamic disease during lifetime than
a static disorder. The development of the vascular system does not stop at birth, with maturation
and remodeling occurring as far as early adulthood. In this sense BAVMs can be triggered and
affected by this process in a susceptible vascular bed for a long period until adulthood which

explains in part their presentation and behavior?.

I.2. Epidemiology and risks.

Brain arteriovenous malformations are infrequent, with a prevalence of 15-18 per 100.000
inhabitants and annual detection rate of 1 per 100.000 adults®®. Although their incidence is low,
half of the patients could present as an intracerebral hemorrhage, with high clinical impact and
disabilities®!°. On the other hand, BAVM can be totally asymptomatic and never be detected
during lifetime or be diagnosed as an incidental finding in noninvasive studies with magnetic
resonance imaging (MRI) or computer tomography (CT) !!. Furthermore, in some patients it

can be diagnosed with imaging studies after different clinical manifestations as:

e Intracerebral hemorrhage

e Seizures
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e Headaches

e Neurological deficits

Intracerebral hemorrhage (ICH) is the most common and severe form of clinical manifestation
in BAVMs (Figure 2). Hemorrhagic presentation usually presents in these patients between 20
and 40 years of age'>!3, with an annual bleeding risk of approximately 3%!*!>, thus this can
range from less than 1% to as high as 33%, depending on different factors as previous bleeding,
deep BAVM location or deep single venous drainage. The bleeding risk increases if one or more
of these characteristics are present!’. In the only randomized controlled trial of unruptured
BAVM treatment ARUBA (A Randomized trial of Unruptured Brain Arteriovenous
Malformations) the annual rate of bleeding during follow up was 2.2%/°.

The importance of BAVM rupture is that morbidity and mortality can be significant. After first
hemorrhage there is a 10% mortality risk which increases up to 20% for recurrent bleeding
events*. After a BAVM bleeding the risk of re-rupture during the first year is estimated between

6-17%, that will be back to baseline at year 3'4.

Figure 2. Intracerebral hemorrhage in left brain hemisphere due to a ruptured BAVM.
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1.3. Anatomical features.

BAVMs are composed by an abnormal connection between arteries and veins leading to a
vascular shunt. The main components of a BAVMs are: One or several feeding arteries, a tangle
of abnormal vessels called the “nidus” and one or several draining veins. The nidus is the
differential characteristic between BAVMs and other vascular malformations as arteriovenous
(AV) fistulas or dural AV fistulas. This aberrant vascular network or nidus has not been well
characterized and actual standard vascular imaging modalities such as magnetic resonance
angiography (MRA), computer tomography angiography (CTA) or digital subtracted
angiography (DSA) with 3D or four-dimensional (4D) images, still present difficulties in
defining its microstructure!’. Since the definitions from Houdart et al'8, BAVMs have been
classified as an arteriolovenulous fistula, meaning that the nidus is the sum of the connections

between arterioles and venules that will finally drain to bigger collectors or veins (Figure 3).
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Figure 3. Schematic representation of different AV fistulas as presented by Houdart et al'®.

A) Arteriovenous fistula. No more than three separate arteries (A), shunt (S) to the initial venous
compartment (V). B) Arteriolovenous fistula. Multiple arteries shunt to a single vein, giving plexiform
arterial appearance on proximal arterial injection. C) Arteriolovenulous fistula. There are multiple
shunts between arterioles and venules which face each other. The first identifiable venous
compartment is away from the shunts.

Nevertheless, a clearer definition of this intricate connections between arteries and veins have
been determined with modern imaging as shown by the work by Keil et al'’, in which a BAVM
could have different forms of AV connections: direct AV fistulas, arterial plexiform to vein
unions or plexiform arterial to vein shunts, with a superimposition of the anatomical
characteristics defined previously by Houdart et al'”!8 (Figure 4). The lack of clear anatomical
definition of the nidus will have an important meaning when trying to reconstruct and replicate

these structures as will be exposed later in this work.
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DB B

m venous sidewall venous sidewall corresponding AV branches

AV-transition fistulous plexiform arterial network plexiform arterial network
microfistulas to vein multiple collecting veins

arterial branching no or low high high

venous branching no or low no or low high

Figure 4. The three types of shunts in BAVM as described by Keil et al'”.
Schematic drawing of 4D-fPCBCTA findings in cases of AVMs to characterize different types of intranidal

AV shunts and intranidal branching patterns (modified according to the classification of Houdart et al).

Other anatomical important characteristics of BAVM can be defined with further imaging
methods as CT or magnetic MRI, as topographic brain localization, relationship with brain
structures, signs of actual or previous bleeding, and the location or interaction with gyrus or
sulcus, ventricles, or the subarachnoid space®!%%°.

An important feature of anatomical characteristics is their use for defining therapeutic strategies
or management. Some anatomical issues have been grouped and used as grading scales. One of
the most know and used scale is the Spetzler-Martin (SM). Created for outlining surgical risk?!,
it has been widely used as a unified language in other treatment modalities!®. The SM is a 5-
points scale (from 1 to 5) that evaluates three different aspects of BAVMs: size, eloquence, and
venous drainage (Table 1), which gives lower surgical risk if score is low (<3) or high risk if
score is equal or greater than 4. Other scales have been described in the literature, thus, because
of its simplicity and reproducibility none has been as widely used as the SM scale. More
recently and additional scale to SM have been proposed by Lawton and Young, assigning 3
more features to the score: age, previous bleeding (yes/no) and nidus characteristics (compact /

diffuse)?? (Table 2). This scale has demonstrated to be more accurate in predicting surgical risk

and outcome than previous ones.
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Table 1. The Spetzler Martin Scale. Grade = Size + Eloquence + Venous Drainage

Rodrigo RIVERA | PhD Thesis | University of Limoges - France | 2023

License CC BY-NC-ND 4.0

Graded Feature Points assigned
Size

Small (<3cm) 1
Medium (3-6¢cm) 2
Large (>6cm) 3
Eloquence of Adjacent Brain

Non-eloquent 0
Eloquent 1
Pattern of Venous Drainage

Superficial only 0
Deep 1

Graded Feature Points assigned
Age (years)

<20 1
20-40 2
>40 3
Bleeding

yes 0
No 1
Compact Nidus

Yes 0
No 1

Table 2. The Lawton-Y oung supplemental Scale.
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l.4. Management of BAVM.

Brain AVM management is still controversial, and no clear optimal treatment has been defined.
For several decades, the best treatment option for BAVM was believed to be any intervention
modality as surgery, endovascular occlusion, radiosurgery, or a combination of these therapies.
This vision dramatically changed in 2014 after the publication of the ARUBA study, the only
randomized controlled trial (RCT) in BAVM comparing interventional treatment to best
medical management. The study, that recruited 223 patients, demonstrated that the
interventional arm presented a significant increase in the risk of stroke or death versus medical
treatment (30.7% vs 10.1%). These results led to early termination of the study by the security
interim committee!®. The impact on the medical community was immediate and significant,
resulting in a strong resistance to modify usual practices and sparking controversy about the
results, highlighting several methodological flaws?}. Nevertheless, in several centers, BAVM
management strategies were modified turning more to a conservative / medical option. The
long-term impact of ARUBA on daily clinical management is still not well determined. Recent
data from United States (US) National Impatient Sample described and increase in ruptured
BAVM admissions compared to pre-ARUBA era 2*. The debate is not closed. The TOBAS trial
(Treatment of Brain AVMs Study) is an ongoing multicenter clinical research project leaded
by Montreal INR group, trying to elucidate the best management strategy for BAVMs. It is a
randomized pragmatic study and registry that will follow up patients for 10 years®. With this

controversial data, there is still place for equipoise in the management of this disease.

Today, the main interventional strategies for treating an unruptured or ruptured BAVM are:

e Surgery
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e Stereotactic Radiosurgery

e Endovascular embolization

1.4.1. Surgery / Microsurgery.

_E -~ | | | VV‘—A*/\/S: e
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Figure 5. Microsurgery.

A modern microsurgical treatment of a BAVM. Left frontal BAVM resected with a
meticulous technique, managing to resect the border, control feeding arteries and extirpate
the nidus. Neuronavigation has become nowadays in an important tool that can help better
surgical resections. A) and D) Intra-operative images of a BAVM resection. B) and C)

neuronavigation images of the AVM at pre-central frontal gyrus.

The first reported attempt to treat a BAVM was described in 1889 by Giordano and Péan?S.
Thus, a more contemporary surgical technique and description for their excision was reported

by Harvey Cushing and Walter Dandy in the earlier 1900s2%?7. With the introduction of cerebral
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angiography in 1927 by Egas Moniz it allowed a more precise diagnostic and characterization
of BAVM?8, helping neurosurgeons, during the 20" century, to progress and refine their
technique, with ongoing less operative morbidity and mortality (MM). One of the greatest
advances in BAVM operative management was the introduction of the surgical microscope by
MG Yasargil in the late 1960s. He also introduced the use of bipolar coagulation and micro
instruments, redefining the art of surgical resection of this illness?°. Microsurgery has continued
its evolution for BAVM excision with MM widely reported, thus showing big differences
between experiences and centers, probably due to selection bias (Figure 5). Permanent
neurological deficit after surgical resection has been described to be as low as 2% for SM grade
1 and 2, 17% for SM 3 and 45% for SM 4 and 5!%*°. Van Beijnum et al showed a 7.4% (range
0-40%) rate of permanent neurological deficit after surgical treatment in their systematic review
and meta-analysis, and the degree of complete treatment and curation was 96% (range O-
100%)3. In a recent review of the ongoing TOBAS trial, the surgical subgroup presented 89%
of curative results, mainly in low grades BAVMs, with 56% receiving presurgical embolization.
Serious adverse events occurred in 21%, thus only 4% with permanent neurological

deterioration with a modified Rankin Scale (mRS) > 23!,

1.4.2. Stereotactic Radiosurgery (SRS).

SRS for brain AVMs is the use of high dose focal radiation to obliterate and cure the disease.
SRS was introduced by Leksell in 1951, as gamma knife, with latter progressive advances and

specific improvements for BAVM treatments!%?¢ (Figure 6).
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Gamma rays

Gamma Knife unit and radiation delivery

Figure 6. Radiosurgery using Gamma knife.
Image Source: Mayo Clinic Foundation

The biological effect of SRS is the induction of endothelial proliferation and occlusion of the
aberrant nidal vessels, leading to thrombosis and cure. The process is not fast, and the
obliteration of a BAVM would normally take 2-3 years. The initial radiation source energy was
cobalt, thus latter others have been used as stereotactic proton beam or helium. In the past
decades the use of linear accelerator was introduced and quickly used to treat this vascular
disease?®. SRS curative results are directly related and depends on nidal size, with better
occlusions rates if volume do not exceed 4 cm*2. A specific scale for grading AVMs was
created for SRS, to predict outcome and results. The Virginia Radiosurgery AVM Scale
(VRAS) is a 5 points scale that evaluates 3 different features, size (<2 ¢cm?® = 0 points, 2-4 cm?
= 1 point, > 4 cm® = 2 points), eloquence (1 point) and history of bleeding (1point). Better
BAVM cure rates have been related to lower scores in the VRAS!®32, In Van Beijnum et al.
systematic review and meta-analysis, SRS presented an overall occlusion rate of 38% (range 0-

75%) and permanent neurological deficit of 5.1% (0-21%)8. A large multicenter cohort study
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showed an overall obliteration rate of 64.7% with predictors of better occlusion rate if: younger
age, smaller nidus volume, increasing years after SRS and higher margin dose. The annual risk
of bleeding was 1.1% with no hemorrhagic complication after angiographic cure®>. SRS has
been used as an adjuvant treatment after partial surgical resection or BAVM reduction by
embolization, thus also it could be used as stand-alone therapy specially for small, deep located,
or eloquent BAVM?33*4, Complications derived from SRS that leads to imaging changes and
transitory or permanent neurological deficits have been reported to range from 0.4-20.6% of
treated patients, and directly related to BAVM location and volume of tissue receiving more

than 12Gy3*.

1.4.3. Endovascular Treatment (EVT).

Endovascular treatment embolization which consists of filling the BAVM vessels and nidus
with liquid embolic materials to exclude them from the bloodstream, has become one of the
preferred options for managing this disease, as a coadjutant for other therapies or as a stand-
alone treatment. The advantage of this technique is that it avoids the manipulation of the brain
or other neural structures and has few or no restrictions in reaching BAVMs in various
locations. When EVT it is used as a curative option, the aim and principles are to occlude the
BAVM by filling with embolic materials the arterial feeders, the nidus and the vein at its origin

(foot of the vein).

First attempts for embolizing a BAVM were described in 1930 by Brooks who injected muscle
particles through an exposed open cervical carotid artery. This technique was repeated 30 years
later by Luesssenhop and Spence in the 60s using steel sphere particles covered with
methacrylate to treat a BAVM. Thus, a decade later the first embolization procedure using
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particles, percutaneous femoral access and a catheter was done by Kricheff*. BAVM
endovascular treatment development has been absolutely ligated to several advances in other
fields as the evolution of neuroimaging, especially angiography: digital subtraction
angiography (DSA), 3D rotational images, Flat panel acquisition with Cone Beam computer
tomography (Cone Beam CT) capability and other imaging modalities as MRI, MRA,
functional MRI, and others®>. Moreover, the evolution of materials has also been a great
coadjutant to embolization development, with the introduction of better guiding catheters and
proximal support devices, microcatheters, microguidewires and embolic materials. A great
innovation come with the transition from using different kind of free particles to liquid embolic
agents (LEA). These products expanded endovascular possibilities by allowing the
administration through smaller caliber microcatheters that then solidify by the contact of blood.
Smaller catheters allowed distal navigation and intranidal administration of the material.
Zanettti and Sherman introduced in 1972 Isobutyl-2-cyanocrylate®¢, that was latter replaced by
the development of n-butylcyanocrylate (NBCA) (Histoacryl, Braun Meesungen Germany)?°.
NBCA became the preferred embolic material for BAVM, allowing better penetration to the
nidus, while using different concentrations / polymerization times, by mixing it with contrast
agent Lipiodol (Guebert, France). After this, different cyanoacrylate appeared in the market
trying to give a longer or retarded polymerization time for better BAVM nidus filling and
curation rates. Nevertheless, one of the more important innovations in endovascular
management comes with the introduction of non-adhesive LEA (Figure 7). The first one was
Ethylene Vinyl Alcohol Copolymer (EVOH) introduced in the early 90s and named as Onyx
(Medtronic, Minneapolis MN USA)3’. EVOH is diluted in dimethyl sulfoxide (DMSO) and
uses tantalum powder for radio-opacity. This product showed substantial differences with
previous materials, allowing slower and prolonged injections with nidal filling and greater
occlusion rates. A randomized trial comparing EVOH with NBCA for presurgical embolization
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showed an equivalence between the two agents in terms of percentage of nidal occlusion rates
over 50%, blood loss and surgical time at BAVM resection®®. Prospective larger series with
EVOH have shown an obliteration rate of 51% in endovascular treatment with an intention to
cure, with stable long-term results with 7.1% permanent morbidity and 1.4% mortality*®. A new
copolymer, known as PHIL (Precipitating Hydrophobic Injectable Liquid) (Microvention,
Aliso Viejo CA USA), has been recently introduced. PHIL copolymer is formed using the
monomer hydroxyethylmethacrylate (PHEMA) and works similarly as EVOH, but contains a
bonded iodine molecule that gives the compound greater homogeneity compared to tantalum

based EVOH.

CONTROL FINAL CONTROL FINAL

Figure 7. Endovascular treatment.

Rodrigo RIVERA | PhD Thesis | University of Limoges - France | 2023 30
License CC BY-NC-ND 4.0



Parieto-occipital BAVM treated with endovascular embolization using EVOH. A) Arterial phase
DSA, B) Late DSA phase, showing superficial venous drainage. C) LEA cast after embolization; D)
Final control DSA, after LEA embolization. No BAVM filling, confirming complete exclusion.

As stated, important advances have been made in techniques and technology of BAVM
endovascular management over the last decades, nevertheless, the global curative rate of the
technique has not been high, reported as low as 13% (Range 0-94%), with acute complications

rates ranging between 7.6-55% (cerebral infarcts or brain hemorrhage)®.

1.4.3.1. Transvenous Embolization (TVE).

Since the begging of BAVM therapies, the dogma was to avoid closing the vein until there was
complete arterial control and occlusion. An accidental venous blocking could lead to nidus
acute hypertension, rupture, and bleeding'®4’. The standard route for BAVM endovascular
treatment has been the arterial side, with evolving techniques for reaching more nidus and more
curative results. Although the arterial or anterograde to flow route has been the standard
endovascular access to BAVMs embolization, the transvenous venous approach (TVA) has
evolved as a game changer in the last years for treating this disease. TVA consists in accessing
the vascular disease through an inverse route, coming counter flow and against pressure from
the vein side to the nidus, defying the classic concept of not to alter BAVM output to avoid
rupture or bleeding. The concept of TVA was introduced by Tarek Massoud and George
Hademenos in 1999**2, Using animal models (swine rete mirabile) they were able to determine
that contra-flux contrast injections were feasible using induced systemic hypotension or
decreased nidus flow with proximal balloon occlusion and that this concept could be used in
the future using sclerosants agents as alcohol to occlude the nidus*'*2. They proposed several
advantages of the TVA over trans-arterial embolization that were lately proved in clinical
practice:
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e Less ischemic damage to normal brain.
e More curative results with complete nidus exclusion.
e Simpler anatomy and number of draining veins than arterial feeders.

e Access to BAVMs with complex arterial feeders or “in passage” arteries.

A decade later, the concept reached the clinical field with an initial report by Nguyen et al*’,
and then followed by several experienced groups and pioneers that explored this technique,
proving that under several conditions and considerations it is a safe and efficient technique for

treating some human BAVMs*8,

Mounayer et al at Limoges France, showed their first
experience with 5 cases in 2011, with no procedural complications and complete obliteration in
4/5 cases *8. The same group published the first large series in TVE with 40 patients, with a cure
rate of 92.6%, no mortality related to the procedure and 1 hemorrhagic complication during the
procedure**. The technique was named “porcelain vein” because the LEA filled the vein in an
outer to inside fashion, in slides, emulating porcelain manufacture, leading to a progressive
reduction in output flow in a centripetal fashion without an abrupt venous closure***°, Chapot
et al published later in 2021 TVE in 45 patients using their variant “pressure cooker
technique™ in which the venous LEA reflux is controlled by a combination of systemic
hypotension and a venous plug using coils and glue for better nidal counter flow penetration.
Other less numbered series have also been published with similar encouraging results 7.
Despite of the results, there are still several aspects of this technique that are not totally clear,
and their understanding could allow safer and better embolizations in the future:

e Which is the ideal LEA for TVE?

e How can we avoid long LEA reflux into the vein and better nidal penetration?

e How can the nidus be filled by this route and avoid partial filling?

¢ How does the number of veins and BAVM size affect nidus retrograde filling?
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e How hemorrhagic complications could be avoided using this technique?

All these questions remain unclear for the moment, and there is a gap of evidence on how the
TVE works. Because of ethical issues it has been difficult to gain knowledge in this field with
human BAVM cases.

TVE is a challenging technique and the need for training medical doctors, testing new devices
and techniques has become an important requirement. The possibility of training an
interventional neuroradiologist in this technique is complex, with limited access to real human
cases and few centers performing many these treatments. The swine rete mirabile has been
described for TVA in the early theoretical cases by Massoud et al*!*>*% thus no embolic agent
was used in this series. A recent publication has described the first TVE in vivo model, using
the swine rete mirabile, showing its feasibility>!. At the time we started this thesis no animal
model or any kind for TVE had been described or published. Moreover, in order to reduce

animal use, we thought to develop a novel ex-vivo model.

The main objective of this thesis was to develop a new BAVM model for endovascular TVE.

With this purpose we tried to answer the following questions:

I.5. Main Thesis Question.

Is it possible to develop a new BAVM model for transvenous embolization?

1.5.1. Secondary questions.

1. Which are the actual models for BAVM study?
2. Which models have been used for endovascular treatment simulations?
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3. How can we develop a new model for endovascular use and TVE?

4. How can we test and prove a novel TVE model for BAVM?

The following chapters will focus on answering these questions, presenting the data we obtained

and the different articles we produced with this purpose.

In summary:

BAVMs are an infrequent but important disease due to their bleeding risk and possibility of
leading to permanent disability or death.

Evidence points to a genetic susceptibility and development through lifetime by secondary
triggers.

Treatment is still not well defined, especially in unruptured BAVMSs. Although the only RCT
on treatment suggested that any intervention can be more deleterious than observation, there
are still trials trying to have better answers in this field.

Endovascular treatment is one of the main options to treat BAVM, and the transvenous
embolization (TVE) has become a game changer for the management of some of these vascular
diseases. Its technical difficulty has opened an expanding need for adequate training and
teaching for safer procedures.

There is no actual BAVM model for TVE. Is it possible to develop a novel BAVM for TVE?
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Chapter Il. Brain AVM experimental models.

I.1. Context and problem.

“All models are wrong, but some are useful” George E.P. Box.

With the development of new tools and modern surgical and endovascular treatments in the late
'70s, the first BAVM models were described and published. Questions such as the mechanisms
of normal perfusion pressure breakthrough or the behavior of new embolic agents needed
answers and testing. The first models were conducted using small animals, such as cats or
rodents, to study the effects of shunting the brain and increasing blood flow 2. On the other
hand, endovascular models began as simple vein grafts connected to a flow circuit to test the
effects of an embolizing agent on the vessel 3. Later, more complex questions needed to be
answered, such as the genetic causes of BAVMs or the development of new therapeutic
strategies. As a result, models continued to evolve continuously to meet the increasing demands

for technology, knowledge, and techniques.

1.2. Presentation of Article 1.

For answering the first of our secondary questions (Which are the actual models for BAVM
study?), we decided to scope all scientific literature and main databases for having a clear idea
which were the BAVM models that have been developed, in the past or actual ones in use. We

searched databases for any BAVM model, independent from its use and purpose.
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1.3. PDF of article 1.
Interdisciplinary Neurosurgery: Advanced Techniques and Case Management.

Interdisciplinary Neurosurgery: Advanced Technigues and Case Management 25 (2021) 101200
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ARTICLE INFO ABSTRACT

Keywords: ] Background: Brain arteriovenous malformations (bAVM) are one of the most complex vascular lesions in humans.
A“‘f“""“"“’ malformations Their understanding and treatment have been possible through the use of different experimental models. The aim
Amf‘“l models of this scoping review was to systematically map the existing experimental models used for bAVM research and
Brain tralning

Neurosurgery " -

Neuroradiology Methods: A scoping review was conducted, and a search process was performed in 7 electronic databases from
Radiotherapy inception to April 30th, 2020. Study selection included all types of research articles that used any kind of

experimental model for AVM study. Selection and data extraction were performed by independent reviewers.
Results: The initial search retrieved 942 articles which were reduced to 177 articles after the whole inclusion /
exclusion process. We identified 9 main AVM experimental models, divided in in vivo: transgenic, rete mirabile,
carotid-jugular fistula, carotid-jugular plexus fistula, arteriovenous shunt and cornea; or in vitro: 3D cast, com-
puter generated and biological graft. First developed models were dedicated to study the hemodynamic effects
and then followed by endovascular testing using the swine rete mirabile. The latest developments have come
with transgenic models, allowing the manipulation and creation of AVMs in rodent brains, giving a huge step in
the understanding of genetic origin, angiogenic mechanisms or potential therapeutic targets for the future.
Conclusions: There is no unique model that could account for all features of bAVM. We expect a continuous
development of more accurate models that could lead to optimize and develop new treatment strategies for
increasing the cure rate of this disease.

1. Introduction

Brain arteriovenous malformations (bAVM) are vascular lesions
composed of complex abnormal connections between arteries and veins.
They do not follow the standard vascular structure, so arteries and veins
are connected by a tangled vessel configuration known as the “nidus”
[1,2]. Although they are rare, with a prevalence estimated in 15-18 per
100.000 adults [3.4], bAVMs can result in severe clinical consequences
and neurological impairment due to chronic venous congestion or
rupture leading to intracerebral hemorrhage (ICH) [1,5].

Brain AVM management is difficult and there is no consensus
regarding which is their ideal treatment. Interventional treatments

options are open microsurgery, endovascular embolization and radio-
surgery [4]. Thus, clinical observation with no intervention might be an
option for unruptured bAVMs, according to ARUBA trial in which con-
servative management showed to be safer on the midterm than any type
of intervention [6]. Until now, treatment decisions frequently rely on
the neurovascular center or physician's experience, with a difficult and
potentially biased decision-making process |[7].

Experimental models have been used for decades in several brain
vascular diseases as stroke and cerebral aneurysms (8] and their
contribution has had a tremendous impact in the understanding of the
pathophysiology and molecular mechanisms through basic sciences
research and therapeutic drug and device development. Since the
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beginnings of bAVM treatment, physicians began looking for models
that could allow development, testing and training in new therapeutic
tools and acquiring knowledge to improve the understanding of the
disease[9]. Because of their complex structure and physiology, it has
been challenging to adequately replicate a bAVM in an in vivo or in vitro
model. Moreover, there are other special features that are difficult to
replicate, like complex intertwined flow dynamics, arteriovenous (AV)
shunts, AVM angioarchitecture or the biological interaction between the
malformation and the surrounding brain tissue.

Because there is disperse information about all bAVM models, we
decided to perform a general systematic search as a scoping review with
the objective of comprehensively mapping and summarizing the current
status and function of the in vivo or in vitro models of bAVMs.

2. Methods
2.1. Study design

A study design was conducted to identify all the published bAVM
models. We performed a scoping review using the Joanna Briggs Insti-
tute (JBI) method [10,11], as initially conceived by Arksey and
O'Malley [12]. For quality control of this review, we used the Preferred
Reporting Items for Systematic Review and Mata-Analysis (PRISMA)
extension for Scoping Reviews Checklist [13].

2.2. Research question

» Which are the in vivo or in vitro bAVM models and their clinical or
research applications?

2.3. Data sources and systematic search

A systematic search was performed by two authors (RR and CMO) in
PubMed (NCBI), CINHAL Plus with Full Text (EBSCO), Embase, Epis-
temonikos, Clinical Trials and Cochrane Library. We used as strategy the
terms ‘Arteriovenous Malformations’, ‘Intracranial Arteriovenous Mal-
formations’, ‘Animal Models’, ‘Biological Models’, ‘Anatomic Models’
‘Endovascular Procedures’, ‘Neurosurgical Procedures’, ‘Radiotherapy”
and ‘Neurosurgery’. Language filters (English and Spanish) were
applied. All kind of articles were considered, research articles or con-
ference abstracts. The grey literature was consulted using Open Grey.
Finally, a manual selection of the reference list of relevant papers was
performed. We used Mendeley (version 1.19.4) as a bibliography soft-
ware to manage all references. The last search was done on April 30th,
2020.

2.4. Selection of articles

The selection of articles was done by two researchers (RR and JPC)
that independently carried out the article selection in three stages: filter
by title, abstract and full text according to the selection criteria. Po-
tential disagreement about inclusion or exclusion of articles was dis-
cussed, and if the discrepancy persisted a third one (CMO) decided. We
used the ‘include’ rather than the ‘exclude’ criteria to select by title,
abstract and full text in order not to lose relevant information. The
following inclusion criteria were used, based on the components of
Population, Concept and Context method (PCC) [11,14]: Population:
brain Arteriovenous Malformations models; Concept (Intervention):
none; Concept (outcomes): for therapeutic, anatomical or biological
studies; Context (studies): All type of articles, original studies, confer-
ence abstracts, protocols and trials. The following exclusion criteria
were used: language other than English or Spanish, models used not for
AVM studies, review papers, full manuscript not available for analysis.
We reported using the PRISMA flow chart [15].
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2.5. Data extraction

The included articles were collated in a Microsoft Excel data
extraction spreadsheet by the author RR. Coauthor JPC performed a
quality control randomly selecting 10% of articles for extraction and
comparing the data to determine if the extraction process was consistent
to answer the study question. Data were extracted by using the Peters et
al recommendations |[11], compiled using PCC nomenclature and
organized using Covidence software platform (Melbourne, Australia).
The extracted fields were author, year of publication (inception to 1999,
2000-2009, 2010-2020), title, digital object identifier (DOI), Journal,
Country of main author, study objective, study design (Experimental/
Review), Type of model (in vivo or in vitro), AVM model, model speci-
fications, purpose of model use and details of use.

This Scoping review did not require experimental participation of
human subjects, nor patient’s data, therefore did not require ethical
committee approval.

2.6. Patient and public involvement

Patients or the public were not involved in the design of our research.
They were not involved in the conduct, reporting or dissemination of the
proceeding scoping review.

3. Results

The initial data base search yielded 942 results, with 14 other ref-
erences added manually in a later search. This led to 811 citations after
removal of duplicated articles. Following a process of screening and
eligibility, 177 articles were used for data extraction. The flow search
process of article selection is presented in Fig. 1.

3.1. Characteristics of included articles

General characteristics of eligible articles are summarized in Table 1.
Studies were published between 1978 and 2020. There was a clear in-
crease in the number of publications over the decades, with 55% of the
citations published between 2010 and 2020. The main source of publi-
cations were journal articles (90%) and the remaining 10% from con-
ference proceedings. We found no citation from other sources like thesis
dissertation or research protocols. Most of the published literature came
from institutions from USA, followed by Australia, Germany and China.

3.2. Title. Biometric information of included articles

We detected 9 main different kinds of bAVM models, with a domi-
nance of in vivo (81%) vs in vitro (19%) (Table 2).

3.3. Title. Main bAVM models

The use and purpose of the bAVM model’s publications has evolved
during the past decades. Hemodynamic changes were the early scope of
publications, changing to a clear dominance of transgenic models in the
last decade (Fig. 2).

We detected different uses and purposes of the experimental bAVM
models, that we classified and organized in 5 types: 1) Hemodynamic
and Normal Perfusion Pressure Breakthrough, 2) Endovascular and
embolic materials, 3) Angiogenesis and AVM development, 4) Radio-
therapy and 5) Anatomy / Education.

3.4. Hemodynamics/Normal Perfusion Pressure Breakthrough
The first model developed for bAVM was created by the group of Dr.
Robert Spetzler [9] to study and emulate the chronic hemodynamic ef-

fects of bAVM in the surrounding tissue. For this purpose, they created a
vascular anastomosis between the common carotid artery and the
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Fig. 1. The PRISMA flow chart of the search process.
indirectly showed one of the effects of bAVM caused by the redistribu-
Iha:lbei:meuic information of included articles s displayed: Year of publication tion of blood and changes in pressures in the brain. Later, other authors
Type of publication and country of main author. R ! modified this moc:lel by performu.lg different anastomosis [16.17], for
— better understanding and replication of NPPB.
Characterlitics “ * The carotid-jugular fistula (CJF) has been a preferred model in
Year of publication different animals for studying these sustained hemodynamic changes
19781999 27 20.9 and their effects. Early experiments were done with cats, but then pro-
2000-2009 44 249 % 5 p
2010-2020 % 542 gressively switched towards rodents [17-20].
Publication Type ’ Two direct intracerebral hemodynamic models were created to
Journal article 159 89.8 simulate the local intracerebral effects of AVMs: a first one uses a sur-
Conference procoading 18 10.2 gical arteriovenous bypass forming a shunt between cerebral arteries
;';" ‘Authors Institntion Coutityy o &5y and the venous sinus, with an interposed “nidus” using temporal muscle;
Kentsatia 19 107 the other uses a vein graft bypass between a middle cerebral artery
Germany 10 56 (MCA) branch and the sagittal sinus [21,22].
China 10 5.6 When looking for other hemodynamic characteristics of AVMs, we
Japan 7 4 found several computer or mathematical models developed for simu-
g‘r:::: i ig lating these dynamics. These in vitro simulations have aimed to under-
N/A 7 4 stand how the flow behaves within the nidus and the whole vascular
Others 17 9.6 malformation. Some of them have used patient derived data from im-

external jugular vein in cats, generating an AV shunt using the circle of
Willis (¥ig. 3). They reproduced the autoregulation disfunction that
chronic hypoperfusion generates in the normal brain with a bAVM,
known as Normal Perfusion Pressure Breakthrough (NPPB). This model
did not include an AVM nidus, nor an intracranial AV shunt, thus it only

aging studies to recreate the vascular environment using Computer Flow
Dynamics (CFD)[22], in which through specific software, flow simula-
tions can emulate the complex circulation within an AVM [24,25]. Other
simulations have used mathematical models approaching the AVM
vessel network as an electrical circuit [26-29],
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Table 2
bAVM models. Main division of in vivo or in vitro, and the specific models with their publication's total number and frequency (%).
Model Type
In Vivo Transgenic = 52 (29.4%) Rete mirabile = 46 (26%) Carotid-Jugular Fistula = 21 (11.9%)
Carotid-Jugular Plexus Fistula = 19 (10.7%) AV Shunt Bypass = 3 (1.7%) Cornea model = 3 (1.7%)
In Vitro Computational = 23 (13%) 3D Cast = 9 (5.1%) Biological Graft = 1 (0.6%)

100 @ Trnsgenc
P @ Roto Mranti
— R
Carotid-phax
80
AV Shunt
Coman

|

Years
Inception-1999 2000-2009 2010-2020

Fig. 2. Number of published bAVM models in different decades: Inception-1999 (just one publication outside range —1979-), 2000-2009 and 2010-2020.

P

3.5. Endovascular/embolic materials models

The main model for endovascular treatment and material testing has
been the swine rete mirabile (RM). The RM is a particular vascular
structure which is not present in normal conditions in humans [30] but
seen in some animals, in which a tangle of arteries forms a pre cerebral
arterio-arterial plexus with unknown evolutionary advantage. The
swine RM is located invariably in the skull base and it is formed by a
plexiform division of the ascending pharyngeal artery (APA), which
continues intracranially as the internal carotid artery. It also connects
with the contralateral RM crossing the midline, acting as one single
nidus type structure. Because of its size and resemblance to an AVM
nidus it has been used as a bAVM model with vessels ranging from 70 to
275 pm [31]. The first described use of the RM as an AVM model was
published by Lee et al in 1989 [31]. Because this rete is an arterial-
arterial connection, several modifications were performed later by
other authors in order to create a real arterial to venous shunt: using the
cavernous sinus [32] or with a surgical anastomosis from one carotid
artery to the jugular vein to reverse the flow direction on that side [33].
This last model (Fig. 4) has become the model of choice in the recent
years for testing liquid embolic materials [34-37], new endovascular
techniques [38,39] or radiotherapy/radiosurgery protocols [40]. The
main advantages of this model are that size of vessels are suitable for
testing materials, vascular access, catheters, microcatheters and embo-
lization materials designed for human use.

( U\UL

3.6. Angiogenesis / AVM develop
Fig. 3. Schematic image of the carotid-jugular fistula model as developed by

Spetzler et al. [9]. A surgical anastomosis between the common carotid artery This group of models is dominated by the transgenic work in mice,
and the caudal external jugular vein, creating a right to left shunt using the  and has been developed mainly in the last decade, leading to multiple
circle of Willis. recent publications. Hereditary Hemorrhage Telangiectasia (HHT) is a

genetic autosomal vascular disease that affects humans leading to
several vascular anomalies in different target organs such as
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BA ICA

Fig. 4. Schematic image of a modified swine rete mirabile (RM) model. The RM
originates as a continuation of the ascending pharyngeal arteries and continues
cranially as the internal carotid artery. In this model a surgical anastomosis was
done between de common carotid artery and external jugular vein, This created
an arterial to venous shunt that emulates an AVM nidus flow direction. Ab-
breviations: Common Carotid Artery (CCA), Ascending Pharyngeal Artery
(APhA), External Carotid Artery (ECA), External Jugular Vein (EJV), Internal
Carotid Artery (ACI), Basilar Artery (BA). Curved arrow shows the
flow direction.

mucocutaneous telangiectasias in nasal/oral area and AVM formation in
brain and other organs as lungs or liver [41]. Research on this disease
has shown that it is caused mainly by the mutation of two genes:
Endoglin (Eng) and Activin Receptor Like Kinase 1 (Alk1), causing the
HHT type 1 (HHT1) and HHT type 2 (HHT2) phenotype respectively
[42].

Early genetic modifications in mice with null Eng and AlkI gene
expression were incompatible with life[42]. Further researchers were
able to generate heterozygous Eng+/- and Alkl+/- mice. These living
mice models were capable of producing vascular anomalies in several
organs, but not brain AVM [43]. Further advances using Cre-Lox tech-
nique were able to create target inducible knock-out Eng-iKO or Alk1-
iKO mice that together with an external noxa or stimuli could develop
vascular malformations [44 ). bAVMs were induced by injecting directly
in the brain a Cre expressing adenovirus at the basal ganglia carrying
floxed Eng (Eng V™) or floxed Alk-1 (Alk-1 /%) alleles with focal angio-
genesis (the stimuli) triggered by local injection of adeno-associated
viral vector expressing Vascular Endothelial Growth Factor (VEGF)
[45,46]. The impact of VEGF in the genesis of bAVM in these models
allowed to test anti-angiogenic therapies like bevacizumab as a novel
treatment of this disease [46]. Other genetic mechanisms have also been
involved as bAVM generators as the Notch pathway with receptors 1 and
4. These transmembrane receptors induce angiogenesis and AVM
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development [47-49]. Different transgenic mice models are presented in
table 3.

Finally, other models have also served for angiogenesis studies, like
the swine RM [50], the cornea model in rats: where implanted human
bAVM tissue is harvested in the animal eye [51-53], and the zebrafish
[54-57]. A special bypass model developed by Lawton et al used a
transgenic graft from the aorta to connect the carotid artery to jugular
vein for evaluating different cell markers [58].

4. Title. Main tr i

AVM model

4.1. Radiotherapy

Radiation therapy uses ionization energy for bAVM treatment by
inducing the nidus obliteration in selected cases by 2-3 years. Yassari et
al introduced in 2004 a modification of the carotid jugular fistula model

Table 3

Main Transgenic AVM Models. Abbreviations: Adeno-associated viral vectors
(AAV), Adeno-associated viral vector expressing vascular endothelial growth
factor (AAV-VEGF), Adenovirus-Cre (Ad-Cre), Activin Receptor Like Kinase 1
(Alk1), Basal Ganglia (BG), Bone Morphogenetic Protein (BMP), Endoglin (Eng),
Inducible Endothelial Cell Knock out (iECKO), Hereditary Hemorrhagic Telan-
glectasia (HHT), Matrix Gla Protein (MGP), Sonic Hedgehog (SHH), Vascular
Endothelial Growth Factor (VEGF).

Author / year Animal Characteristics / Use
Satomi et al., 2003 Mouse Endoglin Heterozygous. Eng+/—. Cerebral
[19] vasculature analysis. HHT
Wang et al., 2010 Mouse Notch 4 repression. Cranial window to
[59] evaluate AVM evolution
Walker et al., 2011 Mouse Alk1*“* (exons 4-6 flanked by loxP sites) +
[60-63] basal ganglia (BG) injection of Cre
bi + Ade iated viral vectors
expressing VEFG. Analysis of AVM like vessel
formation in BG

Walker et al.,, 2012 Mouse Adeno associated viral vector injection in BG

[40,64) in wild type mice and Alk1** 4 Cre
mice. Anti i i
testing with Bevacizumab.

Yao et al., 2013]65] Mouse Matrix Gla protein (MGP) null mice (MGP -/-).
Increased Bone Morphogenetic Protein (BMP)
activity due to the lack of MGP induces
expression of Alk1, which enhances expression
of Notch ligands Jagged 1 and 2, which
increases Notch activity and alters the
expression of Ephrin B2 and Ephrin receptor
B4, arterial and venous endothelial markers,
respectively. Test the balance between the Alk-
1 and Notch signaling.

Walcott et al., 2014 Alkl knockd with

[66-68] in Zet h. This causes a sp of vessel
alterations that resembles human AVMs.

Chen et al,, 2014 Mice Alk1*“# mice. Induction of bAVM phenotype

[69,70] by locally deleting the Alkl gene expression
(Ad-Cre) + Adenovirus VEGF stimulation
(AAV-VEGF).

Choietal, 2014{1.2]  Mice Eng”** mice / SM22a-Cre mice. Basal ganglia
injection of AAV-VEGF. Induction of bAVM

Zhu et al., 2017 Mice Eng*** mice. Inhibition of bAVM

9,16,17] i is by ind! FLT-1 ptor with
adenovirus and blocking VEGF effect.

Crist et al., 2018 Mice Knockout Smad4f/f;Cdh5-CreERT2 - Smad4-

[31,34,37-39] iECKO. To ch the Smad4 ion in
the postnatal vasculature.

Zhu et al., 2018 Mice Alk1*“* mice, with induced bAVM using AAV-

[21,22) VEGF and Ad-Cre. Thalidomide and
Lenalidomide as an anti is therapy.
Cheng et al., 2020 Mice Alk1%“* mice, induced bAVM using Ad-Cre
[46,71-73] and AAV-VEGF. To test the association of
VEGF exp with i AVM
hemorrhagic risk
Giarretta et al., 2020 Mice Efnb2/LacZ heterozygous mice. Sonic

[72,74] hedgehog (SHH) induces arteriovenous

malformation when injected in the brain.
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where they connect the common carotid artery to external jugular vein,
disconnecting it from the subclavian vein. By this way they create a
cervical venous like nidus [26,27,29], that we classified as carotid-
jugular plexus fistula. The model showed that molecular changes due
to flow were induced in endothelial cells at the “nidus™ [24,25], making
it a unique model for testing radiation therapy effects and secondary
obliteration, looking for cellular changes in irradiated cells or the effect
of coadjutant prothrombotic agents. [69,70].

Radiation therapy has also been evaluated using different in vivo
models like the swine RM [75,76], but also in vitro models as 3D casts
[65] and computer simulations with CFD or mathematical models
[66-68].

4.2. Anatomy / education

Interdisciplinary rgery: Advanced Techni and Case 25 (2021) 101200

human manipulation. Early studies were centered in the indirect he-
modynamic effects of bAVM, mainly with the use of carotid jugular
fistula model [9.16.17]. This was replaced over time with the Rete
Mirabile model in swine which allowed the endovascular manipulation,
material testing and embolization simulation of the “nidus™
[31,24,37-39]. Although their relevance in bAVM knowledge, the main
drawback of these models is that they are not located in the brain, so real
simulation of the AVM environment, its surroundings and risk of rupture
- bleeding is not possible. The search for a real intracerebral AV shunt
with a proper nidus has been challenging. Some surgical models with
intracerebral shunts were created but they have not been popular or
replicated in later publications [21,22]. The possibility to generate a real
AVM nidus in the brain has only been possible with transgenic models.
Transgenic technology using HHT disease as a genetic AVM model is
based on an adenovirus that knocks-down specific genes and develops
is locally, which leads to the induction of AVM-like lesion in

angic
Lt )

A last group of bAVM models have been developed for ical
understanding and education. Three-dimension casts have been used for
these purposes, using the evolution of new materials, 3D printing
technology and image acquisition. Cast models can be used for surgical
planning, medical or patient education and research [69.70].

5. Discussion

Brain AVMs are complex vascular lesions [1,2]. Despite all the ad-
vances in imaging diagnosis, treatments and genetics there are still
several areas that have great space for uncertainty and unresolved
questions. The search for a single model that could emulate all of the
features of this disease started several decades ago, but, until now, there
is no unique, nor perfect model for bAVMs. Instead of a sole model that
could solve all the questions, there has been a progressive development
of several models directed to emulate specific characteristics or thera-
peutic targets of this disease with their advantages and disadvantages
(Table 4).

5.1. Title: PAVM Models. Advantages and Disadvantages.

With this scoping review we have detected a change over decades
reflected in the published bAVM's models. Because there are no spon-
taneous AVMs in animal models, all of them require some degree of

deep brain gray matter, with abnormal vessels, AV shunt and draining
veins [46,71-73]. Transgenic models have been the main topic of pub-
lication in this field in the last decade, and probably will continue to
dominate in the next years as they have been able to reveal several clues
of AVM genetic and epigenetic origin/drivers and possible targetted
medical therapies[72,74].

In vitro models have been of great use and help for understanding the
behavior and hemodynamics of bAVMs. Through computer simulation,
created models have transformed an AVM into an electrical circuit,
allowing the testing of different hemodynamic situations and the risk of
rupture [26,27,29]. Moreover, CFD has been able to use patient’s
derived data to recreate the flow and test several parameters inside the
AVM [24,25]. The main advantage of these models is that they don't
need cc h ipulation, use of animals or animal laboratory
facilities as the in vivo models. Nevertheless, CFD simulation has the
drawback that, to create a reliable model, a deep understanding of the
real angioarchitecture of the nidus is needed. Current high-resolution
imaging techniques still are unable to clearly depict what type of
anomalous vascular connections and flow induced biological processes
occur inside the nidus, or what really is the so-called nidus. Probably,
computer models and more recent 3D printed cast models will continue
to evolve and grow in cc ity and accessibility. 3D cast models have
been good for training and material testing in other vascular diseases as

Table 4
The nine different models with their main ch istics, uses, ad ges and disad 2
Model Characteristics Use Advantages Disadvantages
Carotid- In Vivo. Mice, Cats, Hemodynamic effects of AVMs, Allows the testing of hemodynamic No nidus, no intracranial AV shunt, indirect effects
Jugular Rats Normal Pressure Breakthrough effects of AVM in the brain. model. Requires surgical skills for creating the fistula.
Fistula
Rete Mirabile In Vivo. Swine, Endovascular embolization, Good vessel size to test endovascular Not a real AV shunt. It's an arterio-arterial connection,
Sheep hemodynamic changes, materials. Natural vascular which requi ipulation to become an AV shunt. No
radiotherapy, new embolic in selected animals. surrounding brain. Not able to assess rupture or
materials testing. hemorrhagic risk. Requires surgical skills for creating the
fistula. Cost.
Transgenic In Vivo. Mice, rats, Angiogenesis study, AVM AVM like vascular lesions in the brain.  Technical High technology labs. Cost.
zebrafish, development, genetic Rupture risk evaluation. Test anti-
understanding. angiogenic, genetic or novel
therapies.
Carotid In Vivo. Mice Radiotherapy Nidus like structure in animal neck. No real AVM nidus. No surrounding brain_Surgical skills
Jugular Possibility of testing biological for creating the fistula.
Plexus changes in vessels after radiotherapy.
Fistula
Cornea In Vivo. Rat Angiogenesis Possibility to test angiogenesis No surrounding brain, no AV shunt. No nidus.
AV Shunt In Vivo. Dogs Hemodynamic effects Direct intracranial effects of AVshunt.  Difficult to create and replicate. Requires high surgical
Bypass technical skills. No real nidus.
Computer In vitro. CFD, Hemody ic, Radioth No lab y animals needed. High Difficulties in recreate real vascular AVM architecture.
model Mathematical reproducibility.
models
3D Cast In vitro. 3D Printed Hemodynamic, radiotherapy, Easy to create Hard to late real AVM angioarchi
models. anatomy
Biological In vitro, Chicken Anatomy Biological 3D model, with nidus like Simplified AVM model, not real nidus,
Graft wings formation. Flow testing.
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aneurysms or stroke, but the complexity of bAVMs angio architecture
represents a major technical challenge to create a more reliable replica
of the vascular arrangement of the nidus [62,70].

Human Placenta has been described in the last years as an interesting
model for endovascular use. Although it has not been oriented to
emulate a bAVM, it has showed that some endovascular embolic mate-
rials or embolization techniques can be tested using the placenta arterial
vessels, which resembles the diameter and bifurcation anatomy of the
human brain vasculature [75,76]. It may be that placenta models,
together with some modifications, could serve in the future as an
interesting ex vivo model for studying different treatment of this disease.

5.2. Future directions

As we have reviewed the actual knowledge of bAVM models, we only
can expect major developments for the future. Probably one of the main
objectives would be to translate transgenic technology and techniques
that have been developed in small animals to large animals, like swines,
This would allow implementation of research protocols that could
evaluate the effects of bAVM over the surrounding brain tissue, in a
more similar biological environment like human patients. There are no
doubts that transgenic research will continue its progress and will bring
new findings and genetic clues of AVM origin and novel therapies that
will increase the possibilities of achieving a definite cure for this d

and Case 25 (2021) 101200
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ipoise Survey: Physi the of brain
arteriovenous malformations, J. NeuroIntervent. Surg. 6 {(10) (2014) 748-753,
https://doi.org/10.1136/neurintsurg-2013-011030.
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in end di for stroke, aneurysms and vascular
malformations, J. Cereb. Blood Flow Metab. 39 (3) (2019) 375-394, hiips://doi.
org/10.1177/0271678X19827446.
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Advances in 3D printing and casting techniques should continue
their development in order to create realistic models that could repro-
duce the AVM vascular angioarchitecture and small lumina. High res-
olution images may depict the complexity of the relationship between
arteries and veins in these malformations. Together with cast technol-
ogy, a real 3D vascular model could be created for hemodynamic eval-
uations, technique training and material testing.

Finally, we cannot forget that although experimental models are the
base of exploring new frontiers in cerebrovascular diseases including
AVM management, clinical trials are the final step in testing any ther-
apeutic innovation and options for p The combination of basic
science, experimental models and clinical knowledge will lead to better
treatment for this disease.

6. Conclusions

Several models have been used for research and study of bAVM. Each
one of the research questions has its own suitable models, with no
unique or ideal one that could account for all the complexity of an AVM.
We expect a continuous development of different and more accurate
models that could lead to optimize the treatment strategies and increase
the cure rate of this disease.
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I.4. Main Results and comments of Paper 1.

Several models have been used for studying brain AVMs, ranging from in vitro to in vivo
models. There is no “perfect” model that could resemble all human brain AVM characteristics
and we found many models for which questions or problems could be assessed 4%, and we

defined nine types of BAVM models with a main division of in vivo or in vitro (Table 3).

Model Type

In Transgenic = 52 (29.4%) Rete mirabile = 46 (26%) Carotid-Jugular Fistula =

Vivo 21 (11.9%)
Carotid-Jugular Plexus | AV Shunt Bypass =3 (1.7%) | Cornea model = 3 (1.7%)
Fistula = 19 (10.7%)

In Computational = 23 (13%) | 3D Cast=9 (5.1%) Biological Graft = 1

Vitro (0.6%)

Table 3. Main BAVM models.
Main division of in vivo or in vitro, and the specific models with their publication’s total number and frequency
(%).

We also found that models could be used for one or more purposes (Table 4)

Subject / Characteristic Model

Genetics, Angiogenesis Mouse (deletion / gene implant),
Zebrafish

Radiosurgery treatment Rat, Carotid Jugular model

Endovascular treatment, Embolization | Swine rete mirabile

materials
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AVM Flow, hemodynamics Computer / Mathematical / Electric

Anatomy, teaching 3D printed models

Table 4. AVM models and their use.

Summary table of BAVM models and their use. From Brain arteriovenous malformations: A scoping review of

experimental models. Rivera et al, 2021,

This scoping review provided a clear overview of the evolution of BAVM models over the past
decades, along with the changing trends in publication topics. The review began with the use
of models to study hemodynamic effects in mice. This was followed by the exploration of rete
mirabile models in swine. In recent times, there has been a substantial surge in interest and
advancements in transgenic mouse models, with the objective to understand the genetic basis

of BAVM origin and potential therapeutic targets .

Endovascular models have been limited, due to the absence of this brain disease in animals that
could resemble a human size BAVM. Nevertheless, the swine rete mirabile has become the
preferred model for simulating BAVMs for endovascular techniques / materials, due to their
dimension and because, with some anatomical modifications, it could simulate arterial to
venous flow (shunt) through a “nidus” like structure®!%2, The carotid rete mirabile of the pig is
a network of microvessels, average diameter 154 pum situated at the termination of each
ascending pharyngeal artery (APA) as they penetrate the skull base. Each RM is connected
across the midline to the contralateral rete through a cluster of midlines inter-retial micro vessels
of similar caliber. The entire vascular structure formed by bilateral RM and their midline
connections occupies the cavernous sinus. It has morphological similarities to a human cerebral
plexiform AVM nidus but lacks its hallmark of arteriovenous shunting, thus, this has been
solved with surgical creation of an anastomosis between the common carotid artery and
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ipsilateral jugular vein, creating an arterial and a “venous side” of this RM network®?. Other
authors have modified and simplified this surgical route creating a “venous side” using a
balloon guiding catheter and opening the flow of one side to the exterior’!.

In vitro models were a very small group in the scoping review. They have been divided in
computational simulations of BAVM hemodynamics or physical models that could be used to
represent anatomically a BAVM for endovascular testing and training. Models have been
simple and 3D printing was not described for endovascular purposes at the moment of the
review.

This scoping study gave us the hint to explore in vitro models as a way of developing a new
BAVM model for endovascular use. Although the swine RM has been used for endovascular
purposes, and by our group in the animal lab at Limoges France, it faces some limitations as
maintenance cost, need for special animal facilities and laboratories, limitation for moving
animals outside these locations, and the requirement of some complex anatomical preparations,

such as surgical anastomosis to recreate an AV shunt.

The article in perspective:

There isn't a single ideal model for Brain Arteriovenous Malformations (BAVM), as various
questions and challenges demand diverse approaches to tailor a model to specific requirements.
These models can be broadly categorized into two groups: those employing living species (in
vivo) and those utilizing artificial systems (in vitro).

BAVM models development and interest have been changing in the last decades. Recently,
significant attention has been directed towards transgenic models, primarily involving rodents,
to replicate BAVMs for genetic research and future treatments. This paper marks the inaugural

comprehensive review encompassing all existing BAVM models.
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I1.5. Questions regarding in vitro models.

With an in vitro BAVM model project in mind for TVE, we have had to face several questions:

1. Which have been the in vitro models for BAVM embolization procedures?
2. Can be 3D printing used to create a BAVM model?

3. Is it possible to create an in vitro BAVM model for endovascular transvenous

embolization using 3D printing?
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Chapter lll. In vitro AVM models

lll.1. In vitro vascular models.

In vitro comes from the Latin word “glass” and describes medical procedures, tests, and
experiments that researchers perform outside of a living organism. In vitro models have been
successfully used for endovascular purposes in brain aneurysms. Phantoms of this vascular
disease have been created with silicon models and more recently using 3D printing technology.
In vitro aneurysm models are created with hollow channels and elastic materials that allows
catheter and microcatheter navigation inside them, and moreover, the use and deployment of
devices such as coils, stents or intrasaccular materials for treating the aneurysms. Aneurysm
models are typically constructed by gathering data from patients, followed by several digital
processes to produce the final physical product . Additive manufacture (AM) which is the
process of creating objects summing layer by layer as 3D printing, is very suitable for
reproducing complex architectures as vascular anatomies and high customization needs®. In
vitro aneurysm models are widely used and play an important role in medical training,

demonstrations, teaching, testing new materials and rehearsal of real cases 648,

111.1.1. In vitro models for Brain arteriovenous malformations.

A different situation has been seen for BAVM. Although in vitro models for BAVM are not
new, because of their complex angioarchitecture and smaller vessels diameter, it has been very
challenging to create realistic models as it has been done for brain aneurysms. In the late 1970s,
Kerber et al. introduced two simple BAVM models within a flow circuit. In one model, they
53,69,

used an animal vessel as the BAVM, while in the other, a blood filter served as the nidus

In 1981, Debruin et al. tested their calibrated-leak balloon device for embolizations using a
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simple transparent plastic tube connected to a circulating plasma system under free fall
pressure’’, Probably one of the first attempts to create a more complex model of BAVM nidus
came from Bartynski et al. in which they used scouring pad as a mesh within a sac, connected
with tubes and called it “sandwich bag”. With this model, they were able to test Isobutyl 2-

cianocrylate (IBC-2) embolizations in a flow circuit (Figure 8) 7'.

GR) .
\"' BNV
s

“Arterial® *Venous’
tubing

tubing

Silicone coat

Figure 8. Bartynski et al”! in vitro model.

AVM model a) Components of model are surgical tape, sandwich bag, plastic mesh,
silicon sealant, and plastic tubing. b) Cross-sectional diagram of model. ¢) Photograph of
completed model covered in watertight silicone sealant.
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Later, Park and colleagues employed a glass tube filled with springs, connected to a flow pump
circuit, to replicate a BAVM nidus. This setup was used for testing the newly developed
polyvinyl acetate (PVA) material’. In 2003 an artificial nidus was created by Inagawa, using
small beads inside a syringe or tube. This model was used in 2016 by Ishikawa et al to perform

73,74 Recent embolization material’s devolvement has led to the use

several embolization tests
of new in vitro models, as the silicon honeycomb-like nidus created by Vollherbst et al. in 2017.

The model was used to test and compare Onyx 18 and PHIL 25 injections using different pause

techniques’ to determine differences between them (Figure 9).

®
il il il
@ ®

FIG 1. lllustration of the experimental setup. Note that sodium chloride solution (NaCl) was
pumped into the circuit system with a constant-flow pump (arrows indicating the direction of
flow). A microcatheter was inserted via a hemostatic Y-adapter. Using 3-way stopcocks, we
measured intraluminal pressures (manometer symbols).

L | \acl

FIG 2. Definition of the embolization success. Note that after we filled the nonembolized AVM

model with pure contrast agent, the artificial nidus was subdivided into 28 honeycomb-like
sections.

Figure 9. From Vollherbst et al” in vitro model.

The most realistic in vitro BAVM model has been created recently by the group of Kaneko et

al. In 2020 they were the first to report and create a model using real patient data and 3D
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printing. They used a similar technique as has been used for brain aneurysms: They printed a
solid cast of the BAVM anatomy and then covered it with silicon. The inner solid cast was
lately dissolved resulting in a hollow structure of small vessels suitable to test EVOH

injections’® (Figure 10).

Figure 1. Manufacturing process of hollow arteriovenous malformation (C) Left: The acrylonitrile, butadiene, and styrene sohid mold with
{AVM) models. (A} Digital imaging and communication in medicine supports. The space between small nidal vessels is filled with the
data are obtained by rotational angiography. The AVM nidus is supporting matenal. Middle: The inner vascular mold after the
extracted (red rectangie) and converted to an st file. (B) The stl file is supports are removed by washing, Right. Hollow sificone modei after
oaded on the MeshMixer. Artificial feeders and drainers are added inner plastic mold is dissolved by acetone.

Figure 10. From Kaneko et al”’ in vitro model.

Three-dimensional printing looks like a very interesting way for creating a new BAVM model.
We decided to review and search the main 3D printing techniques that could be suitable for our

work.

lll.2. Three-dimensional printing models.

111.2.1. Definition.

Three-dimensional printing is an additive manufacturing technique that constructs 3D objects
from a CAD model. It can be done in a variety of processes in which material is deposited,
joined, or solidified under computer control, with the material being added together (such as

plastics, liquids or powder grains being fused), typically layer by layer.
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1ll.2.2. Fused Deposition Modelling.

Before the experience by Kaneko et al. the use of 3D printing in BAVM was only the creation
of solid cast models, mainly for educational, demonstration purposes or radiosurgery
planning’®#°, These models used a 3D printing technique called Fused Deposition Modelling
(FDM) in which heated plastic filaments are heated and melted to create different forms adding

the material layer by layer (Figure 11 and 12).

Filament Spool

Support Material

Non-stick Print Bed

Figure 11. The FDM printing process.

Image Source:

https://dozuki.umd.edu/Wiki/Introduction to Fused Deposition Modeling %28FDM%29
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Figure 12. An FDM printer.

Image Source: https://bit.ly/3RNxHWX

Products produced with this technique usually lack high resolution and FDM result sometimes
in notorious staircase effect. On the other hand, because of its resolution it’s not possible to
create small diameter hollow channels. The first 3D model of a patient’s BAVM was reported
by Thawani et all in 2016. In their experience they were able to recreate a solid FDM model of
a BAVM and used it to train surgeons and increase the anatomical understanding of the disease

before surgery®’.
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Figure 13. From Thawani et al. A 3D printed BAVM model using FDM?3°

Because of the limitations that present FDM to create hollow channels, a solution used for
aneurysms has been to print a solid inner vessel mold and then cover it with silicone. The inner
printed solid cast is then dissolved to leave the silicon and flexible hollow structure with
channels. Silicone has elastic characteristics that are very suitable for vascular models, and it
has been widely used for this purpose®!. The same process was used by Kaneko et al. in their
3D printed BAVM model: a solid inner 3D printed FDM covered in silicon that was latter

dissolved’®.
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lll.2.2.1. Stereolithography.
Stereolithography (SLA) is a 3D printing technique that uses photopolymers as liquid resins

that are solidified (cured) layer by layer with the pass of a high-definition ultraviolet (UV) light
source. It is also an additive technique, and the classical configuration has the liquid material

contained in a bath which is progressively polymerized with UV light in layers®? (Figure 14).

SLA 3D Printing

Support
Structures )

AVAV AV AN

J ( Resin

Laser

Vv

— < Galvanometer

Figure 14. The SLA 3D printing process using a bath of resin and a UV light source that cures the
resin layer by layer.

The advantages of SLA printing is that it allows fast prototyping from CAD (Computer-Aided
Design) and watertight products with minimum or no staircase effect contrary to what is
observed with other 3D printing techniques. Moreover, it can produce sub millimetric high

resolution structures with intricate details.

The technique has been used in vascular diseases, to create hollow aneurysm models for surgery
or endovascular training using real patients’ data exported in DICOM (Digital Imaging and

Communications in Medicine) from diagnostic machines as DSA, CTA or MRA 8384 These
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SLA models have provided realistic training environments for physicians, hands-on education,

material development and testing, teaching, and case rehearsals®.

Although this technology has been used for brain aneurysms simulations, it has not been used
for BAVM models. Brain AVMs have complicated architectures, with unclear anatomical
definition of the nidus and small intricated vessels with diameters that could be under 300 pm?>,
in comparison to brain aneurysms that are usually over 1 mm with parent vessels ranging from

2-5mm at the circle of Willis.

The challenge was to determine how to use SLA or other 3D printing technique to create a

BAVM model with hollow channels.

111.3. Micro / Millifluidics.

Micro / Millifluidics is the science of precise laboratory control and manipulation of fluids that
are geometrically constrained to a small scale, with network of channels and usually within a
chip or cartridge. The dimension of channels is on the micro or milli-scale. The term
millifluidics is used for channel diameters of greater than Imm. Less than 1mm are termed
submillifluidics (0.5-1mm), large microfluidics (100-500um) or true microfluidics if under
100um®S. This technology allows researchers and engineers to manipulate liquids and fluids
used in chemical synthesis, drug development, diagnosis, biotechnology, or material science.
Micro / millifluidic devices typically include hollow channels, valves, and pumps designed to
manipulate and direct the flow of fluids on a millimeter scale. These devices can be used to
create miniaturized laboratories or "lab-on-a-chip" systems, allowing for high-throughput

experimentation, reduced sample and reagent consumption, and rapid analysis®2.
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Micro / millifluidics have used complex and expensive techniques to create the containers and
chips, mainly using photolithography, soft lithography, and milling technique. Thus, in the last
years they have incorporated SLA to their creation process. These have changed the design
possibilities, with fast iterations, and a significant cost reduction. The process normally started
with the 3D design in CAD, exported in STL (Standard Triangle Language) and then to 3D
printer®”-%%. The possibility of creating such small hollow channels, package in a cartridge, took
our attention and we saw the possibility of using the same technology for designing and creating

a novel in vitro BAVM model using this technique.
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Chapter IV. Development of and in vitro AVM model using SLA

IV.1. 3D printer selection.

The first step of this process was the selection of the 3D printer. Looking in the market we
choose the Formlabs Form 3B (Formlabs, Somerville MA, USA) SLA printer because of its
high-definition characteristics, biocompatible materials, but also because it has been promoted

and used for printing micro / millifluidic chips (Fig 15).

Figure 15. A millifluidic Chip printed with Formlabs 3D printer.

Image Source: www.formlabs.com
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This printer uses a new technology called low force stereolithography (LFS) in which a 250mW
laser, cure (solidify) a photopolymer (resin) contained in a liquid bath. It can print with a

resolution from 25um to 300um per slide (Figure 16).

=

pside-Down (Inverted) SLA

Printed Part
Supports

Resin

Build Platform
Laser
Galvanometers

X-Y Scanning Mirror

Laser Beam

)
®
000606000

Resin Tank

Figure 16. The Formlabs 3D printer.
This type of SLA printer it’s called “Inverted SLA” and uses Low Force Stereolithography (LFS).
Image Source: www.formlabs.com

IV.1.1. Resin material.

For printing our in vitro models, we decided to use a transparent material called Clear V4®
(Formlabs, Somerville MA, USA). This would allow a clear vision of the interior, and in our
case of the embolization process. Clear V4 is a transparent resin that can be polished up to near
optical transparency, allowing showcasing internal features and elements.
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IV.2. Chip Design

Our first step in the design of a new in vitro BAVM model was to define and create a structure

with hollow channels. The model was designed using CAD software (Fusion 360, Autodesk

California USA). We started with a simple configuration that contained hollow tubes and

external connectors in two different parallel circuits (Figure 17). CAD design was exported in

STL language to the 3D printer. We called our first model Chip 1.

SLA file was then prepared for 3D printing using PreForm software (Formlabs, Somerville MA,
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Figure 17. CAD design image from Fusion 360 software of Model Chip 1.

USA) (Figure 18). This software allows:

Planning of the printing process.

Checking of the geometry.
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e Defining the position within the printing platform.
e Determining the number of models to print.

e Creating supports for printing.

e Selecting printer and printer resolution.

e Defining printing material (resin type).
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Figure 18. Formlabs PreForm Software with model Chip 1.

We printed the CAD using Formlabs Clear V4 Resin in the Formlabs 3B printer (Figure 19).
After printing, the model was washed in isopropyl alcohol (IPA) bath for several minutes. After
cleaning the outer and inner residual resin material, the model was exposed to more UV light
to complete the curing process and to obtain the maximal physical characteristics. This final

curing was done using an UV light chamber.
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Figure 19. The printing process of Chip 1.

A) The model at the printer. The laser is visible in the lower part, curing the piece layer by layer. B) Final
model outside the printer. Inner channels were not opened because we could not adequately clean the
residual resin.

Because of the transparency of the material, it allowed the clear visualization of the inner
channels. Some internal channels were not opened due to difficulties in the cleaning of uncured

resin with IPA (Figure 19).

We tested Chip_1 model under X-rays using an angiograph machine, Philips Azurion 7 biplane

(Philips Healthcare, Amsterdam Netherlands) (Figure 20).
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Figure 20. Angiographic study of Chip 1.

A) 3D volume rendering reconstructionof Chip 1. B) Sectional cut of the model with MIP (Maximum
Intensity Projection). The inner tube diameters were 3mm.
We perform 2D digital subtraction Angiography using Visipaque® lodixadol iodine contrast
(GE HealthCare, Chicago IL, USA) and rotational 3D images with VR and MIP

reconstructions. Images were reconstructed using a Philips workstation.

IV.2.1. Model Chip_2

Our next model evolution aimed for better external connections and softer curves at inner tubes.

We incorporated luer lock connectors to improve perfusions and injections (Figure 21).
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Figure 21. Model Chip 2.

A) The model just out of the printing process. B) Chip 2 under X-rays, connected to several tubes. C) Contrast-

enhanced image under X-rays.

IV.2.2. Model Chip_3

For Chip 3 we jumped to a more functional design for endovascular use. A single channel
model with some dilatations and a simple nidus like section. In this model we incorporated a
one-sided input and output. We also decreased the inner diameter tubes to 2mm with an

adequate visual opening (Figure 22).

Figure 22. Model Chip 3.
A) Paper draft of the design of Chip 3. B) CAD design image. C) The model at the printing platform.
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IV.2.3. Model Chip_4

This model was an evolution of Model Chip 3 with softer inner curves and more spherical
shape of the dilatations (Figure 23). We developed a new design technique for creating these

more natural geometries and softer edges.

Figure 23. Chip 4.
A) CAD design with more naturel curves and geometry. B) At printing platform. C) X-Ray

test using 2D DSA and contrast media.

Evaluation with DSA showed excellent permeability of 2mm channels with good filling of the

dilatations and the “nidus”.
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IV.3. Channel diameter testing.

Using model Chip 4 we tried to go under 2mm channel diameter. We used the same printer
configurations, Clear V4 Resin and 100um resolution slides. We printed 3 different versions

with channels diameters of Imm, 1.5mm and 2mm (Figure 24).
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Figure 24. Chip 4 inner channel test.

From left to right, Imm diameter model, 1.5mm model and 2mm model. Channels at Imm were not

able to open and cleaned. Models with 1.5 and 2mm channels were well printed and channels opened.

Good permeability was reached in the 1.5 and 2mm channel models. We were not able to open

Imm channels in this model. The residual resin inside the model was not possible to be cleaned.
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IV.3.1. Open channel diameter tests.

In this experiment we designed several models with open channels and different diameters to

test the capacity of the printer to create and define these structures.

For this purpose, we designed a half model Chip 4, cut in half and exposed open inner tubes,
using different diameters: 0.25mm, 0.5mm, Imm, 1.5mm and 2mm. We printed using 25um
per slide resolution (the higher resolution of Formlabs 3B printer). All models were adequately
printed, and channels had a correct definition at visual inspection and macro photography
(Figure 25). This confirmed us that the problem of printing lower diameter channels in the
models was not the printer resolution, thus it was the ability of cleaning the residual liquid resin

inside channels.

Figure 25. Printed half models for diameter testing.
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IV.4. Dimethyl Sulfoxide (DMSO) Test

DMSO is the solvent contained within the liquid embolic agents that are used for BAVM
embolizations, as EVOH or PHEMA. DMSO is highly corrosive and usualy affects several
polymers and plastics. We tested the reaction of direct application of DMSO to the surface of
the model for 15 minutes and internal injections to our resin model. We observed that after this

time, there were no superficial changes and no corrosion to luer lock hub or inner channels

(Figure 26).

Figure 26. DMSO test on Chip 4 and Chip 3.
A) Surface test with a drop of DMSO. After 15min no changes were seen in the model. B) Inner test injection of
DMSO. No corrosion was seen at luer lock connector or inner channels.

IV.5. Liquid Embolic Agent test on the model.

We performed the first anterograde (arterial) embolization test on our model under X-rays at
the Angio Suite of the Instituto de Neurocirugia Dr. Asenjo, Santiago Chile, using a Siemens

Artis Zee biplane (Siemens Healthineers, GmbH, Germany).
Materials:

e Model Chip 4.1
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e EVOH LEA: Squid 18 (Balt, Montmorency France)
e Microcatheter: Sonic 1.5F 25 (Balt, Montmorency France).

e Sodium Chloride (NaCl 0.9%) at room temperature.

Under continuous NaCl 0.9% infusion of the model with hydrostatic pressure, we navigated
with Sonic 1.5F microcatheter inside the model. We then injected Squid 18 through the
microcatheter. We were able to advance forward the material, reach the “nidus” and fill all
dilatations. Visibility under DSA was excellent. The material injection felt realistic, it advanced
in the regular fashion with a plug and push technique®®, which means that LEA after reaching
distal resistance during injection it flows backwards as reflux. This reflux allows the
precipitation around the microcatheter creating a plug that will allow further forward advance

of the material by overcoming the distal pressure resistance (Figure 27).

Figure 27. Squid 18 embolization test using Chip 4.1.

A) The model at the angiograph table fixed with tapes over a Squid box. B) Road Map X-rays vision of the model
and the Sonic 1.5F in position. C) Macroscopic vision of the model afger embolization with Squid 18. The black

coloration is due to tantalum of Squid 18.
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After this test we determined that:
¢ EVOH embolization in the model was feasible.
e EVOH precipitates and behaves like real BAVM embolizations.

e Procedure could be measured and recorded.

IV.6. Towards a more realistic BAVM model design

After the pilot phase of model Chip 1 to 4 we decided to create a structure that could resemble

more to a BAVM (Figure 28). The model was named MAV 1 and the components were:
e Channels of 1.5mm (less diameter).
e An entrance for the “arterial” side.
e A “nidus” made of 3 different channels connected to the “vein”.
e A vein pouch with output.

e A “normal” channel that bypasses the “AVM”.
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Figure 28. MAV 1 model design.

A) The design draft of model MAV _1, channel diameters and their components. B) CAD design image of the

model.

The model was printed using the Formlabs Form 3B and Clear V4 resin. Channels were totally
open at visual inspection and confirmed with the DSA + 3D rotational studies at the angio suite

(Figure 29).

Figure 29. MAV_1 model printing and testing.

A) At final process of 3D printing, still with supports. B) X-ray contrasted 3D rotational image.

All channels are well opened.

IV.6.1. Model MAV_2 and 3

These versions represented a change in the design process. To create more biologic like
structures we used a different CAD software and process with Rhinoceros 3D (Robert McNeel

& Associates, USA). It resembles model MAV 1 but with softer curves and more natural

Rodrigo RIVERA | PhD Thesis | University of Limoges - France | 2023 72
License CC BY-NC-ND 4.0



aspect. Model MAV 3 included some dilatations as aneurysms inside the “AVM” circuit

(Figure 30).

Figure 30. MAV_2 and 3 models.

A) CAD of model MAV 2 and MAV 3. B) MAV 2 after printing. An upper luer lock connector was included to
facilitate external channel resin cleaning. C) Printed MAV_3 model. Fusiform like dilatations were created in the

circuit.

IV.6.2. Looking for more complex AVM designs.

Our next evolution of models came with design Model MAV_4. In this version, we used model
MAV 3 as base and added more vessels to the nidus, but at the same time we also elaborated a
volume of the nidus in other axis. Additionally, we changed the case design to reduce extra use

of resin in the container (Figure 31).
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Figure 31. MAV_4 model.
A) CAD model of MAV_4. Now there is a volume in other axis. Not all the model is fixed

to one plane. B) printed model within its container. C) X-ray vision of the model using road

map.

IV.6.3. The evolution of the models

After several iterations we were able to create a more realistic BAVM model, with better nidus,

and channels (Figure 32).
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Figure 32. The model evolution.
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From left to right: Chip 4, MAV_1, MAV 2, MAV 3 and MAV 4.

IV.7. Liquid Embolic Agent embolization Test 2

Based on the new design, we tested EVOH embolization. For this session we prepared the

following setting:

Model MAV_4 model.

e LEA: PHIL 25 (Microvention Aliso Viejo, CA USA)

e Apollo 1.5F 30 microcatheter (Medtronic, Parkway MN USA).

e Expedion microguidewire (Medtronic, Parkway MN USA).

e Philips Azurion 7 biplane.

e Sodium Chloride (NaCl 0.9%) flush of the model at room temperature.
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Embolization was done using the plug and push technique. Initial dead space injection of
DMSO followed by LEA injection of PHIL 25. Reflux was controlled up to the proximal
bifurcation. A realistic and good filling of the nidus was achieved and occlusion of the vein

(Figure 33).

Figure 33. MAV_4 embolization with PHIL 25.

A) Angio Suite setting, with a tripod and camera to record the procedure. B) X-ray vision of the model with
precipitating PHIL 25. C) Two MAV_4 models. On the right the one that has been embolized with PHIL 25. PHIL

25 is macroscopically white, because it has no tantalum and it is visible at x-rays with a bonded iodine molecule.

IV.8. Continuous BAVM model design evolution.

Next models represented a continuous of improvements at nidus complexity and inner diameter

reduction (Table 5).

Model New characteristics Material Test / Use

MAV_S | More channels in the nidus. “Normal” Clear V4 Resin | DSA /3D
circuit connected directly to the vein, to
create a wash effect on the AVM

drainage.
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Minimum diameter of tubes = Imm

MAV_6 | Added tortuosity to vessels at nidus Clear V4 Resin | DSA /3D

MAV_7 | Modified version of MAV 5, with Clear V4 Resin | DSA /3D
changes in nidal tubes for a better resin

wash and channel permeabilization

MAYV_8 | Elimination of external bypass channel, = Clear V4 Resin | DSA /3D

as used in MAV_7. Simpler and smaller CFD

external cage, to reduce Resin use.
LEA test
embolizations

MAV_9 | Restore of external bypass circuit with a = Clear V4 Resin | DSA /3D
modification using a small parallel CFD

circuit as “the brain”.
LEA test

embolizations

Table 5. Evolution and characteristics from model MAV_5 to MAV 9.

IV.9. Liquid Embolic Agent embolization test 3.
We used model MAV_8 for the third LEA test embolization session. In this opportunity
materials were:

e Model MAV 8

e Sodium Chloride (NaCl 0.9%) flush at normal temperature

e Contrast: Visipaque 270 (GE Healtcare, Chicago IL USA)
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e Microcatheter: Sonic 1.2F 25mm (Balt Montmorency, France)

e Guidewire: Hybrid 0.007” (Balt Montmorency, France).

e LEA: Squid 18 (Balt Montmorency, France).

e Pump: Sys Cooking mini pump. 390ml/min with continuous flow.

e Pressure sensor (TruWave, Edwards Lifesciences Services GmbH, Germany).

e Angiograph: Philips Azurion 7 biplane.

In this test we were able to use a simple pump, with continuous flow (390ml/min) and measured

the input pressure to the model (middle arterial pressure of 80mmHg).

We embolized from an anterograde fashion from the arterial side, filling the nidus up to the

vein using the plug and push technique (Figure 34).

After this test, we decided to modified MAV_8 with a bypass circuit as seen on MAV_7 and a
mini resistance circuit as a normal “brain” for a better flow to the model, but also for continuous

flush.
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Figure 34. Embolization test 3. MAV _8.
A) Angio Suite setting of the model on the table. B) Model after Squid 18 embolization. An almost complete
filling of the nidus and vein.

IV.10. Computational Flow Dynamic Studies (CFD).

Computational Flow Dynamics is a branch of fluid mechanics that uses numerical analysis and

data structures to analyze and solve problems that involve fluid flows.

The purpose of using CFD in our models was to analyze the fluid behavior and flow patterns

inside the channels.

For this purpose, CAD data was processed with ANSYS Fluent software (Canonsburg, PA,
USA) transforming the image in multiple triangles (10 million elements) that were analyzed
(Figure 35). We assumed a non-Newtonian fluid (Carreau's model), rigid walls and constant

inflow velocity to calculate various variables, such as pressure, velocity, and wall shear stress

(WSS) in the model (Figure 35 and 36).
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Figure 35. A zoom image of the triangle image transformation using the model data.
Each of these triangle areas are a zone for CFD analysis.

Figure 36. CFD images from Ansys software.

A) Wall Shear Stress (WSS) data from the model. High WSS can be seen at the entrance and the reduced in part
of the nidus. B) Velocity streamlines of the model. Higher velocities were seen at the arterial side with a reduction

in nidus and vein.
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Wall Shear Stress and velocity lines were asymmetrically distributed within the model and the
nidus. High WSS and velocities were seen as expected in the arterial inflow. Moreover, the

nidus showed a heterogenic decrease in WSS and velocities.

The CFD study allowed us to confirm the feasibility of these analysis in the model. Simulation
of the flow could be correlated with filling patterns during embolization and could help to

modify or create specific models with different flow conditions.

IV.11. Pulsatile Flow Pump

We incorporated the use of a new pulsatile pump: FlowTek 125 (United Biologics, Santa Ana,
CA, USA). This new pump allowed us to create a new setting for the tests and LEA
embolization project. The FlowTek 125 is a pulsatile pump that generates cycles from 30 to

125 beats per minute (bpm), and flow rates between 0.7-5.1L/min (Figure 37).
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Figure 37. FlowTek 125 Pump (United Biologics Santa Ana CA USA).

Image is showing the water container + pump.

IV.12. Flow determination in the model

Because the pulsatile pump has modifiable beats per minute (bpm) and Flow percentages (%)

we were interested in determining the real flow in the BAVM model using different setting.

For this purpose, we used model MAV_8 connected to the Flow Tek 125 pump. We created a
closed circuit with sodium chloride (NaCl 0.9%) running through the BAVM model. We
measured the total NaCl volume that passed through the model, using a graded test tube during
10 seconds under different parameters of pulse and flow % and then extrapolated to 60 seconds

(Table 6).
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Pulse 25% 50% 75% 100%
70 bpm 60 ml/min 156 ml/min 192 ml/min 348 ml/min
90 bpm 60 ml/min 168 ml/min 324 ml/min 432 ml/min

Table 6. Flow determination (ml/min) under different pump conditions.

We tested two bpm conditions and four different flow percentages.
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Chapter V. Endovascular Embolizations using a novel BAVM in vitro model.

V.1. Context and problem.

As we ended our first phase of design and creation of an in vitro BAVM model we faced the
purpose of testing its utility in an experimental environment. We proposed to test the model
with arterial side embolizations, the most conventional endovascular route. In this approach,
nidus is filled and closed injecting LEA from the arteries. A bigger chance of closing and curing
the BAVM is achieved by filling more nidus. If there is curative intention of the BAVM by
endovascular route the vein must also be filled with LEA at the end of procedure, with already

controlled proximal inflow.

This test phase was the first LEA embolization simulation on an in vitro BAVM model created

with SLA 3D printing.

V.2. Presentation of article 2.

Endovascular Treatment Simulations using a novel in vitro brain arteriovenous
malformation model based on three-dimensional printing millifluidic technology.

In this paper our objective was to describe and evaluate a novel in vitro BAVM model for

endovascular treatments using 3D printing with millifluidic technology.

In the article we described the process of creating the model using SLA 3D printing. We then
choose two different ways for validating the model: A structural and a functional validation
process. For structural validation we compared measures from the CAD and the printed models.
We measured channel diameters and compared if there was a correlation between the design

and the printed version. Moreover, we performed a DMSO test in the model and CFD

Rodrigo RIVERA | PhD Thesis | University of Limoges - France | 2023 84
License CC BY-NC-ND 4.0



evaluations. For functional analysis, we performed LEA embolizations in 10 models by
different operators, with two different techniques. We also performed a Likert Scale

questionnaire for qualitative evaluation on the user’s experience of using this model.
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V.3. PDF of article 2 on Interventional Neuroradiology.
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Abstract

Background: Brain arteriovenous malformations (bAVM) are complex vascular diseases. Several models have been used to
simulate endovascular treatments; thus in vitro models have not been widely employed because it has been difficult to recre-
ate realistic phantoms of this disease.

Objective: To describe the development and evaluate the preliminary experience of a novel bAVM in vitro model for endo-
vascular embolization using millifluidic three-dimensional (3D) printing technology.

Methods: We designed a bAVM phantom starting from simple to more complex designs, composed of a nidus, feeding arter-
ies and draining vein. We recreate the design by using millifluidic technology with stereolithography 3D printing. Structural
and functional tests were performed using angiographic images and computer flow dynamics. Treatment simulations with
ethylene vinyl alcohol were tested using two different microcatheter position techniques. A Likert-scale questionnaire was
applied to perform a qualitative evaluation of the model.

Results: We developed a realistic model of a bAVM with hollow channels. The structural evaluation showed a high precision
of the 3D printing process. Embolization tests with the liquid agent gave similar sensations and material behaviour as in vivo
cases. There were no significant differences between microcatheter position techniques, thus we observed a trend for better
nidus filling with a deeper in-nidus position technique.

Conclusions: We were able to create and test a novel bAVM in vitro model with stereolithography 3D printing in resin. It
showed a high capacity for simulating endovascular embolization characteristics, with an excellent user experience. It
could be potentially used for training and testing of bAVM embolizations.
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Arteriovenous malformation, surgical model, therapeutic embolization, simulation training, 3D printing
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model due to its anatomical characteristics and size,
using animals is expensive, requires some surgical inter-
ventions, specific animal facilities and care.”'* As an

Introduction

Brain arteriovenous malformations (bAVM) are complex
vascular lesions consisting of abnormal connections
between arteries and veins through a tangle of vessels
called ‘nidus’.’? Various strategies for treating bAVMs

'Neuroradiology Department, Instituto de Neurocirugia Dr Asenjo,

exist, with endovascular treatment being a fundamental
tool for managing this disease, as co-adjuvant or
stand-alone therapy, especially with the development of
new tools and access strategies.”

There is an increasing need for endovascular training
and simulations in bAVMSs, to test materials, techniques
and prepare for more complex endovascular approaches.”
Several experimental models have been used for endovas-
cular simulation on bAVM over the years. Although the
swine rete mirabile (RM) has become the preferred

Rodrigo RIVERA | PhD Thesis | University of Limoges - France | 2023
License CC BY-NC-ND 4.0

Santiago, Chile

*CNRS XLIM UMLR 7252, Université de Limoges, Limoges, France
*Department of Design and Manufacturing, Universidad Santa Maria, Vifia
del Mar, Chile

“Department of Mechanical Engineering, Universidad de Chile, Santiago,
Chile

*Neuroradiology Department, CHU, Limoges, France

Corresponding author:

Rodrigo Rivera, Neuroradiology Department, Instituto de Neuracirugia,
Jose Manuel Infante 553, PO Box 7500691, Providencia, Santiago, Chile.
Email: rodrigorivera@me.com

86



Interventional Neuroradiology

alternative, in vitro models have been developed for endo-
vascular simulation over the years with varying grades of
complexity depending on different materials.'*?'
However, creating a realistic vessel and nidus anatomy
with hollow channels has been challenging due to the
intricate structure of this vascular disease.

Millifluidic is the science of precise Lab control and
manipulation of fluids that are geometrically constrained
to a small-scale container, typically with networks of
channels lower than Imm in diameter. This technology
has been using three-dimensional (3D) printing as a cost-
effective way to create chips or cartridges, replacing more
expensive industrial manufacturing techniques such as
lithography.??** The goal of this study was to describe
the development and evaluate the preliminary experience
of a novel bAVM in vitro model for endovascular embol-
ization using millifluidic 3D printing technology.

Material and methods

We started developing brain AVM-like phantoms using
computer-aided design (CAD) software (Fusion 360,
Autodesk California USA and Rhinoceros 3D, Robert
McNeel & Associates, USA) by iteration from simple
models up to more complex 3D structures with a nidus,
feeding arteries and draining vein within a transparent
volume cartridge that we termed ‘AVM Chip’. We got
to this simplified configuration based on the authors
(CM, RR and AR) experience in bAVM geometry. The
model dimension resembles a small bAVM with a nidus
of about 3cm maximum diameter. For AVM tubing
designs, we used NURBS (Non-Uniform Rational
B-Spline) methodology, which is based on parametric
polynomial curves with Bézier control points. This
method allows the formation of an endoskeleton through
a sweep of isogeometric hexahedral control meshes.
These meshes are compatible with hemodynamic analysis
and 3D rapid prototyping processes, which enable greater
accuracy and efficiency in the design and simulation of the
model.?* The final CAD data was then exported using
standard triangle language to 3D printing, based on milli-
fluidic technology using a stereolithography (SLA) Form
3B 3D printer and transparent resin (Clear V4)
(FormLabs, Somerville, MA, USA) (Figure 1).

The evaluation process for the AVM Chip involved
two separate stages:

Structural evaluation: We used digital subtraction
angiography (DSA) and 3D reconstructions on a Philips
Azurion 7 Biplane (Philips Healthcare, Amsterdam, the
Netherlands) to test channel permeability and diameters
in three AVM Chip models. We measured and compared
six channel diameter points between the CAD model and
the 3D-printed versions. Moreover, we tested the printed
model resistance to dimethyl sulfoxide (DMSO) (the
solvent used for liquid embolic agents [LEAs] in bAVM
endovascular treatment). For this purpose, we applied
Iml of DMSO to the resin surface of the model and to
the Luer Lock connector. We search for any erosion,
melting or disruption of the exposed material after

30 min of being in contact with the solvent. A computer
fluid dynamic (CFD) study was done to evaluate the
flow patterns and characteristics of the model. The CAD
data was processed with ANSYS Fluent software
(Canonsburg, PA, USA) transforming the image into mul-
tiple triangles (10 million elements) that were analyzed.
We assumed a non-Newtonian fluid (Carreau’s model),
rigid walls and constant inflow velocity to calculate
various variables, such as pressure, velocity and wall
shear stress (WSS) in the model.

Functional evaluation: We created a closed flow circuit
using the AVM Chip connected to a pulsatile pump with a
flow rate of 168 ml/min and 90 cycles per minute as the
Heart Rate (FlowTek 125, United Biologics, Santa Ana,
CA, USA). The system was perfused with Sodium
Chloride (NaCl) 0.9% saline at room temperature (21°
C). Simulations of AVM transarterial embolizations
were subsequently performed in ten models by seven dif-
ferent interventional neuroradiologists from the involved
centers (with at least 7-year experience each), using a
Siemens Icono Biplane (Siemens Healthineers, GmbH,
Germany) and Philips Azurion Biplane (Philips
Healthcare, Amsterdam Netherlands). For the afferent
arterial microcatheterization, we employed a Sonic 1.2F
25mm microcatheter and Hybrid 0.008” microguidewire
(Balt, Montmorency, France). Two distinct microcatheter
positions and techniques were tested: (1) Deep within the
nidus and close to the draining vein and (2) Proximal to
the nidus in an arterial position (Figure 2).

The microcatheter was flushed with DMSO, and Squid
18 ethylene vinyl alcohol LEA (Balt, Montmorency,
France) was injected under fluoroscopy. Depending on
the position of the microcatheter, a different technique
was used; for position 1, the objective was to have an
early filling of the vein and then retrogradely the nidus;
for position 2, the objective was to fill with LEA from
nidus to vein. Injections were paused for 30 s if: LEA
reflux overpassing the proximal marker of the microcath-
eter, early vein filling on position 2 or vein filling reaching
‘normal’ vein when using position 1. We determined the
total injected LEA volume, total time of the procedure,
total filled nidus volume and its percentage, capacity of
forming a proximal plug, capacity of secondary advances
after plug and the ability of LEA to advance in different
points after pauses. Nidus LEA volume filling was calcu-
lated using 3D rotational images with a 4 s protocol
(Siemens Healthineers, GmbH, Germany). Images were
segmented with 3D Slicer (Open Source), Autodesk
Meshmixer (San Rafael, CA USA) and PreForm
(FormLabs, Somerville MA, USA) software. The AVM
Chip occlusion percentages (nidus + vein) in technique 1
and technique 2 were obtained by comparing them with
the volume from CAD images.

A qualitative analysis was applied using a Likert
scale®® by seven interventional neuroradiologists that per-
formed the embolization sessions, answering the follow-
ing questionnaire: (1) Does the microcatheter behave
like in real patients using the 3D model? (2) Does the
LEA injection feel realistic in the 3D model? (3) Do you
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Figure 1. The design process of an AVM chip. (A) CAD tubing design using NURBS methodology; (B) Volume rendering of CAD in STL
version (Meshmixer Autodesk, San Rafael CA USA), with AVM usual structures of feeding artery, nidus and draining vein; design is ready for
3D printing; (C) SLA 3D-printed version of the model using transparent resin (Clear V4 Resin, Formlabs Somerville MA, USA). CAD:
computer-aided design; NURBS: non-uniform rational B-Spline; STL: standard triangle language; SLA: stereolithography.

think that the 3D model is useful to test LEA emboliza-
tion? (4) Is the AVM Chip model suitable for emboliza-
tion training and learning? Likert scale was composed of
five grades: strongly agree, agree, neither agree nor dis-
agree, disagree and strongly disagree. Statistical signifi-
cance was determined (p<0.05) by comparing groups
with Mann-Whitney test using SPSS 29. This research
was approved by the local Institutional Review Board.

Results

Structural validation

There was a high correlation value between channel mea-
surements of the CAD design and the 3D rotational
images of 3 different printed models (Table 1).

When measuring the model resistance to DMSO we
found after 30 min on the exposed surfaces or connectors,
which the resin material showed no changes, erosions or
malfunctions. Luer Locks remained fully operational for
performing injection tests.

The CFD evaluation showed that the velocity followed
a laminar pattern with higher values in the inner part of the
channels, decreasing towards the exterior. An important
decrease in velocity was observed in the medial part of
the nidus, which continued towards the venous pouch.
The WSS was low in almost all parts of the nidus with
slightly lower values in its medial portion, as velocity pat-
terns (Figure 3).

Functional evaluation

Treatment simulations were completed in all 10 AVM
Chip models. When comparing embolization technique
1 with embolization technique 2, we found no significant
differences in total procedure time, total LEA volume,
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AVM Chip nidal occlusion in ml and occlusion percent-
age (Table 2) (Figure 4). Thus, there was a non-significant
trend to a higher nidal volume occlusion when using tech-
nique 1 vs technique 2 (0.95 vs 0.84 ml and 73.6% vs
65.1%), and shorter total procedure time. Users were
able to create a plug in all models, secondary advance
after plug and different re-direction of LEA advance
after pauses.

The results of the Likert-scale evaluation showed that
users agreed and strongly agreed with all questions, indi-
cating that catheterization and embolization on the AVM
Chip felt like real cases and that the model could serve
as an effective testing and educational tool (Table 3).

Discussion

Brain arteriovenous malformations are a complex vascular
disease difficult to understand and to treat effectively.
Over the last decade, there have been dramatic advance-
ments in endovascular techniques and materials, leading
to better clinical and angiographic outcomes.®’ #2627
However, due to the complexity of the disease, highly
experienced endovascular operators are required and,
therefore, there is an increasing need for training and
simulations to ensure that a high standard of care is
reached and maintained.’

Creating endovascular models for bAVMs has been
challenging due to several reasons, including the
absence of natural bAVMs in animals, intricate vascular
anatomy, poor definition of the nidus with current
imaging technology and difficulties in the segmentation
process for creating artificial hollow channels. The RM
in swine has been commonly used as its structure naturally
resembles a nidus, and although it lacks an arteriovenous
(AV) shunt, surgical preparations allow for the creation of
an AV communication for endovascular embolizations.
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Figure 2. Microcatheter position for techniques 1 and 2. Two different techniques were used for testing the AVM Chip embolization
depending on the microcatheter position. Position 1: Sonic 1.2F Sonic was situated near the draining vein and technique include
embolization from vein to nidus. In position 2: Sonic 1.2F microcatheter was positioned more proximal and the LEA is advanced from nidus

to vein. LEA: liquid embolic agent.

Table 1. Structural measure correlations between CAD and 3D-printed models.

Measure CAD Model 1 Model 2 Model 3 VARs SD

1 1,6 1,57 1,54 1,57 0,0006 0,0264949
2 1,58 1,57 1,54 1,6 0,000625 0025

3 3,17 3,37 32 3,2 0,0083 0,0911043
4 1,75 1,73 1,74 1,73 0,00009167 0,0095743
5 2,17 2,33 2,27 2,2 0,00515833 0,0718215
6 1,49 1,33 1,27 1,53 0,01556667 0,1247664

Correlation Corr_CAD_M1 Corr_CAD_M2 Corr_CAD_M2
0,9960618 0,9922891 0,9990989

Six different points were measured in three models and compared with the CAD design, Measures in mm. Correlations between the CAD model and each of the
3D-printed AVM Chip models, Corr_CAD_M1: Correlation between CAD and Model 1. Corr CAD_M2: Correlation between CAD and Model 2. Corr CAD_M3:

Correlation between CAD and Model 3. CAD: computer-aided design.

The main drawback of this model is its cost, as dedicated
animal care and facilities are needed, and surgical prepara-
tions are technically challenging.'®">**2" In vitro,
models have been successfully used in other vascular
anomalies like brain ancurysms,”'* and these models
can currently be created using silicon or 3D printing
with individual patient data for training and rehearsal
before real-case treatment. This fundamental and key
step in planning a treatment is still not available for
bAVMs, one of the reasons being that small hollows chan-
nels and anatomy reproducibility are much more difficult
to achieve with bAVMs.2' In vitro models for bAVM
simulation are not new and have been used since the
early 80s including simple tubing, venous grafts, glass/
rubber tubes with beads, springs or balls, sac with mesh

pads, open pore cellulose sponges inside an elastomer
structure, silicon honeycomb-like structures, and recently,
a 3D-printed silicon model,'*"'%21:36:37

Our in vitro model for AVM embolization differs from
previously published models as it uses a novel 3D printing
technique called SLA, which up to our knowledge has not
been reported for this purpose. SLA uses liquid resins that
are solidified (or cured) layer by layer with the pass of a
laser. The advantage of this technique is that it allows
the production of watertight products with minimum or
imperceptible stair-stepping effect, which can occur with
deposit 3D printing techniques, and can also produce
high-resolution structures with intricate details.

Microfluidics has been using SLA for several years and
has become a revolutionary technique for creating chips or

Rodrigo RIVERA | PhD Thesis | University of Limoges - France | 2023
License CC BY-NC-ND 4.0

89



Rodrigo et al.

Figure 3. CFD study in the AVM chip. (A) Multiple triangle elements define the g

try for CFD analysis. (B) Pressure pattern in the

model. Pressure is high at the entrance, and it decreases through the model up to the vein. (C and D) Velocity flow lines and WSS. The
medial part of the nidus (black arrows) showed slightly slower velocity and WSS than the rest of the model. CFD: computer fluid dynamics;

WSS: wall shear stress.

Table 2. Results between technique 1 vs technique 2.

Technique  Technique
1 2 Significance
Total procedure time  0:14:37 0:19:15 NS
(h:min:seg)
Total LEA Volume (ml) 1.6 1.5 NS
AVM nidal occlusion 0.95 0.84 NS
(ml)
AVM nidal occlusion 73.6 65.1 NS
(%)

Results of embolization technique 1 vs technique 2. Statistical analysis was
done using Mann-Whitney test (significance p<0.05). Numerical results
are expressed in median. NS: non-significant.

cartridges for lab use, with a significant reduction in cost
compared to previous, more expensive manufacturing
processes.”>*> This method involves the printing of
small hollow channels for fluid lab testing. We used this
technology for our model to manufacture AVM-like anat-
omies with millimetric hollow channels. After several
iterations, we were able to design a suitable model com-
bining the use of CAD, NURBS and 3D printing with
SLA, which we called AVM Chip. We found an excellent
degree of accuracy when comparing the CAD vs the
3D-printed version in the structural validation phase,
and the AVM Chip proved to be resistant to DMSO,
which is a very corrosive product for plastic materials.
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Computer fluid dynamic simulations showed interest-
ing results reflecting some of the findings during AVM
Chip embolization. Slow velocity and low WSS were
seen in simulations at the medial zone of the model
nidus (Figure 3), the same zone that was constantly less
filled with LEA during the different embolization tests
(Figure 4). A possible explanation could be that LEA
tends to be directed more to high velocity as found in
CFD simulations due to anatomic characteristics of the
model, with less penetration to slower nidal portions.
Although CFD was calculated without a microcatheter
inside the model, it could explain that anatomically speak-
ing, slow areas could have had less tendency to be filled by
the LEA.

In this study, we also tested two different microcatheter
positions and embolization techniques. We found no sig-
nificant differences between the two techniques (p>0.05)
in all studied parameters, although there was a trend
favouring technique 1, with a slightly better AVM Chip
embolization percentage, less material and less emboliza-
tion procedure time (Table 2). Maybe larger number of
cases may be needed to show a statistical difference.
Nonetheless, users found interesting to be able to test
and practice the LEA behaviour in different situations,
and they considered that microcatheter position was a
very remarkable teaching point during sessions, as in
both techniques, the LEA behaved similarly as in vivo in
the formation of a plug, advance after plug formation
and redirection of the material after various pauses.
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Figure 4. AVM CHIP embolization with EVOH. AVM Chip Models 8
and 9 were embolized with EVOH using different techniques.
Model 8 (A) with technique 2 and Model 9 (C) with technique

1. On the side (B and D), a volume rendering segmentation of the
EVOH material of the corresponding model, was obtained with
angiographic 3D rotational images and generated with
Meshmixer (Autodesk, San Rafael, CA, USA). EVOH: ethylene vinyl
alcohol.

Table 3. Results of Likert-scale questionnaire.

Nor
agree
Strongly nor Strongly
agree Agree disagree Disagree disagree
Question  25% 625% 0 12.5% 0
1
Question  62.5% 25%  12.5% 0 0
2
Question  75% 25% 0 0 0
3
Question  87.5% 125% 0 0 0
4

Results of Likert-scale questionnaire. Question 1) Does the microcatheter
behave like in real patients using the 3D model? Question 2) Does the
LEA injection feel realistic in the 3D model? Question 3) Do you think
that the 3D model is useful to test LEA embolization? Question &) Is the
AVM Chip mode! suitable for embolization training and learning? LEA:
liquid embolic agent.

The user appreciation of embolization tests in the
models was in general very positive. More than 87.5%
of users agreed or highly agreed about the utility of the

model in LEA embolization. The only parameter in
which a less favourable assessment was seen was the
microcatheter navigation feeling within the model chan-
nels (12.5%). The microcatheter presented high friction
in some of the tests, which could be related to the inner
surface rugosity of the resin material of the model. We
aim to keep working on achieving less friction in future
models with different printing techniques for less rugosity
and the use of liquids that ameliorate the friction effect.
There was a 100% agreement between operators, that
our model is suitable for testing and teaching, being one
of the main goals for which it was designed.

One of the main difficulties of recreating and in vitro,
bAVM is the complex structure. DSA with 3D rotational
capacities show details of the disease, but the segmenta-
tion process is complex and often not accurate due to
the millimetric or sub-millimetric vessel diameter that is
involved in the nidus. Artificial intelligence (AI) has
been explored as a tool to perform automatized bAVM
segmentation with encouraging results.*®

Although our model is not built from data obtained
from a real bAVM, we recreated a simplified model that
could resemble an AVM anatomy. Using different techni-
ques such as NURBS, we were able to produce a model
that allows LEA embolization with a high resemblance
to in vivo procedures. We are focusing on achieving seg-
mentation and 3D printing of real bAVMs with patient’s
specific data with sub-millimetric channels for the near
future. This process would allow endovascular testing
and rehearsal of treatments before patient embolization.

Our work has several limitations. As previously men-
tioned, we used a simulated simplified AVM-like
anatomy and not real patient data. The model walls are
rigid, different from elastic, soft and mobile vessels seen
in real bAVM and could not react to materials as vaso-
spasm seen in some AVM embolizations. Our model
does not have sub-millimetric channels and this is
because the process of creating hollow channel and clean-
ing the inner lumen of uncured resin is complex. Near
future work is on the course on this direction for creating
sub-millimetric channels of real AVM-specific cases.
Moreover, the model channels were mainly untortuous
allowing easier microcatheter navigation, which usually
do not happen in real-life cases. On the other hand, our
model could not simulate or induce a nidus rupture,
being one of the main risks during bAVM endovascular
treatment. We did not determine the internal model poros-
ity or resistance to microcatheter friction, and we used
ambient temperature NaCl for testing at 21°C, which
could affect microcatheter navigation or material behav-
iour. Lastly, the overall number of tested models was low.

We create a functional 3D printing in vitro model for
LEA embolization testing and simulation. We believe
that 3D-printed based models will represent the next gen-
eration in bAVM simulation, ushering in a new level of
sophistication and innovation to training, development
and teaching in the field of AVM management.

In conclusion, we were able to build and test a novel
bAVM in vitro model, built by using SLA 3D printing
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in resin. It showed a high capacity for simulating LEA
embolization characteristics and user experience approval.
The model could be potentially used for training and
testing bAVM embolizations.
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V.4. Main Results and comments of article 2.

In this paper we demonstrated the feasibility of a novel technique for creating a new in vitro
BAVM model. We were able to perform the test in 3 different environments and operators:
Dupuytren CHU at Limoges France, Bicetre Hospital Paris France, and Instituto de

Neurocirugia Dr. Asenjo, Santiago Chile (Figure 38).

Figure 38. Functional testing were performed in three different environments.

A) and B) Dupuytren CHU at Limoges France. C) Angio Suite at Bicetre Hospital, Paris France. D) Close up of

the model at the angio Suite of Instituto de Neurocirugia Dr. Asenjo in Santiago Chile.
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The model was suitable for endovascular embolizations, and structural validations were
positive with an adequate correlation between the CAD and the printed models. In functional
validations we tested two different techniques, that differed on the microcatheter position and

the way we targeted the nidus (Figure 39).

Position 1

Figure 39. Two different techniques used for AVM embolization.

A) Deep microcatheter position at the nidus. In this position, the plan was to start filling the vein and then
retrogradely fill the nidus. B) A proximal to nidus position of the microcatheter. The objective was to start filling
the nidus and finally occlude the vein. Red crosses show the limit of reflux into arterial side, or the limit of filling

at the venous drainage.

Both groups behaved similarly with no significant differences in variables as total procedure
time, total LEA volume and AVM nidal occlusion percentage. Thus, what was more interesting

was that all users stated, in the qualitative questionnaire, that LEA embolization behavior was
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like real cases. The plug and push technique were always possible and definitely the model
resembles a LEA embolization that could serve as model for teaching and learning, as stated in

the Likert Scale questionnaire results.

One of the limitations of this model was the artificial configuration of the AVM. We used a
proposed design based on authors experiences, with arteries, nidus and vein, thus, this gave us

the drive for our next model design, using real patient’s data.

The article in perspective:

We created a functional in vitro BAVM model for LEA embolization tests. Moreover, we used
an unreported 3D printing technique for this purpose using SLA millifluidic techniques.

The model allowed satisfactory embolizations, and operators confirmed that the BAVM model
reproduced with realism an embolization process, and this could be used for teaching, testing
and learning.

This model introduces 3D printing as a viable resource for creating in vitro AVM models. It
described a specific technique that could be used for future developments in the field, changing

the way doctors could be trained and learn.
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Chapter VL. In vitro BAVM model based on patient’s data.

VI1.1. Development of an in vitro model using real patient data.

Next step of our development was to create an in vitro SLA model using real patient’s data. For

this purpose, we searched for a BAVM that could be captured and transformed to a resin model.

VI.1.1. Acquisition of patient data

A patient with a BAVM was diagnosed using a Siemens Icono Biplane. Images were obtained
using 2D DSA and 3D images. The BAVM was located at the left temporo occipital lobe, with
a main feeder from the temporo occipital artery of left middle cerebral artery (MCA), a nidus
of 1.8cm and a single superficial draining vein to the transverse sinus (Figure 40). Type 1 of

Spetzler Martin classification.
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Figure 40. Left temporo occipital BAVM used for segmentation.
3D MIP reconstruction image. The BAVM is filled by a temporal branch of the middle cerebral artery.
A small nidus of 1.8cm and a single draining vein.

VI1.1.2. Segmentation process.

One of the most challenging steps in reproducing a BAVM is the definition of small vessel at
the nidus and the segmentation process. We processed the DICOM file with Slicer (Slicer
Platform open source https://www.slicer.org). This software allowed to segmentate the 3D

rotational images, define the BAVM, and transform it into SLT language (Figure 41).
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Figure 41. Segmentation process of the BAVM.
A) 3D image after segmentation using Slicer 3D software. B) 3D reconstruction and rendering with
Meshmixer® software.

The SLT file was then processed on Fusion 360 (Fusion 360, Autodesk California USA) and
Rhinoceros (Robert McNeel & Associates, USA) to create a new chip that we named model
MAV _10 (Figure 42). We modified some angulations of the input and output of the BAVM to
fit it within a container and create external connectors (Luer Locks). The model was printed
using the Formlabs Form 3B and Clear V4 resin and tested in the Azurion 7 angiograph with

contrast media. DSA and 3D rotational images were acquired.

Figure 42. Model MAV_10.
A) CAD image of the design. B) An X-ray 3DRA reconstruction after using contrast media.
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VI.1.3. Flow and Pressure measurements in model MAV_10

We used a closed circuit using the FlowTek 125 pump and sodium chloride (NaCl 0.9%) at
ambient temperature. We tested two conditions of pulse (70 and 90 beats per minute) and four
flow % conditions at the pump (25-50-75-100%). We tested for 10 seconds the volume (in ml)
that passed through the model using a labeled test tube. We extrapolated this data to 60 seconds
to obtain the flow rate in ml/min (Table 7). A pressure sensor in the arterial input was configured
using a 3-way connector (Figure 43) for testing different MAP values during different flow

conditions (Table 8).

Figure 43. Setting of Model MAV 10 in the angio suite table.
We measured flow and pressure at different pump conditions.
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Pulse (bpm) 25% 50% 75% 100%
70 30 ml/min 60 ml/min 120 ml/min 168 ml/min
90 36 ml/min 144 ml/min 222 ml/min 300 ml/min

Table 7. Calculated flow at different pump conditions.
We tested two pulses 70 and 90 bpm and we changed the percentage of the given flow measuring the
output with a labeled test tube.

40%

45%

50%

55%

60%

65%

MAP mmHg

45

61

82

100

121

141

Table 8. Calculated MAP at different pump conditions.

We changed the percentage of given flow by the pump. With a constant pulse MAP increased as flow increases.

MAP = Mean Arterial Pressure. All measures were done with a pulse of 90 bpm.
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Chapter VII. In Vitro BAVM model for Transvenous Embolization

VII.1. Context and Problem

Transvenous Embolization has become a novel endovascular treatment for selected BAVM,
changing the paradigm that the venous occlusion or closure should be avoided unless there is
already total exclusion of the nidus or control of arterial flow. This novel endovascular
technique implies a demanding knowledge of the venous system, microcatheter navigation and
endovascular skills. Training and testing for this route have become an important need for

preparing medical doctors for performing safer and successful procedures.

As we started this thesis and after searching for the problem, we were able to define that there
were no models for TVE, and because of their characteristics, in vitro models using 3D printing
could be an interesting way of adding new knowledge to the field. Recently, and during the
developing of this thesis, the first TVE model was described and published by Vollherbst et al.
This was an in vivo model based on the swine rete mirabile. Authors were able to modify the
RM in two ways: a classical one by surgically creating an arteriovenous shunt from carotid to
jugular vein; or an easier one by connecting a catheter at the venous side to the exterior to
generate the AV gradient’!. Continuing our initial objectives, we started designing different
models up to a more realistic version of an in vitro BAVM that could be used for TVE
simulations. We believe that in vitro models could have several advantages as lower price, easy
setup, transportability, customization, reproducibility, and standardization. Moreover, they
have advantages over animal models that need special facilities, expensive cares, could not be
moved easily to other facilities, nor be used in human dedicated angiosuites, and require

surgical modifications for their functionality as an AV shunt.
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VIL.2. Presentation of Article 3.

In this article we focused on answering the main objective and question of our research. We
described the process of model design, and we tested the model performing several TVE with

LEA. This is the first known description of a 3D printed model using SLA for TVE.
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VII.3. Article 3. Submitted to Journal of Neurointerventional Surgery (JNIS).

Brain Arteriovenous Malformation In Vitro Model for Transvenous

Embolization Using Three-Dimensional Printing and Real Patient Data.

RIVERA, Rodrigo'?; CESPEDES, Alvaro®; CRUZ ,Juan Pablo'; ROUCHAUD, Aymeric>*,;
MOUNAYER Charbel?#.

! Neuroradiology Department, Instituto de Neurocirugia Dr. Asenjo, Santiago, Chile.
2CNRS XLIM UMLR 7252, Université de Limoges, France

3 Department of Design and Manufacturing, Universidad Santa Maria, Vifia del Mar, Chile
4 Neuroradiology Department, CHU Limoges, France

Total number of tables: 1

Total number of figures: 3

Word count:

Keywords: Arteriovenous Malformation, Surgical model, Therapeutic Embolization,

Simulation Training, 3D printing, Transvenous Embolization.
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Abstract.

Background. Transvenous embolization (TVE) has emerged as a novel technique for treating
some selected brain arteriovenous malformations (BAVM) with high reported occlusion
rates. However, it requires anatomical and technical skills to be successful and to ensure
patient safety. Training and testing are therefore essential for preparing clinicians to perform
these procedures. Our aim was to develop and tested a novel patient specific BAVM in vitro
model for TVE using three-dimensional (3D) printing technology.

Methods. We developed a BAVM in vitro model based on real patient data using
stereolithography resin 3D printing. We created a closed pulsed circuit with flow passing
from arterial to vein side and tested the effect of mean arterial pressure on retrograde nidal
filling with contrast injections. Transvenous embolization simulations were performed using
an ethylene vinyl alcohol liquid embolic agent injected through microcatheters, with or
without coils at the vein.

Results. Retrograde contrast advance to nidus was directly related to lower mean arterial
pressure. TVE tests with liquid embolic agent reproduced the usual embolization plug and
push technique. We found no differences between the two TVE group conditions, and venous
coils didn’t increase nidus penetration or reduce injection time in the model.

Conclusions. We were able to develop and test a functional in vitro BAVM model for TVE
using 3D printing, emulating its conditions and characteristics. Better contrast penetration
was achieved with less mean arterial pressure and no embolization advantage was found by

adding coils to the vein in this model.

Keywords: Arteriovenous Malformation, Surgical model, Therapeutic Embolization,

Simulation Training, 3D printing, Transvenous Embolization.
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What is already known on this topic:

Training and testing for transvenous embolization treatment in brain arteriovenous
malformations (BAVMs) have become increasingly critical. Models have proven
invaluable in some cerebrovascular diseases; however, there is currently no described in

vitro BAVM model specifically designed for training in this endovascular technique.

What this study adds:
We developed and tested a new functional TVE in vitro BAVM model, based on patient
data, using stereolithography 3D printing. This is the first described in vitro model for this

purpose and could be used for training, research and rehearsal of endovascular treatments.

How this study might affect research, practice or policy:

This in vitro model could become a practical, reproducible and lower cost system to train
doctors in this complex TVE technique. It could be transported and be available in any
angio suite of the world. Moreover, it could be used in the development and testing of new

endovascular tools.
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Introduction.

Endovascular embolization is a well-accepted treatment strategy for Brain Arteriovenous
Malformations (BAVM), either as a standalone therapy or as part of multimodal management
together with microsurgery or radiosurgery[1].

The classical and more used endovascular treatment has been the transarterial approach using
microcatheters to inject liquid embolic agents (LEA) to fill the nidus and exclude it partially
or completely from the circulation[1-4].

Since the early stages of BAVM treatment, it has been a dogma to avoid occluding the vein
until complete arterial or nidal control is achieved. An abrupt or unintended venous occlusion
could result in an increase on intranidal pressure leading to a potentially secondary
catastrophic  bleeding[3,5]. Despite  these considerations, some theoretical
conceptualizations, animal experiments and clinical series showed that transvenous
embolization (TVE) for BAVM was feasible as a potential route for endovascular
treatment[6,7]. More recent series have shown TVE to be a game changer strategy for
curative endovascular treatment of selected cases, demonstrating much higher occlusion rates
than the classical arterial route[8,9].

The venous approach is technically demanding requiring a thorough anatomical knowledge
and highly developed endovascular skills. Endovascular training, material testing and
simulations for this access strategy have become an important need for achieving technical
success and ensuring patient safety in the last years. Recently, Vollherbst et al, presented the
first TVE in vivo model using a swine rete mirabile[10]. No other transvenous animal or in
vitro model has been described so far, although these lasts have been widely used for other
BAVM endovascular treatment simulations[11-18].

The purpose of this study was to present the development and test of a novel in vitro BAVM
in vitro model for TVE using stereolithography (SLA) three-dimensional (3D) printing and

real patient data.
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Material and Methods

This research was approved by the local Institutional Review Board. An in vitro BAVM
model was designed based on real patient data. We selected a left temporal BAVM, under 3
cm of diameter with single superficial venous drainage (Grade I according to Spetzler
Martin classification)[19]. A three-dimensional rotational acquisition (3DRA) was
performed using a Siemens Icono biplane angiography system (Siemens Healthineers,
GmbH, Germany). The BAVM vessels information was exported in DICOM (Digital
Imaging and Communications in Medicine) format, and a segmentation process was done

using 3D Slicer (Slicer Platform open source https://www.slicer.org). The BAVM structure

with the nidus was defined and transformed to STL (Standard Triangle Language). We
created a container or “chip” where the BAVM model was fitted using Computer-Aided
Design (CAD) software (Fusion 360, Autodesk California USA and Rhinoceros 3D, Robert
McNeel & Associates, USA). A size threshold of 150 pm was applied as the acquisition
modalities could not appropriately define nidal structures under this size, and therefore we
removed from final model after the segmentation process. We added an external bypass
channel that represented “normal” flow and luer lock connectors to the arterial input and
venous output of the model.

CAD final model was exported on STL for 3D printing process. We used a commercial
Form 3B printer (FormLabs, Somerville MA, USA) with transparent resin (Clear V4) to
create the model using stereolithography (Figure 1).

We created a closed circuit setting of tubes and connectors with a pulsatile pump (FlowTek
125, united Biologics, Santa Ana CA USA), that we used for all tests. The pump could
modify the pulse and flow percentage, and circulation was always from arterial to venous

side.

Transvenous approach (TVA) injection test. We aimed to determine the ideal pressure
regimen of the system to allow counter flow advance through the transvenous approach. The
pulsatile pump was programmed with 60 cycles per minute, and ten different flow
percentages were tested: 70-65-60-55-50-45-40-35-30-25%. The circuit used Sodium
Chloride (NaCl) 0.9% at 36°C. Pressure was measured using a transducer (TruWave,

Edwards Lifesciences Services GmbH, Germany) in a 3-way connector at the entrance of the
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arterial part of the model and registered as mean arterial pressure (MAP). We placed an
Excelsior 1018 microcatheter (Stryker Neurovascular, Fremont CA, USA) at the venous
collector and iodinated contrast was manually injected (Visipaque 270, GE Chicago IL,
USA) under biplane fluoroscopy using a Philips Azurion 7 biplane (Philips Healthcare,
Amsterdam Netherlands. We graded the contrast filling pattern by dividing the model in four
different sections and assigning a score from 0 to 3 (0 no nidus filling and 3 representing
maximum retrograde contrast advance). Filling grade was compared with different MAP

values using Pearson correlation test, significance was defined as p<0.05.

Transvenous embolization test. We aimed to recreate the conditions of TVE using LEA in
two different settings and evaluated the impact of venous coiling on nidal occlusion rate, total
embolization time and number of stops after reflux. For this purpose, we used the BAVM
model connected to the pulsatile pump. Normal saline at 36°C was used to fill the system.
All embolizations were done with a pulse of 60 cycles per minute and 30% flow rate, which
resulted in a MAP of 21mmHg and systolic pressure of 74mmHg. Under these settings, the
flow at the model was 42ml/min. Under biplane fluoroscopy we performed retrograde LEA
embolizations with Ethylene Vinyl Alcohol (EVOH) copolymer (Squid 18, Balt
Montmorency France). Two experienced (+10 years) interventional neuroradiologists

performed the embolizations. We embolized 12 models separated in two groups:

e Group 1. This group consisted in 6 models. A 1.5F microcatheter (Apollo 1.5 30mm,
Medtronic, Minneapolis MN USA) was navigated and positioned at the origin of
main vein over a 0,008” micro guidewire (Hybrid, Balt Montmorency, France). Death
space of the microcatheter was flushed with Dimethyl Sulfoxide (DMSO). LEA was
injected through the microcatheter manually as the usual manner, making 30 seconds
pauses when reflux over the microcatheter was seen or when filling arterial feeder up
to main arterial side. Procedure was stopped when reflux was greater than the venous
drainage, or when no more nidus filling was seen after several injection and pause
cycles.

e Group 2. This group consisted in 6 models. A 1.5F microcatheter was navigated and

positioned in the same position as group 1. A second microcatheter (Vasco 10+, Balt,
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Montmorency France) was placed in a proximal position at the venous side,
approximately 40 mm back from the first microcatheter tip. One bare platinum coil
(Barricade 10x34 Frame complex coil) was deployed at this point using the “porcelain
vein technique” as described by Dr. Mounayer[9], in which EVOH is deposited in
centripetal and circumferential manner along the vessel wall during reflux reducing
progressively the inner diameter without blocking the venous output[9]. The LEA
was then injected through the Apollo microcatheter using the technique and

injection/pause cycles as group 1.

We measured total injection time, number of pauses and total injected LEA volume in both
groups. We also determined the occlusion percentage of the nidus by a 3DRA acquisition
without contrast at the end of embolization procedure. LEA at the model was segmented
using 3D Slice software and total filling volume was calculated with PreForm Software
(FormLabs, Somerville MA, USA). Percentage of nidal occlusion was calculated using the
total nidal volume from the CAD model minus the calculated nidal LEA volume with 3DRA.
We used the Mann-Whitney U test to evaluate the differences between the two groups.

Statistical significance was determined as a p <0.05.
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Results.

TVA injection test

We found a statistically significant correlation between MAP and contrast media retrograde
filling through the AVM model (p=0.001) (Figure 2). With lower MAP values, a greater

contrast nidal penetration and higher filling score were found.

Transvenous embolization test.

LEA was injected retrogradely to the model using EVOH in two groups with described
techniques. No differences were found between group 1 (no coils on the venous side) and
group 2 (bare platinum coil on venous collector) in any of the different measured variables

(Table 1).

Embolizations were done using the usual plug and push technique. Transparent resin material
allowed a direct and easy visualization of the embolization process. Digital subtraction
angiography controls performed at the end of the embolization session showed no nidal

contrast filling in all models presented.
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Discussion.

Transvenous embolization has been described and increasingly used in the last years
demonstrating to be an outstanding approach to achieve BAVM cure in highly selected
patients. Large series have showed great nidal occlusion rates and similar safety profile as
the usual endovascular trans-arterial approach[9,20]. This evolving technique requires
physician’s proper training and teaching, development of specific devices and testing of new
materials. Various models have been used for decades for these purposes, being the swine
rete mirabile the model of choice for endovascular training and testing[21-23]. In vitro
models have been less explored to simulate BAVM embolizations due to several limitations:
difficulties in defining the real nidal anatomy using the currently available imaging
modalities, complicated segmentation processes and the complexity of building small hollow
small channels. Several models have been described since the late 70s for endovascular use,
using different materials and structures that could resemble an BAVM or nidus, from straight
tubes to honeycomb like structures, passing through tubes filled with beads, scouring pads,
sponges, blood filters or springs[13—17,24,25]. A search for more realistic features has been
done in the last years. Kaneko et al described an in vitro BAVM model with realistic features
and hollow channels using 3D printing technique with a combination of solid printing and
silicon coverage ready for LEA embolizations after dissolution of inner solid
compounds[12]. Our group recently described a different new technology process using SLA
3D printing and millifluidic technique that allows us to create an in vitro BAVM model with
small hollow channels that can be used for training and endovascular simulations[18]. These
in vitro models have been used to replicate arterial embolization treatments, but no TVE
approaches have been performed. As previously stated, the only TVE model described so far
in the literature has been a swine rete mirabile in vivo model [10]. In vivo models are of great
importance and utility for endovascular training but animal management, care facilities,

transportation and cost are a great barrier for their massive use.

In this study, we were able to present a novel in vitro BAVM model for TVE. We were able
to reproduce a BVAM anatomy of a real patient and translate it to a 3D printing SLA

container. This process is an evolution of our early described SLA model in which we created
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a simulated nidus anatomy[18]. This is a first step, and we are aware that many challenges
remain to adequately recreate true nidal structures, but the current model opens many
possibilities for training, rehearsal, and material testing, as it has been done previously with
brain aneurysms [26-29]. Our new in vitro model has smaller hollow channels and more
realistic structures and vessels. We expect more advances in the near future, as acquisition
imaging techniques and 3D printing technologies continue to improve and will eventually
allow the creation of smaller hollow or tubular structures.

Counter flow contrast injection proved to be in direct relation to MAP. Our model allowed
us to define different pressure settings, and nidus retrograde filling was larger as systemic
pressure was lower, with a statistically significant correlation. This concept was firs
described by Massoud et al with their TRENSH (Transvenous Retrograde Nidus
Sclerotherapy Under Controlled Hypotension) technique, injecting contrast in a retrograde
manner in a swine rete mirabile model. Contrast retrograde penetration was greater with
lower MAP pressure values[6]. The same concept has been applied in real TVE cases to
create local or systemic hypotension for fast and complete nidal penetration, as proximal
arterial balloon inflation, cardiac rapid ventricular pacing or systemic induced
hypotension[9,20,30].

TVE in our model behaved similar to real cases. Navigation of the microcatheters was
realistic and plausible with some extra friction as expected on in vitro cases[26]. Injection of
LEA began with some reflux to the vein after which it began to advance through the nidus in
the plug and push fashion. Rapidly a plug was created, and fast and initial filling of the nidus
was possible. Secondary reflux began and was controlled as much as possible with 30
seconds stops until our limit reflux was reached. We expected to have different occlusion
results between our two experimental groups, with faster and greater nidal penetration in the
second group in which we used coils in the vein side. Nevertheless, we found no statistically
significant differences. We think that the absence of clot formation within the coils (because
the use of NaCl that replaces blood) and the limited number of coils used (one long coil) may
explain these results, as these are factors that contribute to a stronger and better vein flow
control. Our aim was to standardize the procedure and test the porcelain vein technique, so

no other materials as glue were used, as described in venous pressure cooker[20]. Nidal

Rodrigo RIVERA | PhD Thesis | University of Limoges - France | 2023 113
License CC BY-NC-ND 4.0



occlusion percentage was near 60%, although we expected a greater penetration and filling,
we saw complete angiographic exclusion at the end of the procedure in all cases.

Our model and experience have several limitations. It is a solid in vitro model so there are
no elastic features as real vessels, and model could not simulate procedure related rupture as
in vivo BAVM. Friction inside the model felt higher than human vessels, thus still
microcatheter navigation was adequately possible. Although we created a model based on a
real BAVM, there are still anatomical limitations of the reproducibility and we couldn’t
replicate some smaller vessels because of actual image resolution, segmentation and hollow
vessel printing. Number of tested models was limited, and we didn’t test other flow control
techniques at the venous side that could contribute in a better nidal occlusion penetration,
neither proximal arterial flow control with balloons was used.

Finally, and despite some intrinsic limitations, we believe that our model presented several
advantages as the model size, reproducibility, easy transportation and setup in any place or
angiographic suite. The model is transparent, and although we didn’t actively test this feature,
embolization is feasible and controllable without the use of X-rays. The procedure could be
well tested under direct vision or enhanced with a camera or video magnification. We were
able to create a functional 3D printing in vitro BAVM model for TVE that could be used for
training, teaching and testing new techniques and materials. We expect newer features and

advances in the future, as this technology evolves.
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Figure 1. The process from the DICOM image to the model.

A) MIP 3D reconstruction of the left temporal BAVM. SM 1. B) Segmentation a 3D
representation using 3D Slicer and Meshmixer Software. C) CAD representation of the BAVM
model design following the main characteristics of the original disease. D) Final in vitro model
inside the container, with transparent material and external “normal” channel. DICOM=Digital
Imaging and Communications in Medicine. MIP=Maximum Intensity Projection. BAVM=Brain
Arteriovenous Malformation. CAD=Computer-Aided Design.
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Figure 2. Contrast media retrograde test.

MAP 66 mmHg MAP 76 mmHg

MAP 38 mmHg

Injections were done using an Echelon 10 microcatheter and iodinated contrast. We tested 10 different input
pressures from 10 different flow percentages, and we graded the retrograde advance from 0 to 3. 0=no
significant advance; 1= one venous limb complete filling; 2= two venous limbs complete filling; 3=complete
venous filling plus proximal arterial filling.
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Figure 3. Transvenous embolization tests.

TVE technique was divided in two groups. A) Group 1 where retrograde embolization was
done using a Apollo 1.5 30mm microcatheter. B) Group 2 the same position of Apollo 1.5
30mm and venous coils deployed with a Vasco+ microcatheter. C) X-ray vision after
EVOH embolization of a group 1 case. D) X-ray vision after EVOH embolization of a
group 2 case.

TVE= Transvenous embolization; EVOH=Ethylene Vinyl Alcohol
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Table 1.

Group Groupl | Group2 Significance ‘
Total Time (min:sec) 14:40 | 18:29 NS ‘
Number of stops 13 155 NS
Total LEA (ml) 1.3ml ' 1.75ml NS
Nidal LEA Volume (ml) = 0.46 ml : 0.49 ml NS
Nidal occlusion % 57.6 g 61.95 NS

Nonparametric test for different variables between groups using Mann-
Whitney test. NS=non-significant.
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Vil.4. Main Results and comments of article 3.

In this paper we were able to design and develop a functional 3D printed in vitro model for
BAVM. It is an evolution from our second article achievement and the main improvement is
the transfer from patient data to an in vitro model. This process is challenging, because nidal
anatomy is still difficult to define and reproduce. Segmentation and definition of the small
BAVM channels is still difficult, nevertheless, with some modifications and technical
achievements we were able to create a realistic nidus, arteries and draining vein. Moreover,
using a pulsatile pump we reproduced the anterograde flow inside the BAVM and we were able

to access the nidus in an inverse way from the venous side.

We found that arterial pressure was a critical variable of contrast advance against flow from the
venous side. A significant correlation was found between the two variables using Pearson
correlation test (p=0.001). Better nidal penetration was higher with lower MAP values, a
characteristic that has been tested in animal models and used in real TVE treatments. This is a
key factor during TVE because the nidus should be filled as fast and complete as possible to
avoid higher nidal pressure that could end in rupture and bleeding. Lowering the gradient of
pressure inside the AVM and nidus has been a goal since the early Transvenous access animal
models proposed by Massoud et al, where they confirmed that retrograde contrast filling of the
nidus (Rete Mirabile in Swine model) was better and higher when using systemic or local
hypotension, a technique they named TRENSH (Transvenous REtrograde Nidus Sclerotherapy
under controlled Hypotension). They proposed that TRENSH could be used in the future for
transvenous sclerosis of BAVM*!#2, On the other hand, in clinical large series, MAP control
and reduction for better nidal penetration has proved to be beneficial and has been obtained

with different strategies: reducing the input flow (temporary balloon occlusion of the feeding
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arteries), inducing systemic hypotension with drugs or by transient cardiac pacing with electric

stimulation 444991,

Transvenous embolizations were feasible in our model, and this is the first report of an in vitro
model that achieved and described this procedure. Performance of the LEA was similar as real
cases, allowing a plug and push technique, with an initial advance of the material, followed by
reflux plug and then extra push and penetration to the BAVM. We compared two different
techniques, trying to define the utility of coils at the venous side for better LEA penetration.
This technique, that has been described and used by Pr. Mounayer in Limoges, known as
“porcelain vein”, allows higher nidal penetration with better control of LEA reflux to the vein.
Group 1 was treated with no coils at the vein and in Group 2 coils were used to reduce flow on
the output (Figure 44). We compared several variables as fotal embolization time, total injected
LEA, percentage of embolized nidus and number of stops during the procedure. No differences
were found between the two groups. This was unexpected because we thought that the coiling
group would have a better nidal penetration and occlusion, less total time for procedure and less

stops during treatment.
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Figure 44. The transvenous embolization process at the model.

Images correspond to a case of group 2. A) Roadmap image of microcatheterization
using an Apollo 1.5F. B) Deployment of a coil at venous side. C) LEA injection and
partial retrograde filling of the nidus. D) Almost complete filling of the nidus with LEA.

The reasons that adding coils at the venous side did not have a relevant utility in our model
could have been caused by: 1) no added thrombus within the coil (because we used NaCl 0.9%
and no blood); and 2) we used a single coil in each case (with no multiple coils and compact

filling) because of material availability.

Despite these limitations we achieved a great milestone of creating an in vitro BAVM model
for TVE. The possibility of using real patient data for creating a model opens a huge new
opportunity for rehearsal, training, and teaching for these often very complex cases, as it has

been used in brain aneurysm simulations 63768,
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The article in perspective:

We developed the first in vitro BAVM model for TVE and this is the first literature report to
our knowledge.

We were able to recreate a BAVM using real patient data and SLA 3D printing. The model
allowed realistic retrograde transvenous embolizations using LEA. We proved that reducing
systemic pressure can achieve a better nidal penetration.

The model opens a whole new era of training and testing for the TVE technique. Rehearsal

could become a reality as it has been used in silicon or 3D printing models for brain aneurysms.
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Chapter VIIl. General synthesis, Discussion, and perspectives.

VIII.1. General synthesis and Discussion.

Brain Arteriovenous malformations are an infrequent but relevant disease that affects humans.
Consequences of their rupture and bleeding could be catastrophic!®. Although there is not a
single ideal treatment, endovascular embolization has become one of the main management
options for this disease. Its constant evolution and seeking for better and safer results have led
to the development of the transvenous approach for BAVM embolization. This new technique
has radically changed the treatment of BAVM with unprecedent curation rates and
possibilities***?. Nevertheless, because its technical needs and required skills practice, training
and development of specific tools has become essential. The Neuroradiology Department at
CHU Dupuytren at Limoges France under Prof. Mounayer leadership has become one of the
main centers for BAVM treatment and one of the developers of the TVE strategy*#%92%3 As a
big and experienced center for BAVM treatment and training, it has faced the need and

requirements of preparing physicians in this technique. We started this thesis with the main

question of how can we create a new BAVM model for TVE?

In the first research part of the thesis, we performed a systematic scoping review of all BAVM

models®®. We used the PRISMA methodology proposed for scoping reviews®>® with an initial
search of 942 articles and finally, after eligibility selection, we included and reviewed 177
articles. We found that BAVM models started focusing on surgical questions and using small
rodents or cats for studying the normal perfusion pressure breakthrough®2. Thus, later model

research and development focused on genetic models with an interest in the understanding of

the etiology mechanisms of BAVM and potential therapeutic targets®”-8. Suitable models for
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endovascular treatment have been mainly the RM in swine, because of its unique vascular
structure near the brain. This structure is an arterial network with no venous side, and it could
be modified and transformed in a functional AV shunt in different ways to a BAVM nidus like
anatomy®!¢2%° Although our group has used and developed several Swine rete mirabile models

and has a complete animal lab angio suite”®:1%

, we were conscious of some limitations of using
these experimental animals, as inability of moving the models to other sites, difficulties in
preparing the models, and costs. Our exploration of in vitro models and their use for
endovascular treatments, showed that they were not well developed: lacked angioarchitectural

53,69-73,75,101

complexity, no nidal resemblance, and no generalized use . Three-dimensional

printing seemed interesting because of the capacity of rapid production, customization design

and generalized use in other vascular diseases as brain aneurysms %368

. Thus, until our scoping
review it has just been used for solid BAVM models, for surgical planning, anatomical

demonstrations, or didactic use!’>!'%%, We proposed to create a novel in vitro BAVM model for

endovascular and TVE use with 3D printing.

On the second experimental part of the thesis, we focused on developing an in vitro model for
BAVM using 3D printing. We searched for the different 3D printing technologies, arriving to
SLA technique. This type of 3D printing presented several properties that caught our attention
as: high-definition printing, watertight products, minimum staircase effect; moreover, previous
SLA use for brain aneurysms models and millifluidic chip production. Millifluidics were very
important in defining our BAVM model because these micro laboratory structures have been

using very small hollow channels and intricate designs, like a BAVM, to study fluid behaviors.

We proved this in our second article. We were able to create a novel in vitro BAVM model
using SLA 3D printing with millifluidic techniques!®*. The structure of the model was designed
with the three main components of a BAVM: arterial feeders, nidus and draining vein. Our
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design was based on anatomical and clinical experience, together with the limitations of the
printing technique. During the process of design, we faced the two main issues of creating
BAVM 3D models: 1) recreation of the nidus structure is very challenging because there is
insufficient anatomical data to really understand how vessels are organized at the BAVM. The
lack of real structure comprehension comes from the resolution of actual image acquisitions,
not sufficient to depicts nidus anatomy. Without clear image data, it is not possible to segment
and digitally recreate these structures. 2) BAVM can have very small vessels and channels.
Creation of 3D printing hollow channels is still challenging. In the case of SLA, channels are
filled with uncured resin, which must be removed afterwards. Moreover, there are still technical

restrictions to create submillimetric hollow channels.

After we went through these difficulties, we were able to create a viable BAVM model that we
validated with different structural and functional tests. We reproduced LEA embolizations
using EVOH (Squid 18) from the arterial side of the model, recreating conditions and operator’s
sensation like real embolizations. A qualitative questionnaire showed that operators felt that the
model presented realistic embolization characteristics, and that it could be used for training,

teaching, and testing tool for BAVM endovascular procedures.

In our third research part, we showed how we developed a more realistic BAVM model from
real data ready for TVE. We were able to reproduce and segment a small BAVM and then
recreated it with SLA 3D printing. The process led us to our next step of reproducing TVA and
TVE. We created a flow circuit using the 3D model and we performed counter flow access,
testing the effect of arterial pressure on the retrograde advance of contrast injections. This was
an important simulation of the role of MAP in the successful penetration to the nidus seen in
real cases during TVE. Thus, the main test was using LEA (Squid 18) for performing
transvenous embolizations in the model. In this experiment we achieved the advance of LEA
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retrogradely to the nidus, with the ability to navigate up to 2 microcatheters inside the vessel
(group 2), in which we added coils to the venous side to try to increase nidal LEA penetration.
Although we didn’t find an extra advantage of using coils between groups in the model, we
proved that we could manipulate devices and inject the LEA in a similar way as real cases. Our
model showed that it was a functional reproduction of a BAVM that can be used for TVA /

TVE.

Our work and final product it is far from perfection, and several limitations have been stated in
this document. The printed models are rigid, with no flexibility as real vessels and no chances
to recreate ruptures an important characteristic and complication during embolizations.
Anatomy is still under development and evolution, and a 100% realistic anatomy transfer to the
model is still no possible to recreate. Thus, can venture that definition and reproducibility will
only be improving as technology advances. Finally, resin gives higher friction than real vessels,
and although the sensation of material navigation could be different, it allows in our cases to

use two simultaneous microcatheters for LEA embolization with no higher difficulties.

VIIl.2. Work perspectives and collaborations.

Our work, during these years lead us to create a new in vitro model, that has not been described
or reported, that can be used for different techniques in endovascular treatments. We were able
to use SLA 3D printing to create our models. This is a very interesting technique, because 3D

printing allows faster design process, quick iterations, and customization of the model creation.

We developed several contributions during the process of the thesis. The first and main

collaboration was with Alvaro Cespedes at the Design and Manufacturing Department at
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Universidad Técnica Federico Santa Maria in Valparaiso Chile. He helped us with all CAD

designs of the model and translating our drafts and ideas into perfect computer designs.

Another important collaboration was created with Alvaro Valencia and Carlota Rivera from the
Mechanical Engineering Department at Universidad de Chile. They were responsible of the
computer flow dynamic analysis of models in article 2. With their work we were able to perform
the structural validation and simulate how flow, pressure and velocity could behave inside the

3D printed BAVM.

A big part of this work, in part because of the COVID-19 pandemic and because of geographical
distance, was done in two different settings: at the Neuroradiology Department in CHU
Dupuytren Hospital in Limoges, and at the Neuroradiology Department of the Instituto de
Neurocirugia Dr. Asenjo in Santiago Chile. This created a synergic collaboration between

centers, that will continue in the future for further work.

We look forward to the continuous improvement of the model. We will keep advancing on
realistic BAVM models. We should focus on creating smaller hollow channels, better image
acquisitions to more accurate nidal recreation and modifiable flow variables to recreate different

embolization conditions.

The work on this thesis has created a group with innovation interest and ready to create a
StartUp  from  this project. = We are applying to  government  grants
(https://anid.cl/concursos/startup-ciencia-2024/) to advance in the elaboration of a product that
could be commercialized in the near future. There is big interest in the field to have this model

available in the market for training, teaching, and testing.

During the process of developing the model we ask for the advice from several entities about
patenting the idea. This process has had no pragmatic result until the writing of this document.

We are still working on the subject and although all presented data could not be patented due
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to the previous exposition, we are on the way of developing a complete setting for TVE training

that could be patented and protected.

We are ending this thesis and period with still more questions about TVE models and TVE that
must be answered. We aim to continue our work in our group for improving the model and

giving the answers regarding this topic.
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Chapter IX. Conclusions.

Our work has created and validated a new in vitro BAVM model. We achieved to answer our
initial question if it was possible to create a new BAVM model for TVE. Through a sequential

and progressive process, we were able to achieve our objective.

The creation of a new in vitro BAVM model opens a new spectrum of possibilities in training,
teaching, and testing. We hope that this model could play an important role in recreating
endovascular treatments, for the training process of doctors around the world and helping them
to get the necessary skills for patients’ safety. Case specific models in BAVM has been a long-
standing desire for this disease, and this model could become a revolutionary way of rehearsal,

and teaching.

Finally, our in vitro model could be used to test new devices and materials for endovascular

embolizations providing a newer, faster, and standardized process of creating new products.
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Traitement Endovasculaire des Malformations Artérioveineuses
Cérébrales par Voie Veineuse. Développement d'un Nouvel Modeéle

pour la Embolisation par Voie Veineuse

Les malformations artérioveineuses cérébrales (MAVC) sont des anomalies
vasculaires rares mais significatives pouvant entrainer de graves conséquences
neurologiques. Leur prise en charge a été un défi, et le traitement endovasculaire s'est
imposé comme une approche essentielle. L'embolisation endovasculaire, impliquant
['utilisation de matériaux liquides qui se solidifient a l'intérieur des vaisseaux, peut
partiellement ou complétement obstruer une MAVC. La voie artérielle a
traditionnellement été le principal point d'acceés pour traiter les MAVC. Cependant, ces
derniéres années, |I'embolisation transveineuse (ETV) a révolutionné le traitement de
certains cas, obtenant d'excellents résultats curatifs. Cette approche, impliquant
I'embolisation endovasculaire du coté veineux de maniére a contre-courant, exige des
compeétences avancées de l'opérateur.

Lorsque nous avons lancé cette étude, il n'existait aucun modéle de MAVC adapté a
I'enseignement ou a la formation en ETV. L'objectif de notre thése était de développer
un nouveau modele de MAVC pour I'ETV. Notre question de recherche centrale était
de savoir s'il était possible de créer un nouveau modele de MAVC pour I'embolisation
transveineuse.

Dans une premiére partie de la thése, nous avons mené des recherches approfondies,
examinant systématiquement tous les modéles utilisés dans les études sur les MAVC.
Nous avons observé que les modéles endovasculaires utilisaient principalement le rete
mirabile chez le cochon, et que les modeéles in vitro n'étaient pas largement utilisés a

cette fin. L'impression 3D semblait étre une technique attrayante pour créer de



nouveaux modeéles, moins chére et plus accessible que les animaux ; cependant,
aucun modele efficace avec des canaux creux n'avait été développé en utilisant cette

technologie.

Nous avons découvert qu'une technique d'impression 3D spécialisée appelée
stéréolithographie (SLA) avait été utilisée pour créer des objets avec de petits canaux
pour un domaine appelé millifluidique. Etant donné que la création de petits canaux
creux était un défi technologique et une réalisation en millifluidique, nous avons choisi
d'utiliser la SLA pour développer un nouveau modele vasculaire. Nous avons
commence avec des conceptions de conteneurs simples, que nous avons appelées «
puces », comportant des tubes internes creux. Au fil du temps, nous avons incorporé
des courbes plus douces et des structures plus organiques pour simuler une MAVC,
avec les éléments classiques des artéres d'alimentation, du nidus et des veines de
drainage.

Dans une deuxieme phase de nos recherches, nous avons testé notre modeéle initial
de puce de MAVC en utilisant I'embolisation par voie transartérielle dans un circuit
fermé et nous avons pu confirmer sa fiabilité structurelle et fonctionnelle. Cette étude
a servi de preuve de concept que le modéle pouvait étre utilisé pour la formation,
I'enseignement et la recherche en embolisation de MAVC.

Grace a un processus de conception itératif, nous sommes parvenus a la derniére
évolution du modele de MAVC, ou nous avons pu transférer des données d'image de
patients réels dans une conception informatique et I'imprimer en 3D. Ce modéle était
connecté a un systeme avec une pompe, nous permettant de reproduire
I'environnement vasculaire de l'embolisation transveineuse. Nous avons réussi a

démontrer la faisabilitt de I'ETV en utilisant des microcathéters et des agents



emboliques liquides. Cette réalisation a marqué la création et le test du premier modéle
in vitro de MAVC pour I'ETV utilisant I'impression 3D, répondant ainsi avec succes a
notre question de recherche.

Ce modéle unique et innovant ouvre de nouvelles possibilités pour I'enseignement,
I'apprentissage, la formation et la recherche dans le traitement endovasculaire des

MAVC.

Mots-clés : Malformations artério-veineuses cérébrales, impression 3D, modéles.

Transvenous Embolization of Brain Arteriovenous Malformations.

Development of a Novel Model for Transvenous Embolization

Brain Arteriovenous Malformations (BAVM) are rare but significant vascular anomalies
that can lead to severe neurological consequences. Managing them has been
challenging, and endovascular treatment has emerged as a cornerstone approach.
Endovascular embolization, involving the use of liquid materials that solidify inside the
vessels, can partially or completely occlude a BAVM. The arterial route has traditionally
been the primary access point for treating BAVMs. However, in recent years,
transvenous embolization (TVE) has revolutionized the treatment of selected cases,
yielding excellent curative results. This approach, involving endovascular embolization
from the venous side in a counterflow manner, demands advanced operator skills.

When we initiated this study, there were no BAVM models suitable for teaching or
training in TVE. The objective of our thesis was to develop a new BAVM model for
TVE. Our central research question was whether it was possible to create a new BAVM

model for transvenous embolization.



As an initial part of the thesis, we conducted extensive research, were we
systematically examined all the models employed in BAVM studies. We observed that
endovascular models predominantly featured the utilization of the rete mirabile in
swine, and that in vitro models had not been widely utilized for this purpose. Three-
dimensional printing appeared to be an attractive technique for creating new models,
cheaper and more accessible than animals; however, no effective models with hollow
channels had been developed using this technology.

We discovered that a specialized 3D printing technique known as Stereolithography
(SLA) had been used to create objects with small channels for a field called Millifluidics.
Given that creating small hollow channels has been a technological challenge and
achievement in millifluidic, we chose to utilize SLA to develop a novel vascular model.
We began with simple container designs, which we referred to as 'chips,' featuring
inner hollow tubes. Over time, we incorporated softer curves and more organic
structures to simulate a BAVM, with the classical elements of arterial feeders, nidus,
and draining veins.

On a second phase of our research, we tested our initial BAVM chip model using the
transarterial route embolization within a closed circuit and we were able to confirm its
structural and functional reliability. This study was used as a proof of concept that the
model could be employed for training, teaching, and research in BAVM embolization.
Through an iterative design process, we reached the final evolution of the BAVM
model, where we were able to transfer real patient image data into a computational
design and 3D print it. This model was connected to a system with a pump, enabling
us to replicate the vascular environment of transvenous embolization. We successfully

demonstrated the feasibility of TVE using microcatheters and liquid embolic agents.



This accomplishment marked the creation and testing of the first in vitro BAVM model
for TVE using 3D printing, successfully answering our research question.
This unique and innovative model opens new possibilities for teaching, learning,

training, and research in endovascular treatment for BAVMs.
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