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Zusammenfassung

Einleitung: Anatomische Variationen der posterioren, zerebralen Zirkulation sind
hiufige Befunde bei der invasiven und nicht-invasiven Diagnostik der intrakraniellen
Gefille. Die anatomischen Variationen der distalen Basilararterie entstehen wihrend der
Ontogenese dieses Gefédl3es, die von der dorsalen Teilung der primitiven Carotisarterie
herriihrt. Eine Unterbrechung wiahrend dieser Entwicklung flihrt zur Persistenz der
unreifen Form. "Unreife" Variationen werden als gutartige Befunde ohne
pathologischen Wert definiert, welche lediglich bei begleitenden neurovaskuldrer
Erkrankungen behandlungsbediirftig werden aufgrund des Einflusses auf die
Blutversorgung. Uber diesen himodynamischen Einfluss und ihre Rolle bei der
Pathogenese intrakranieller Aneurysmen ist wenig bekannt. Das Ziel dieser Studie war
es, zu untersuchen, ob anatomische Variationen der distalen Basilararterie mit der
Bildung von Aneurysmen an dieser Stelle zusammenhingen und zu deren Ruptur

beitragen.

Methoden: In einer retrospektiven Studie wurden Patienten mit distalen
Basilarisaneurysmen untersucht, die zwischen Januar 2000 und Februar 2017 in der
neurochirurgischen Klinik der Heinrich-Heine-Universitdt Diisseldorf behandelt
wurden. Die Aneurysmen des Basilariskopfes, des prdkommunizierenden Segments der
hinteren zerebralen Arterie (P1) und der vordere pontomesencephale Abschnitt der
Arteria cerebelli superior (sl), die alle einen gemeinsamen embryologischen Ursprung

haben, wurden fiir die Studie beriicksichtigt.

Mit Hilfe invasiver und nichtinvasiver Bildgebungen konnte das Vorliegen einer
unvollstindigen Fusion der distalen Basilararterie, einer fOtalen posterioren
kommunizierenden Arterie und einer unreifen P1-P2A-Verbindung festgestellt werden.
Die Privalenz dieser embryologischen Muster in der oben genannten Population wurde
mit einer Kontrollgruppe von Patienten mit Aneurysmen in anderen Teilen des

intrakraniellen Kreislaufs verglichen.

Ergebnisse und Diskussion: Ein unreifer P1-P2A-Ubergang wurde bei allen 5
Patienten mit P1-Aneurysma festgestellt. Es zeigt sich eine statistisch relevante

Korrelation zwischen unreifer Verbindungsmorphologie und dem Vorhandensein eines



P1-Aneurysmas (P = 0,015). Der Grund fiir diese Beziehung ist unbekannt und kann

nicht aus den himodynamischen Theorien der Aneurysmenbildung abgeleitet werden.

Es wurde eine positive Korrelation zwischen dem Vorhandensein von Basilariskopf-
oder S1-Aneurysmen und einem unreifen P1-P2A-Ubergang festgestellt. Zudem war ein
unreifes Fusionsmuster der distalen Basilararterie in allen drei Untergruppen von
Aneurysmen héufiger als in der Kontrollpopulation. Aufgrund der begrenzten
Stichprobengrofle erreichten diese Ergebnisse keine statistische Signifikanz. Es ergab
sich keine Korrelation zwischen dem Vorhandensein einer fetalen posterioren
Kommunikationsarterie und dem Vorhandensein eines Aneurysmas in der distalen

Basilararterie.

Schlussfolgerungen: Das Vorhandensein eines unreifen P1-P2A-Ubergangs sollte als
Risikofaktor fiir Aneurysmen des P1-Segments der PCA angesehen werden. Griinde fiir
diese Korrelation sind noch unbekannt und konnen in der Struktur der Wand dieses
embryologischen unreifen arteriellen Segments liegen. Multizentrische Studien mit
einer grofleren Patientenprobe sind erforderlich, um die Rolle eines unreifen P1-P2A-
Ubergangs in der Pathogenese von S1- und basilaren Spitzenaneurysmen sowie den
Einfluss von unreifen Fusionsmustern der distalen Basilararterie auf die Pathogenese

aller drei zu bestatigen.



Abstract

Presentation and goals of the study: Anatomical variations are common findings
during invasive and non-invasive diagnostic of posterior cerebral arterial circulation.
These alterations of the traditional “textbook” anatomy are a manifestation of the
wonderful mechanism behind the evolution of the cerebral vascular three, which can be
appreciated in the studies of comparative anatomy and has the human intracranial
arterial system as the most elaborate and marvelous result. The anatomical variations of
the distal basilar artery originate during the ontogenesis of this vessel that derives from
the dorsal division of the primitive carotid artery. A stop during the maturation process

results in the persistence on an immature form.

“Immature” variations are commonly interpreted as benign conditions without
pathological significance and presenting only some implications during the treatment of
concomitant neurovascular conditions due to the alteration of blood supply related to
their presence. Little is known about their hemodynamic impact and their role in the

pathogenesis of intracranial aneurysms.

The goal of this study was to investigate if anatomical variations of the distal basilar
artery are related to the formation of aneurysms in this location and contribute to their

rupture.

Methods: In a retrospective study we analyzed patients with distal basilar artery
aneurysms who were treated in the Neurosurgical Department of the Heinrich Heine
University, Diisseldorf between January 2000 and February 2017. The aneurysms of the
basilar tip, of the precommunicating segment of the posterior cerebral artery (P1) and of
the anterior pontomesencephalic segment of the superior cerebellar artery (sl), that

share common embryological origin, were considered for the study.

The presence of an incomplete fusion of the distal basilar artery, of a fetal posterior
communicating artery and of an immature P1-P2A junction was identified on invasive
and non-invasive imaging records of the patients. The prevalence of these
embryological patterns in the above mentioned population was compared to a control

group of patients with aneurysms in other portions of the intracranial circulation.



Results and discussion: An immature P1-P2A junction was encountered in all 5
patients with P1 aneurysm, resulting in a statistically relevant correlation between
immature junction morphology and presence of P1 aneurysm (P= 0.015). The reason for
this relation is unknown and can’t be deduced from the hemodynamic theories of
aneurysms formation, creating the immature P1-P2A junction an increased blood flow

turbulence distal to the location of the P1 aneurysms.

A positive correlation was encountered between the presence of basilar tip or S1

aneurysms and an immature P1-P2A junction.

An immature fusion pattern of the distal basilar artery was also more common in all
three subgroups of aneurysms compared to the control population. Probably due to the

limited sample size these results didn’t reach statistical significance.

A correlation between the presence of a fetal posterior communicating artery and the

presence of an aneurysm in the distal basilar artery could be excluded.

Conclusions: The presence of an immature P1-P2A junction should be considered as a
risk factor for aneurysms of the P1 segment of the PCA. Reasons for this correlation are
yet unknown and may lie in the structure of the wall of this embryological immature

arterial segment.

Multicenter trials are required to collect a bigger patient’s sample to confirm the role of
an immature P1-P2A junction in the pathogenesis of sl and basilar tip aneurysms and
the impact of immature fusion patterns of the distal basilar artery in the pathogenesis of

all three aneurysm locations considered in this study.
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1 Introduction

1.1 Embryology of the distal basilar artery

At the end of the 3 ™ week of the embryonic development the amniotic fluid provides
directly for the nutrition of the primitive nervous system and metabolites diffuse

through the ependyma covering the neural crest (1, 3).

As the neural crest folds longitudinally by the fourth week of pregnancy forming the
neural tube, a connective tissue will form the meninx primitiva that envelops the neural
tube (3, 6). Endothelial cells in the meninx primitiva proliferate and organize to

constitute a superficial plexus without venous of arterial differentiation (2).

Two dorsal aortas and the cardinal veins join the developing cerebral vascularization
leading to the differentiation of the meningeal plexus in arteries, veins on the surface of

this primitive meninx and capillaries (3).

At the 24" day the precursor of posterior circulation is constituted by a plexus of vessels
along the ventral surface of the rhombencephalon (3, 6). They will coalesce to form the

bilateral longitudinal neural arteries, the precursor of the basilar artery (4, 5).

After the formation of 6 pairs of aortic arches a branch extends from the first arch
forming the trigeminal artery that anastomoses with the longitudinal neural arteries
providing the first supply for the primitive posterior circulation (3). The trigeminal
artery will later be included in the carotid system and together with three other branches
of the carotid artery (hypoglossal, otic and proatlantal artery) supply between the 24™

and 29" day the posterior circulation (3).

At this stage, the paired precursors of the carotid arteries end ventral to the
prosencephalic vesicle (3, 6). Around day 29™  this vessel splits in a posterior and in a
ventral branch which will divide again to form an arterial ring around the neck of each
telencephalic vesicle which later forms the anterior cerebral artery (anterior portion of

the ring) and the anterior choroidal artery (posterior portion of the ring), (6).

Lateral branches of the anterior choroidal artery (AchA) will form its telencephalic
territory which in the adult configuration will correspond to the cortical posterior

cerebral artery (PCA) territory (3).



The posterior division of the internal carotid artery (ICA) reaches the cephalic end of
the ipsilateral ventral longitudinal artery to form the posterior communicating artery
(PComA). This artery will originate the precommunicating segment (P1) of the PCA
and the distal part of the basilar artery (6).

The development of the PComA leads to regression of the transient hypoglossal,
proatlantal, otic and trigeminal anastomoses between day 29 and 32 (3). After
regression of the trigeminal artery, the flow direction in the basilar artery inverts

becoming centrifugal as the vertebral artery doesn’t exist at this stage (3).

The further development of mesencephalon and rhombencephalon with appearance of
tectum and primitive cerebellum stimulates the growth of new branches of the caudal
division of the internal carotid system. These are the diencephalic, the mesencephalic

and superior cerebellar artery (6).

As the volume of the primordial brain increases, the need for oxygen and metabolites
leads to the development of invaginations of the meninx primitiva in the ventricular

lumen which forms the choroid plexi at the end of the 6" week (1, 3).

From the posterior division of the ICA originates the posterior choroidal artery to feed
the choroid plexus of the 3 ventricle (3, 6). The plexus in the 4" ventricle is
vascularized by a vessel from the basilar artery/longitudinal neural artery which will

later evolve to form the posterior inferior cerebellar artery (3, 6).

Between the 6" and 7" embryonic week, the longitudinal arteries fuse in the midline

caudo-cranially to form the basilar artery (3, 7).

The longitudinal anastomoses between the segmental cervical arteries from the

subclavian artery to the craniocervical junction will than form the vertebral artery (6, 8).

The development of the vertebral artery and the resulting craniopetal flow in the basilar
artery facilitates further development and annexation of the diencephalic-mesencephalic
trunk of the ICA caudal division (3). Selected cortical territories of the anterior I[CA
division will be annexed by telencephalic branches of the posterior choroidal artery and

later by the diencephalic artery forming the PCA (6).

The primitive territory of the carotid system extends caudally in the posterior fossa to

the level of the transient trigeminal artery.
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1.2 Anatomy of the distal basilar artery
This chapter summarizes the anatomy of the distal basilar artery considering the course

of the artery distal to the anterior inferior cerebellar artery (AICA) origin, the proximal
part of its main branches (anterior pontine segment or sl, P1, crural segment or P2A)
and relevant smaller arteries and perforators branching from above mentioned vessels.
For embryological reasons, that link the PComA to the distal basilar artery its course

and branches will also be described here.

The basilar artery distal to its origin at the pontomedullary junction courses upward in
the prepontine cistern encased dorsally by the basilar sulcus in the midline of the pons
(9). Distal to the AICA origin the basilar artery gives rise to 1-10 middle and rostral
perforators, respectively (9, 10). Middle perforators are located between AICA and the
posterolateral arteries, one of the pontine arteries. They branch from the posterolateral
surface of the basilar artery running in the basilar sulcus and enter the pons on its edge
to feed its medial portion (9, 10). On the last centimeter of the basilar artery the rostral
basilar perforators originate. Their vascular territory overlaps with the posterior

thalamo-perforating arteries (9, 10).

Following the basilar artery distally the superior cerebellar artery (SCA) is encountered
which branches between PCA’s P1 segment and 7 mm below PCA’s origin directly
from the basilar artery (average 2.5 mm), (11). The first Segment of the SCA is called
sl and originates underneath the oculomotor nerve, courses lateral around the
mesencephalon and ends on the anterolateral brainstem where the artery crosses the

tentorial incisura (9).

The SCA usually duplicates in a rostral and a caudal branch somewhere on its course

between its origin and the S3 segment (9).

The average diameter of the basilar artery at the level of the SCA’s origin is 3.5 mm and

approximately 4.1 mm at the level of the basilar bifurcation (11).

The basilar artery terminates usually with paired posterior cerebral arteries in the
interpeduncular cistern which extends supra- and infratentorial at the level of the
anterior tentorial incisura (11). The interpeduncular cistern is bordered by cerebral
peduncles posteriorly and Liliequist’s membrane ventrally, laterally and caudally. The

roof of the interpeduncular cistern is formed by the posterior perforated substance (12).



The basilar bifurcation is usually located in the interpeduncular fossa but can be
encountered somewhere between the ponto-mesencephalic junction and the level of the
mammillary bodies on the floor of the third ventricle. The ventricle floor can be
cranially dislocated with high riding basilar tips. The distance between the basilar tip

and the mammillary bodies is in average 8.1 mm (range 0-14mm), (11, 13).

Considering the biclinoidal line that connects the anterior and posterior clinoidal
process, the basilar apex is above the dorsum sellae in 70% of the patients, at level with

the dorsum sellae in 20% and below in 10% (11, 13).

The P1 segment represents the first segment of the PCA and extends from the basilar
bifurcation to the point where PComA joins PCA. It courses laterally parallel to the sl
segment and cranial to the oculomotor nerve. The length of the Pl segment varies

between 3 and 14 mm (9).

Posterior thalamo-perforating arteries originate from the superior and posterior surface
of the middle third of P1. They run superiorly and posteriorly to the posterior perforated
substance, cerebral peduncle and mammillary bodies. There are on average 4 but can be
up to 12 with bilateral origin or unilateral origin and bilateral distribution. The regions
supplied by these perforators comprise the anterior portion and part of the posterior
portion of the thalamus and hypothalamus, the subthalamus and the posterior limb of

the internal capsule (9, 14).

The second segment of the PCA is called P2A and runs in the crural cistern between

cerebral peduncle and uncus under the optic tract and basal vein of Rosenthal.

Relevant branches of the proximal PCA segments are constituted by the circumflex
arteries, originating from P1-P2A to feed the cerebral peduncles, tegmentum, medial
geniculate body, tectum and pulvinar, the peduncular perforating arteries from P2A that
feed the cerebral peduncles and the thalamogeniculate arteries originating from the

P2A-P2P (ambient segment ) junction to feed the area of the geniculate bodies (9, 13).

The medial posterior choroidal artery (MPChA) usually branches from the P1 segment
as a single vessel or as multiple arteries coursing in the crural, ambient and
quadrigeminal cistern to reach the velum interpositum on the roof of 3™ ventricle. This
artery supplies the cerebral peduncle, tegmentum, geniculate bodies, colliculi, pulvinar,

pineal gland and medial thalamus (9, 13).
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The PcomA originates from the posteromedial portion of the internal carotid artery
midway between the origin of the ophthalmic artery and the carotid bifurcation. It
courses in a medial and dorsal direction above the sella turcica, below the tuber
cinereum, above and medial to the oculomotor nerve to join the PCA at the P1-P2
junction. Together with the proximal basilar bifurcation it forms the posterior portion of

the circle of Willis (9, 13).

On average eight (4-14) anterior thalamo-perforating arteries arise from the superior and
lateral portion of the PComA. Their origin is distributed along the whole vessel
although the anterior half has a bigger density of vessels. Anterior thalamoperforators

course superiorly to reach the floor of the 31

ventricle and supply the posterior
hypothalamus, optic chiasm, anterior thalamus, posterior limb of the internal capsule

and subthalamus (9, 13).

1.3 Anatomical variations of the distal basilar artery
Incomplete fusion process of the ventral longitudinal arteries may give origin to

fenestrations of the basilar artery with an incidence of 2.1% according to Rhoton (see
Figure 1.3.1). In 94% of cases, this anomaly involves the proximal basilar artery. AICA

or perforating branches may originate from the fenestrated segment (9).




Figure 1.3.1: The 3D rotational angiography (3DRA) shows a fenestration in the proximal basilar artery

associated with a ruptured fusiform aneurysm.

The trigger for the maturation of the primitive posterior circulation is the regression of
the trigeminal artery. The resulting caudocranially directed fusion process of the basilar
artery bears a range of morphological-hemodynamic variations. The later the transient
trigeminal artery regresses, the less hemodynamic importance to supply the PCA, the
vertebro-basilar system will have and the more caudal the process of fusion will stop
(3). In this setting the ICA’s contribution to the supply of the PCA territory remains
dominant and the SCA will originate from P1. This condition can be encountered mono-

or bilaterally.

According to Lasjaunias (3) three types of anatomical configurations of the basilar tip
have been described based on the SCA’s origin (Figure 1.3.2). If the cerebellar artery
originates bilaterally from P1 the disposition will be called symmetrical caudal fusion.
Cranial symmetrical fusion describes a disposition where the SCA originates directly
from the basilar trunk bilaterally. In the pattern called asymmetrical caudal fusion, one
side presents a sl originating from P1 and the other side a cerebellar artery branching

from the basilar tip.

Figure 1.3.2 Symmetrical cranial fusion of this basilar tip. Both sl originate directly from the basilar
trunk (A). Panel B shows a symmetrical caudal fusion. sl originate directly from P1 bilaterally. The
angiogram in panel C shows an asymmetric configuration where the right s1 originates from the basilar
artery whereas the left sl branches from P1. The arrows in the figures A-C indicate the basilar

bifurcation.



The pattern presenting a duplicated origin of sl from both P1 and sl is considered
caudally fused when bilaterally existent or asymmetric caudal fusion when it is

unilateral (Figure 1.3.3).

Figure 1.3.3: The figure shows an asymmetric caudal fusion where the left sl originates from the basilar
artery whereas the right s1 has a duplicated origin from both P1 and basilar artery. The arrow indicates

the basilar bifurcation.

In a series of 47 patients undergoing cerebral angiography Campos et al. (15)
encountered cranial symmetrical fusion in 30.4% of the population, caudal symmetrical

fusion in 26.1% and caudal asymmetrical configuration in the remaining 43.5%.

In case of symmetrical cranial or caudal fusion, posterior thalamoperforators from the
basilar tip will supply each side and form anastomoses in the interpeduncular fossa in
60-80% of patients. In patients with asymmetric fusion, a common trunk originating

usually from the most cranial P1 segment will supply both sides (3).

In an anatomical study, half of the specimens showed a normal configuration of the
posterolateral portion of the circle of Willis with Pls being more prominent than
PComAs (6, 24). The other half presented some variations like fetal PComA
configuration, with PComA being thicker than P1 and providing the major supply to the
P2 segment (unilaterally in 20% and bilaterally in 2%) or on the other side a hyper
mature configuration with hypoplastic PcomA (26% unilaterally or 6% bilaterally). In
18% of the specimens a hypoplastic PcomA with a contralateral fetal configuration was

seen. Absence of both PcomAs and P1s with ACh supplying the PCA territory is very



uncommon (16). Hypoplastic PComAs and Pls usually originate a normal number of

regularly sized perforators (Figure 1.3.4).

Figure 1.3.4: The aplasia of right P1 is shown. There is no contribution of posterior circulation to the right
PCA territory (arrow). On the right side the P1 is represented by posterior thalamoperforators and a

peduncular artery.

Van Raamt et al. (17) named the pattern with PcomA being more prominent than P1
partial fetal configuration. The absence of P1 was called “full fetal configuration™.

In case of fetal configuration of the PcomA, P1 has a mean length of 9 mm compared to

7 mm in case of a normal morphology (9).

Reversal of flow in the distal basilar artery after development of the vertebral arteries
from cervical segmental arteries also produces geometrical variations at the PcomA-
PCA junction. In a fetal PcomA configuration, the Pcom-P2A angle is around 180°,
being P2 of the natural continuation of PcomA and the P1-P2 angle is around 90°.
During the development, as P1 acquires the dominant role in the supply of the P2A
segment, P1-P2 angle increases and the junction turns into a curve. Many variations

between these two antipodes are routinely encountered (Figure 1.3.5).



Figure 1.3.5 CTA showing a fetal P1-P2A junction on the left side with a sharp angle between the two
vessels (red arrow). Note the absence of a fetal PComA that would explain this conformation. On the

right side the P1-P2A junction can be assimilated to a curved line.

Rare variations are represented by:

hypercranial fusion pattern with fusion of PcomAs and origin of s1s, P1s from the fused
PcomAs,

fenestrations or duplications of P1, P2, SCA, PcomA,

persistence of trigeminal artery,

origin of SCA, AICA or PICA directly from ICA representing a partial persistence of

trigeminal artery filling the territories of ventral longitudinal arteries (3).

Figure 1.3.5: Panel A shows a fenestration of the left-sided distal P1 segment in a patient with a dorsally

projecting basilar tip aneurysm. The 3DRA demonstrates a fenestration at the origin of the right SCA (B).



A duplicated origin of the SCA is commonly encountered (Figure 1.3.6), however a

triplicated SCA is a rare variation (3, 9).

Figure 1.3.6: The angiography shows a bilateral duplicated origin of the SCA (arrows).

Persistence of a trigeminal, otic, or hypoglossal artery in adult life with resulting
vertebral or basilar hypoplasia/aplasia are typically reported unilaterally and usually
found incidentally, however they may be responsible for ischemic events or aneurysms

(3, 9).

1.4 Distal basilar artery aneurysms
Aneurysms of the posterior cerebral circulation represent 10 to 18% of all intracranial

aneurysms (18). The most common location is the basilar tip corresponding to 49-72%
of cases while PCA and SCA aneurysms are comparably rare (19-26). The average age
at diagnose is 50.3 to 53.9 years and female prevalence with 72% is seen (19-26).

Distal basilar artery aneurysms share the same risk factors for development and rupture
with other cerebral aneurysms including patient age, previous aneurysmal rupture and
modifiable socio-dietetic factors like tobacco smoking, excessive alcohol intake and

arterial hypertension (27, 28).
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Genetic predisposition such as female sex, familial cumulation and various syndromic
diseases like autosomal-dominant polycystic kidney disease and Ehlers-Danlos
syndrome type IV are also well known. In recent years, several genetic loci have been

proposed to be associated with familial linkage (27, 28).

The formation and evolution of an aneurysm is believed to be a multifactorial process
where environmental and genetic risk factors interact with hemodynamic loads, wall
biomechanics, mechanobiology, and peri-aneurysmal environment of the affected artery

(64).

Saccular aneurysms being the most common aneurysm type in the basilar tip, P1 and sl
locations develop according to hemodynamic theories in regions of increased
hemodynamic stress such as bifurcations and on the convex side of a curvature of a
vessel (9). Increased hemodynamic loads might trigger focal degenerative mechanisms
at the vessel wall, that are supposed to be associated to abnormal NO production in
response to high shear stress and to inflammation from thrombus formation in regions

of low shear stress (62).

It has been suggested that some aneurysms rupture and bleed shortly after formation and
thus are rarely detected as incidental findings and that aneurysms without early rupture
remain stable through some healing process (63). Aneurysm rupture is thus the ultimate
consequence of the walls failure to contain the hemodynamic loads and rupture occurs
when wall stress exceeds wall strength. However, the detailed mechanisms that weaken
the wall and drive the evolution of the aneurysm towards stabilization or rupture are not

fully understood (62).

Aneurysms of the posterior cerebral circulation harbor a 2.5 fold increased relative risk
for rupture as compared to equivalent lesions in the anterior circulation (29).
Additionally, when ruptured they lead to worse clinical condition at admission, greater
in-hospital mortality and lower overall-survival as compared to lesions of the anterior
circulation (30, 31). Patients with ruptured aneurysms of the anterior circulation present
a 77% survival-rate after two days compared to a 32% survival-rate for posterior
circulation aneurysm patients (30, 31). The 30 day survival is 57% vs. 11%,
respectively (30, 31). Deep location in proximity of the brainstem, higher occurrence of
intraventricular hemorrhage and hydrocephalus may partially explain the worse

outcome.
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Other symptoms associated with distal basilar artery aneurysms are related to
thromboembolic manifestations, symptoms of brainstem compression like gait and
balance instability or weakness due to compression of the cerebral peduncle if the
aneurysm reaches a critical size. Further non hemorrhagic manifestations include cranial
nerve deficits like oculomotor, trochlear or abducens nerve palsy, trigeminal affection

or obstructive hydrocephalus (32, 33).

1.5 Management of distal basilar artery aneurysms
Distal basilar artery aneurysms are complex lesions for both endovascular treatment and

microsurgery due to their deep location, intimal relation with the brainstem and an
intricate network of highly eloquent perforating vessels. The therapy has to be
individualized for each patient according to rupture status, neurological condition at

admission, morphology of the aneurysm, patient age and presence of comorbidities.

Ruptured aneurysms are primarily treated to avoid rerupture with the exception of
patients where severe hemodynamic compromission or poor medical-neurological
prognosis represents a contraindication. Indication for treatment of unruptured lesions is
based on the morphology of the aneurysm, age, medical condition of the patients and

presence of modifiable risk factors for rupture in the anamneses (18).

The advent and widespread use of endovascular techniques and results of the
International Subarachnoid Aneurysm Trial (ISAT) switched the treatment paradigm for
lesions located in the posterior circulation from microsurgery to endovascular therapy

(34).

Nowadays, coil embolization represents the first therapeutic choice (18). The procedure
offers protection from rerupture, is time effective and does not require antiplatelet
therapy. However, coil embolization may be limited by aneurysm morphology, e. g, in
aneurysms with wide neck a complete occlusion can only be achieved in 15% vs 85% of
lesions with narrow neck (35). In this situation, coil procedure can be assisted with a
balloon catheter which is temporary inflated at the level of the aneurysm neck to avoid
coil herniation into the parent artery during the coiling process. This also allows for a

higher coil density in the aneurysm (36). Potential risks associated with this procedure
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are thromboembolic events, risk of arterial injury during inflation of the balloon and

aneurysm rupture.

Broad neck aneurysms can also be treated with stent assisted coiling (18, 37, 38). The
microcatheter for coil application can deliver the coils trough the stent meshes or
alternatively after intraaneurysmal positioning of the microcatheter for coiling a second
catheter delivering the stent is introduced avoiding the coil application through the

meshes of the stent.

For broad neck basilar tip aneurysms a so called “Y stent” technique can be used to
protect both PCAs before coiling (37, 38). The first stent is usually an open cell device
and is positioned in the PCA that is more difficult to reach. The second stent is
positioned in the second PCA and the coils can then be safely deployed into the
aneurysm. However, the patient needs to be loaded with dual antiplatelet therapy
periinterventionally increasing the hemorrhagic risk in patients with ruptured
aneurysms. Additionally, stent use increases the risk of perforator occlusion or late

development of intraluminal stenosis.

Figure 1.5.1: The angiography shows a basilar tip aneurysm treated with “Y stent” technique. The first
stent (black arrow) was implanted from the basilar artery to the left P1. The second device (red arrow)

was used to protect the right P1. The aneurysm (green arrow) could then be successfully coiled.

Use of liquid high viscosity polymers (e.g. Onyx 500) for aneurysm embolization is
described with aneurysms presenting a complex geometry or that recur after coiling

(39). The main limitations of polymer embolization are the need for antiplatelet therapy,
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the necessity of balloon protection of the parent artery during injection and no available

long term outcome data.

Reduction of blood flow near the aneurysm neck with flow diverting stent systems
while preserving flow into parent vessel and neighboring branches provides delayed
thrombosis of the aneurysm, followed by shrinkage of the aneurysm sac as the thrombus
organizes and retracts. Thus, flow diversion treats the diseased segment harboring the

aneurysm instead of treating the aneurysm itself.

In the posterior circulation flow diverters are mostly indicated for fusiform basilar
aneurysms (40, 41). Their use harbor a risk for incomplete aneurysmal occlusion,
ischemic stroke, delayed intracerebral hemorrhage and subarachnoid hemorrhage and
perforator occlusion. Need for antiplatelet therapy and delayed occlusion of the

aneurysm further limit their use in subarachnoid hemorrhage (SAH).

Figure 1.5.2: Panel A shows a complex dysplastic aneurysm involving the origin of the right P1 (red
arrow) and of a duplicated SCA ipsilateral (green arrows). The aneurysm was treated with a flow diverter,

which is evidenced by the black arrow (B).

In the setting of SAH coil embolization is preferred over stent or flow diverter
application, when possible, facilitating a fast and safe aneurysm occlusion and
minimizing the risk of rerupture. A staged therapy to provide a durable occlusion of the
aneurysm is more desirable than a high risk therapy in the acute phase with higher

complication rate (18).
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At present, surgery for basilar tip aneurysms should be reserved to high volume
neurovascular centers to treat patients not suited for endovascular therapy (18). Surgical
treatment of basilar tip aneurysm can be performed with subtemporal, pterional or
transcavernous approach (18). Selection of the appropriate approach is based on
surgeon’s experience, position of the basilar bifurcation compared to the posterior
clinoidal process and the projection of aneurysm. Anterior and superior projecting
aneurysms are comparably more comfortable to treat surgically, while posterior

projecting lesions are the most complex to treat (42).
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2. Background and Goals of the Study

With an increasing number of incidentally diagnosed asymptomatic aneurysms due to a
more widespread use of non-invasive tomographic diagnostics, the discrepancy between
the prevalence of aneurysms in the general population, which was estimated to be
around 5-8% (62), and the incidence of SAH, which is around 11.3 per 100.000 person-

years in Germany, increases, reflecting a benign behavior of most lesions (18, 50).

This raises critical questions about which patients with incidental findings should be

treated and how to improve patient care.

Ideally, patients with incidental aneurysms are stratified into subcategories for
identification of patients with high-risk aneurysms, who require a more aggressive

management.

Although pathogenesis of intracranial aneurysms and of their rupture is intensively
studied they are still poorly understood. Intracranial aneurysms derive from a
multifactorial pathological process where environmental, genetic and hemodynamic

factors play a role.

Anatomical variations are common findings during invasive and non-invasive

diagnostic of posterior cerebral arterial circulation.

“Immature” variations of the distal basilar artery are commonly interpreted as benign
conditions without pathological character, presenting only some implications during the
treatment of concomitant neurovascular conditions due to the alteration of blood supply

related to their presence.

In other portions of the circle of Willis, for instance ICA’s C6 segment, the presence of
a fetal PComA is associated with a higher risk to develop a PComA aneurysm.
Likewise, the presence of an ACoA aneurysm was related to distinct variant anatomical

patterns like the presence of a dominant A1 or of a fenestration of the ACoA (52-59).

The goal of this study was to investigate, if anatomical variations of the distal basilar
artery also play a role in the complex multifactorial process that results in the formation

and rupture of an aneurysm in this location.
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Furthermore, aneurysms originating from vessels with “immature” patterns were
analyzed to determine if they harbor a more aggressive clinical behavior as compared to

aneurysms originating from a “normal” vessel.
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3 Materials und Methods

3.1 Data
In a retrospective study we analyzed patients with distal basilar artery aneurysms who

were treated in the Neurosurgical Department of Heinrich Heine University, Diisseldorf

between January 2000 and February 2017.

The information about patients’ medical history and treatment were derived from
discharge letters, outpatient’s clinic letters and operation reports that were available in

our digital archive (Medico WMC, Siemens AG, Berlin, Miinchen).

Aneurysm morphological data were derived from computed tomography angiography
(CTA), magnetic resonance angiography (MRA) and digital subtraction angiography
(DSA) that are digitally saved and accessible via PACS (Sectra Medical Systems
Link&ping, Sweden). The study was approved by the Ethics Committee of the Heinrich-
Heine-University (Study number: 5373).

3.2 Inclusion and exclusion criteria
Patients included in the study presented with an aneurysm originating from the basilar

tip, from P1 segment of the PCA or from the sl segment of the SCA and underwent
CTA, MRA or DSA diagnostic imaging.

Aneurysms originating from basilar artery proximal to SCA’s origin or distal to P1 and
sl segments were excluded. Other exclusion criteria were patients without any imaging
or with incomplete radiological diagnostics, for example MRI without MRA or indirect
diagnosis of basilar tip aneurysm in a CT scan without contrast enhancement, seen as a
mass in the interpeduncular cistern, and patients without sufficient medical records
concerning bleeding and therapy. Aneurysms associated with arteriovenous

malformations, pseudoaneuryms and mycotic aneurysms were excluded.

3.3 Parameters analyzed
Patient demographics were recorded including gender and age at aneurysm rupture, at

occurrence of other non-rupture symptoms or at the time of diagnosis and therapy of

asymptomatic lesions.
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Aneurysm morphology was analyzed in each case, including dome size, neck size,
dome-to-neck ratio (DNR), aspect ratio (AR), dome projection on the sagittal plane, and
the presence of blebs (daughter sac) on the aneurysm (see Figure 3.3.1). The saccular or

fusiform profile of the aneurysm was also recorded for P1 and s1 aneurysms.

Information concerning the type of treatment and the presence of concomitant

aneurysms in other portions of intracranial circulation was also recorded.

The “evolutional” configuration of the distal basilar artery was analyzed in each case
recording the presence of fetal PcomA, cranial, caudal or asymmetric fusion of the
basilar tip. The angle between P1 and P2A segments was determined and qualitatively
defined as normal or immature as described in paragraph 1.3. The incidence of
developmental variations in the study population was compared to a randomly selected
group of patients with intracranial aneurysm in a different location assumed to be

homogeneous to the study population.

Figure 3.3.1: Panel A shows the principals of aneurysm measurements: perpendicular height (H), neck
diameter (D), aneurysm width (W). Dome to neck ratio (DNR) corresponds to W/D, aspect ratio (AR) to
H/D. The green arrow marks a bleb on this large left sided M1 aneurysm (B).
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3.4 Interpretation of imaging diagnostics
The patients’ digitally recorded radiological studies were visualized with PACS

software, and data was derived from CTA, MRA, DSA images and 3D reconstruction of
these. The measurements of the aneurysms and vessels were taken from the studies

using appropriately calibrated measurement tools integrated in the software.

The visualization of the P1-P2 angle was derived from 3D models of the arterial system

derived from CTA or MRA images.

3.5 Statistical analysis
After collection of the aforementioned parameters, they were defined in metric, ordinal

and nominal scales and statistically analyzed with appropriate tests based on the type of

data using SPSS Statistics (IBM Corp., Armonk, NY).

Demographic and clinical characteristics were analyzed for differences between study
population and control group by use of the y’-test and 2-tailed t-test for binary and
continuous variables, respectively. Morphologic aspects were studied using y*-test,

Fisher's exact test and 2-tailed t-test.

All statistical analyses were 2-sided, and P value < 0.05 was considered statistically

significant.

3.5.1 Chi-squared test
The Chi-Square test (X*-test) is a non-parametric statistical test used to determine the

agreement between the observed frequencies and the expected frequencies assuming the

null hypothesis.

The result of a Chi-square analysis tells whether the difference is due to sampling error.
The greater the deviation of what was observed to what was expected is, the greater the

probability is that the difference is not due to chance.

Critical values for chi-square are sorted by degrees of freedom and probability levels. If
the calculated chi-square value is greater than the critical value calculated, the null

hypothesis is rejected.
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3.5.2 Fisher's exact test
Fisher's exact test is a statistical significance test that is used in the analysis of

contingency tables. Although in practice it is employed when sample sizes are small, it

is valid for all sample sizes.

It is called exact test because the significance of the deviation from a null hypothesis
(e.g., P-value) can be calculated exactly, rather than relying on an approximation that
becomes exact in the limit as the sample size grows to infinity, as with many statistical

tests.

3.5.3 Independent samples t-test
The t-test for independent-samples compares the means between two unrelated groups

on the same continuous, dependent variable in order to determine whether there is

statistical evidence that the associated population means are significantly different.

The Independent Samples t-test is a parametric test. With this test, each case must have
scores on two variables, the grouping (independent) variable and the test (dependent)

variable.

The grouping variable divides cases into two mutually exclusive groups or categories,
while the test variable describes each case on some quantitative dimension such as test

performance.
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4 Results

4.1 Patient demographics
The population of patients treated for distal basilar artery aneurysms between January

2000 and February 2017 in the Neurosurgical Department of Heinrich Heine University,

Diisseldorf comprised 95 patients with 101 aneurysms.

The mean age of the patients at the time of diagnosis was 53.6 + 9.1 years, ranging from
33 to 84 years. The mean age at presentation was 53.3 + 9.5 years for the patients with

ruptured aneurysms and 53.3 + 8.5 years for patients with incidental pathology.

The study population included 75 females (78.9%, mean age 53.4 + 8.9 years) and 20
males (21.1%, mean age 54.2 £ 10.3 years). The mean age of patients with basilar tip
aneurysm was lower (52.8 + 8.8 years) than in patients with the pathology located in P1

and s1 segments (66.0 + 9.9 years and 56.2 + 10.0 years, respectively).

4.2 Aneurysm location
The aneurysm was located on the basilar tip in 69 patients (72.6%), on the s1 segment

in 16 patients (16.8%) and on the P1 segment in 5 cases (5.3%).

The presence of multiple aneurysms was common in the study population as 46 of 95
patients (48.4%) presented with concomitant aneurysms, most occurring in other

locations.

The presence of a second aneurysm in the distal basilar artery was observed in only 6
patients (6.3%). Five patients (5.3%) presented with one aneurysm on the basilar tip and
another one on the sl segment. One patient of the 5 patients with P1 aneurysms had 2

lesions located on the same P1 segment.

4.3 Aneurysm presentation
In most of the patients (63.1%, 60 individuals), the aneurysm in the distal basilar artery

was diagnosed through emergency diagnostic after SAH, while the remaining 36.9%
were an incidental finding. Most P1 (66.7%) and sl aneurysms (76.2%) were not

ruptured at presentation, whereas 73.0% of basilar tip lesions presented with SAH.
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Amongst the 35 patients with intact aneurysms, only one patient, who had a P1

aneurysm, complained of symptoms related to the mass effect of the lesion.

4.4 Aneurysm treatment
Seventy-five patients (76.7%) of the study population were treated for 79 aneurysms.

The majority of ruptured aneurysms (54 of 60) were treated. The remaining 10% were
not treated due to poor neurological condition on admission or death prior to

intervention. In the group of incidental lesions, 56.1% of the patients were treated.

The most common treatment option was endovascular coil embolization, which was
performed in 55 aneurysms (71.4%), followed by stent assisted coiling in 20 cases
(26.0%). One aneurysm (1.3%) was treated with a flow diverter and another one with

microsurgical clipping.

In the subgroup of 62 treated basilar tip aneurysms, 42 aneurysms were coiled (67.7%),
19 were treated with stent assisted coiling (30.7%) and in one case a flow diverter was

implanted (1.6%).

Of the three patients treated for P1 aneurysm, two (66.7%) were coiled and one (33,3%)

underwent a stent assisted coiling.

In the subgroup of 21 sl aneurysms, 14 were treated (66.6%). The majority was
managed with coiling alone (78.6%), while two patients (14.3%) underwent stent

assisted coiling and open surgery was performed in only one case (7.1%).

4.5 Aneurysm morphology
Concerning the morphology of basilar tip aneurysms, the mean width of the dome on

the coronal plane and height on sagittal plane were 7.7 = 4.8 mm and 6.8 = 4.6 mm,
respectively whereas the mean neck diameter was 4.6 mm £ 1.7 mm, resulting in a

mean AR of 1.3 +£0.6 and a DNR of 1.6 + 1.2.

Ruptured basilar tip aneurysms presented with a wider and higher dome and thus larger
AR compared to incidental lesions; however, none of these differences reached

statistical significance (Table 4.1).
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Basilar tip aneurysms presented with variable dome projections on the sagittal plane. In
our series, a superior dome projection was most commonly encountered (79.9%),
followed by anterior projections in 12.2% of cases. A posterior basilar tip aneurysm
dome projection was reported in 4.1% of the pathology, while ventral-superior or
superior-posterior projections were the least common morphology both encountered in

only 1.4% of patients each.

In the subgroup of sl aneurysms, the mean dome width on the coronal plane and the
mean height on the z axis were 2.9 = 1.7 mm and 3.2 + 2.1 mm respectively. The mean
neck diameter was 2.5 + 1.1mm, resulting in a mean AR of 1.3 = 0.5 and a dome neck

ratioof 1.1 £0.3.

Morphological variations in dome width, height and AR in ruptured and unruptured sl
aneurysms were similar to those found amongst basilar tip aneurysm. Greater dome,
width and AR were found in ruptured compared to unruptured cases (Table 4.1);
however this difference was not statistically significant. On the other hand, the mean
dome height in the ruptured group was significantly greater than that found in the

incidental aneurysms (4.7 mm vs 2.9 mm, P<0.01).

While all basilar tip and s1 aneurysms were saccular, 33.3% of P1 aneurysms presented

as fusiform lesions.

The mean dome width on the coronal plane and height on the sagittal plane of P1
aneurysms were 4.3 = 2.9 mm and 4.4 + 3.3 mm respectively. The mean AR of saccular

lesions was 1.6 £ 1.2 and a mean dome neck ratio of 1.3 + 0.6 was calculated.

In addition, although the ruptured P1 aneurysms had a greater dome width and height
compared to unruptured lesions, this was not statistically significant (Table 4.1).
AR could not be compared between these two groups due to low patient numbers and

the presence of a fusiform pattern in 33% of cases.

Regarding the aneurysm dome morphology, blebs were present in 60% of P1 and 58.8%
of basilar tip aneurysms, but in only 10% of sl aneurysms. The presence of blebs was
significantly more common in ruptured aneurysms of the distal basilar artery (61.8% of

ruptured vs 28.9% of unruptured aneurysms, P<0.01).

-24-



Ruptured Unruptured

N  Size SD Size SD
N= P=
= (mm) (mm) (mm) (mm)
Dome’s width 48 8.1 4.6 19 6.5 5.0 0.70
Basilar tip
Dome’s height 54 7.1 4.9 19 6.0 3.6 0.19
aneurysms

Aspect ratio 49 13 0.6 17 1.2 0.4 0.29

Dome’swidth 4 3.6 23 16 2.7 1.6 0.19
s1 aneurysms Dome’s height 4 4.7 3.5 16 2.9 1.5 <0.01
Aspect ratio 4 1.6 0.8 16 1.2 0.4 0.11

Dome’s width 2 4.7 3.7 4 4.2 3.0 0.75

P1 aneurysms _
Dome’s height 2 7.1 4.0 4 3.1 2.5 0.38

Table 4.1: Comparison of the morphological variation of dome width, dome height and aspect ratio in

ruptured and unruptured aneurysms of the basilar tip, s1 and P1. SD denotes standard deviation.

4.6 Distal basilar artery anatomy
We analyzed the morphology of the posterior circulation in our patient population with

aneurysms in the distal basilar artery compared to a control group of patients with
incidental or ruptured intracranial aneurysms in another location of intracranial

circulation.

The morphology of the terminal portion of basilar artery was described as either a
“mature” developmental fusion pattern or alternatively as immature by presence of
caudal of asymmetric fusional morphologies. The control group as described in the

material and methods (Section 3) included 68 patients.

The statistical analysis failed to demonstrate that the presence of a mature fusional
pattern with symmetrical cranial fusion of bilateral longitudinal neural arteries is a
“protective factor” against aneurysms on these arterial segments. As depicted in Table
4.2, an increased number of patients in the subgroup of patients with aneurysms in the

distal basilar artery were noted to have an immature fusional pattern compared to the
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expected distribution of frequencies; however, this was not statistically significant

(Table 4.2, P=0.11).

The statistical analysis was repeated for each subgroup of patients according to the
location of the aneurysm (basilar tip, sl or P1). In the subpopulation of patients with
basilar tip aneurysms, a higher frequency in the distribution was noted for the patients
with immature fusion pattern as well as in the patients of the control group with mature
fusion pattern (Table 4.2); however, the X?-test did not demonstrate statistical

significance for these results (P=0. 25).

In the subgroup of patients with sl aneurysms, results were analogous to those
described for basilar tip aneurysms, with a higher frequency of the immature basilar
fusion pattern amongst patients with sl aneurysms and of the mature fusion pattern in
the control group. Yet, this difference was not statistically significant on the X>-test

(P=0.12).

Finally, analysis of the fusion pattern in the subpopulation of patients with P1
aneurysms revealed a higher frequency of patients with the immature fusion pattern and
a P1 aneurysm as well as in the subpopulation of the control group with mature fusion

pattern (Table 4.2). These results were not statistically significant by Fisher’s exact test.

Mature fusional pattern

No Yes Test P=
Distal basilar artery No 31/68 37/68
X2 0.11
R s 48/82 34/82
No 31/68 37/68
Basilar tip aneurysm X2 0.25
Yes 36/65 29/65
No 31/68 37/68
sl aneurysm X2 0.12
Yes 13/20 7/20
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No 31 37 Fisher
P1 aneurysm 0.18
Yes 4 1 Exact

Table 4.2: The distribution of frequencies of morphological patterns in aneurysmal and non-aneurysmal
patients for the distal basilar artery, the basilar tip, sl and P1. Statistical significance was tested with

appropriate test as given for each aneurysm location.

The fusion pattern of the distal basilar artery was also related to the AR of basilar tip
aneurysms (Table 4.3); however, no statistically significant difference was identified.

In addition, there was no statistically significant correlation between the morphology of
the distal basilar artery and the DNR of basilar tip aneurysms (Table 4.3) nor between
the fusion pattern of the distal basilar artery and the presence of blebs on the dome in

basilar tip aneurysms (Table 4.3).

The mean age of patients with ruptured basilar tip aneurysms was compared in two
groups based on the fusion pattern of the distal basilar artery; however, the t-test did not

show any statistically significant difference (Table 4.3).

Mature fusional pattern

Yes N= No N= P=

Aspect ratio [mean (£SD)] 1.5 (£0.4) 27 1.5(+0.4) 31  0.97

Dome to neck ratio [mean (£SD)] 1.4(£0.4) 27 1.7(£1.6) 31  0.21

Age [mean years (£SD)] 49.4(£10.3) 53.4(%8.3) 0.15
Yes (N=34) 16 18

Presence of blebs 0.93
No (N=27) 13 14

Table 4.3: Mean aspect ratio, dome to neck ratio and patient age with standard deviation (SD) of basilar
tip aneurysm in patients with mature and immature fusion patterns of the distal basilar artery showing no
significant difference. Significance of difference was tested with Student’s t-test with Levene’s correction
for unequal variances. Additionally, the frequencies of the presence of blebs are given depending on

mature fusional pattern. Statistical significant was tested using X>-test.
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We further correlated the conformation of the P1-P2 junction to the presence of an
aneurysm in the distal artery basilar. As described in the materials and methods (Section
3), the presence of an accentuated change of direction of the vessels between P1 and P2
segments was defined as an immature pattern. The analysis was initially performed in
the whole aneurysmal population compared to the control group; 47.5% of aneurysms
patients versus 40.8% of the control group presented an immature junction, however no

significant correlation was observed in the statistical analysis (Table 4.4).

The presence of an embryological configuration of P1-P2 junction was further divided

into unilateral or bilateral presence of this variation.

Table 4.4 shows the analysis performed for the subgroup with monolateral immature
P1-P2 junction, which demonstrated no correlation between a monolateral immature P1-
2 junction pattern and the presence of aneurysms in the distal basilar artery. A higher
frequency of patients in the subgroup of individuals with distal basilar artery aneurysm
compared to the control group was no significant. Similarly, no correlation was found
between the occurrence of a distal basilar artery aneurysm and bilateral presence of an

embryological P1-P2 junction (Table 4.4).

Distal basilar artery
aneurysm
N= No Yes P=
No &4 42 42
Immature P1-P2 junction 0.36
Yes 68 29 39
Monolateral immature P1-P2 No 95 48 47 -
junction Yes 57 23 34
No 139 65 74
Bilateral immature P1-P2 junction 0.96
Yes 13 6 7

Table 4.4: The distributions of frequencies of different P1-P2 junction morphologies in the subgroup of
patients with distal basilar artery aneurysm and in the control group are given here. The X>-test was used

to identify significant differences in the distribution.
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The presence of an immature pattern of the P1-P2 junction was also analyzed according
to the occurrence of basilar tip, s1 segment and P1 segment aneurysms. As showed in
Table 4.5, there was no statistically relevant asymmetry in the distribution of
frequencies for patients with basilar tip aneurysms and immature P1-P2 junction
morphology (P=0.60), nor amongst those with monolateral (P=0.41) or bilateral
(P=0.61) variation.

Basilar tip aneurysm

N= No Yes P=
No 77 42 35
Immature P1-P2 junction 0.60
Yes 58 29 29
Monolateral immature P1-P2 No 86 48 38 |
junction Yes 49 23 26
No 139 79 60
Bilateral immature P1-P2 junction 0.38
Yes 13 9 4

Table 4.5: The distributions of frequencies of different P1-P2 junction morphologies in the subgroup of
patients with basilar tip aneurysm and in the control group are given here. The X-test was used to

identify significant differences in the distribution.

Similarly amongst patients with sl aneurysms, there was no association between the

morphology of the P1-P2 junction and the presence of an aneurysm (Table 4.6).
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s1 aneurysm

N= No Yes P=

No 52 42 10

Immature P1-P2 junction 0.61
Yes 39 29 10

Monolateral immature P1-P2 No 60 48 12 068

rasiien Yes 31 23 8 |
No 82 65 17

Bilateral immature P1-P2 junction 0.38
Yes 9 6 3

Table 4.6: The distributions of frequencies of different P1-P2 junction morphologies in the subgroup of
patients with sl aneurysm and in the control group are given here. The X2-test was used to identify

significant differences in distribution.

Finally, all 5 patients with P1 aneurysms had monolateral immature P1-P2 junction
morphology. The Fisher's exact test demonstrated statistical significance (P=0.01, Table

4.7).

P1 aneurysm

N= No Yes P=
No 42 42 0

Immature P1-P2 junction 0.01
Yes 34 29 5

Table 4.7: The distributions of frequencies of different P1-P2 junction morphologies in the subgroup of
patients with s1 aneurysm and in the control group are given here. Fisher's exact test was used to identify

significant differences in distribution.

The morphology of basilar tip aneurysms represented by diameter on the x, y and z

axes, neck diameter, aspect ratio and DNR was compared between patients with mature
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morphology of the P1-P2 junction and patients with immature junction morphology

(Table 4.8). No relevant statistical correlation was noted.

Immature P1-P2 junction morphology

Yes N= No N= P=
Diameter on X axis [mean mm (£SD)] 7.7 (£4.9) 27 6.8(£3.9) 33 042
Diameter on Y axis [mean mm (£SD)] 7.9 (+4.6) 27  64(*29) 33 0.15
Diameter on Z axis [mean mm (+SD)] 6.9 (£5.3) 27  6.8(£33) 33 0.64
Neck’s diameter [mean mm (£SD)] 5.0 (£1.5) 25  4419) 31 0.26
Aspect ratio [mean mm (+SD)] 1.4 (+£0.4) 25 1.4(=04) 31 0.96
Dome to neck ratio [mean mm (£SD)] 1.4 (£0.4) 25 1.7(*1.6) 31 0.36

Table 4.8: The mean measurements in mm of basilar tip aneurysms on the x, y and z axes, the neck

diameter, aspect ratio and dome to neck ratio are compared in the subgroup of patients with normal P1-P2

junction (No) and patients with junctional anomalies (Yes). The Student t-test with Levene’s correction

for unequal variances showed no statistical difference in the mean values.

Further investigations focused on the association between fetal morphology of PcomA

and the presence of an aneurysm in the distal basilar artery. No correlation was shown

(Table 4.9).

The analysis was repeated dividing the patients with distal basilar artery aneurysms into

three groups according to the location of the aneurysm. Aneurysms at all three locations

(basilar tip, s1 segment and P1 segment) showed no association with the morphology of

the PComA (Table 4.9).
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Fetal PComA

morphology
N= No Yes Test P=
Distal basilar artery No 73 46 27
X2 0.12
aneurysm Yes 86 64 »
No 73 46 27
Basilar tip aneurysm x2 0.10
Yes 68 52 16
No 73 46 27
sl aneurysm X2 0.10
Yes 21 13 8
No 73 46 27 Fisher
P1 aneurysm 1.00
Yes 5 3 o) Exact

Table 4.9: The distribution of frequencies of the fetal PComA morphology in patients with distal basilar
aneurysms, basilar tip aneurysms, sl aneurysms and P1 aneurysms and in the control group. Statistical

significance was tested with appropriate test as given for each aneurysm location.

The presence of a duplication of SCA at the origin was analyzed according to the
presence of sl aneurysm; however, no statistically significant association was found

(Table 4.10).

sl aneurysm

N= No Yes P=
No 111 96 15
SCA duplication 0.68
Yes 45 40 5

Table 4.10: The distributions of frequencies of SCA duplication in the subgroup of patients with sl
aneurysm and in the control group are given here. The X?-test was used to identify significant differences

in distribution.

-32-



5 Discussion

5.1 Study population; demography, location, presentation and treatment of the
aneurysms of distal basilar artery.
In our study we reviewed 95 patients with 101 aneurysms treated in the Neurosurgical

Department of Heinrich Heine University, Diisseldorf between January 2000 and

February 2017.

The aneurysms were mostly located on the basilar tip (72.6%) followed by s1 segment
of superior cerebellar artery in 16.8% of patients. The less common site was the P1

segment of posterior cerebral artery which was involved in just 5.3%.

According to the literature, aneurysms of the vertebrobasilar system represent 10 to
18% of all intracranial aneurysms, and 50 to 65% of such lesions occur at the basilar

bifurcation (18).

PCA aneurysms account for 1-2% of all intracranial aneurysms and conformingly to
our series for 7% of all posterior circulation aneurysms (61). They are most commonly

located in the P1 or P2 segments (100).

In the largest series of posterior circulation aneurysms treated by endovascular methods,
the average age of these patients was 50.5 to 53.9 years and 59 to 72% were female,
similar to the age and sex distributions seen in large studies of aneurysms of all

intracranial locations (18-25).

The mean patients® age of 53.6 + 9.1 and a female prevalence of 78.9% in our

population correspond to the data reported in the literature.

The age at presentation didn’t differ among ruptured and unruptured aneurysms but
patients with basilar tip lesions were younger compared to those with sl or Pl
pathology (respectively 52.8 + 8.8 years, 66.0 + 9.9 years, 56.2 + 10.0 years).The reason

for this difference is unknown.

The presence of another aneurysm was high in our study population. Among the 48.4%
of patients with multiple lesions only 6.3% presented a second lesion in the distal
basilar artery. The coexistence of a basilar tip and of an sl aneurysm was observed in

5.3% of cases and one patient presented two lesions on the same P1 segment.
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The literature reports an association of PCA aneurysms with multiple aneurysms and

arteriovenous malformations (61).

Kaminogo et al. reported in a series of 2037 patients with SAH, 361 patients presenting
with multiple aneurysms (60). In the study population the prevalence of a second
aneurysm was higher compared to the 17.7% reported by above mentioned study.
However the study by Kaminogo et al. holds several limitations. Due to poor
neurological condition at admission 31.1% of the patients of this series did not undergo
angiography and the sensibility of DSA was lower compared to modern 3D rotational
sequences, especially during the first years of the study between 1989 and 1998, thus

small aneurysms may have gone unnoticed.

Regarding symptoms at admission 63.1% of the patients presented with SAH from
aneurysm rupture. In the largest series of posterior circulation aneurysms treated with
endovascular techniques SAH is reported to be accordingly to our study the most

common symptom at presentation with a variable incidence between 55 and 78% (18-

25).

Only one patient suffering from a P1 aneurysm complained of symptoms related to the
mass effect of the lesion. A relevant number of patients corresponding to 35.8%
underwent diagnostics for symptoms not directly related to the pathology and were
therefore diagnosed with an intact aneurysm. The above mentioned endovascular series

report a quite similar incidence of unruptured asymptomatic lesions (14 to 31%).

In the subgroup of ruptured aneurysms 90% were treated, while 10% were not treated
due to poor neurological condition on admission or death prior to intervention. 56.1% of

the incidental aneurysms were treated.

The change from surgical to endovascular aneurysm treatment in our study population
over time represents the paradigm shift in aneurysm treatment following the ISAT (33).
Most of the patients corresponding to 71.4% were coiled while 26% underwent stent
assisted coiling. Only one patient (1.3%) was treated with a flow diverter and another
one with microsurgical clipping. A similar distribution of treatment modalities was

encountered analyzing all 3 locations separately as described in the paragraph 4.4.
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5.2 Aneurysm morphology
Basilar tip aneurysms were bigger compared to s1 and P1 lesions as demonstrated by a

dome’s width and dome’s height of 7.7 = 4.8 mm and 6.8 + 4.6 mm respectively,
compared to 2.9 = 1.7 mm and 3.2 = 2.1 mm for the sl aneurysm group. The P1 group
presented a dome’s width and dome’s height of 4.3 + 2.9 mm and 4.4 £ 3.3 mm

respectively.

In one study, the rank order for ruptured aneurysms according to aneurysm size in
decreasing order was: ophthalmic, carotid bifurcation, basilar tip, MCA bifurcation,
PcomA, AcoA, PICA and distal aneurysms (67). A similar study performed in the in the
Korean population found the largest aneurysm on the basilar artery followed by MCA,
ICA, and ACA.

Interestingly, the literature reports over 30% of PCA aneurysms to be large or giant,
with tumor-like presentation. Giant aneurysms are defined by the Cooperative Study of
Intracranial Aneurysms and Subarachnoid Hemorrhage as lesions with the largest
diameter > 2.5 cm (102). However our series analyzed only lesions located in PI

segment.

In all three anatomical locations ruptured lesions displayed larger AR compared to
incidental lesions although the difference didn’t reach statistical significance probably

due to the small sample size.

Carter et al. supposed that the aneurysm size at rupture may be determined by wall
thickness and diameter of the parent vessel. According to Laplace’s law which states
that the tension required to withstand a given pressure increases with the diameter of a
vessel, the critical diameter for rupture is proportional to the average wall thickness.
This suggests that aneurysms at smaller arteries may rupture at smaller sizes since they

initially had thinner walls (67).

The presence of blebs on the dome was significantly more common in ruptured
aneurysms of the distal basilar artery compared to incidental lesions. Of ruptured lesions
61.8% compared to just 28.9% of unruptured aneurysms presented a bleb as a synonym
for aneurysm wall instability. The difference reached statistical significance (P<0.01).
Meng et al. demonstrated with a mathematical model based on Laplace’s law that the

passive formation of a bleb in the weakest area of an aneurysm which reached the
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stadium of imminent rupture represents initially a protection against rupture. The bleb
initially decrease wall’s stress and then as it grows, this will increase again leading to

rupture (104).

5.3 Correlation between aneurysms and anatomical variations
As known from other segments of the intracranial cerebral circulation, the presence of

an alternative morphological pattern of a vessel may result in a different hemodynamic

situation compared to the typical disposition and morphology of intracerebral arteries.

In the anterior circulation a hypoplasia of the A1 segment has been associated with the
formation of AComA aneurysms, like the presence of a small A1-A2 angle junction

(68, 69).

An analysis of the AComA region using computational flow dynamic techniques
demonstrated that an asymmetrical ACom complex presents cross-flows and higher
wall shear stress compared to a symmetric morphology. A resulting increased shear
stress, between 5 to 10 times greater than the normal range, was believed to be related to

the formation of AComA aneurysms (70).

Similar observations about the association between AComA morphology and the
formation of an aneurysm are reported for the presence of a fenestration of the AComA

or of an azygos artery instead of a paired A2 system (51-71).

Songsaeng et al. reported that AComA aneurysms are found more frequently together
with Al aplasia, followed by Al hypoplasia and least commonly in a normally

developed AComA complex (65).

These observations suggest that abnormal hemodynamic load derived by the presence of
anatomical variations plays a particular role for the formation, growth and rupture of

AComA aneurysms.

Similar reports postulated a correlation between a fetal morphology of PComA and the

risk to develop a PcomA aneurysm (53, 61).

Starting from this assumption our study aimed to recognize the role of variations
produced during the ontogenesis of this portion of the intracranial vascular three in the
pathogenesis of intracranial aneurysms and of their course until rupture.
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The study didn’t focus on the hemodynamic aspects correlated to the presence of one or
another anatomical variation but on the observation of the incidence of these in our

aneurysms population of the last 17 years.

As illustrated in the first section of this study, the distal basilar artery originates from
the fusion of paired longitudinal neural arteries with branches from the dorsal division
of the primitive carotid artery (2). Only after regression of the trigeminal artery and
appearance of the vertebral artery, the basilar artery, due to its caudal-cranial directed
process of fusion, acquires the definitive form where both sl branches from the basilar
trunk (5). Incomplete basilar artery fusion due to a stop in the maturation process
produces a broad spectrum of immature configurations like fenestrations of the basilar
artery or mono- or bilateral origin of the SCA from the PCA with various hemodynamic

effects (2, 5, 8).

After inversion of the basilar artery flow from a centrifugal flow provided by the dorsal
division of the carotid artery into a centripetal flow from the vertebral arteries a process
of annexation ensues, capturing the posterior circulation, the telencephalic, diencephalic

and rhombencephalic territories of the posterior division of the carotid artery.

This artery will regress to become the PComA and the P1-P2 junction will change its
geometry under the influence of blood flow, as the P1 evolves from branch of the
primitive PComA to mail feeder of P2 (2). The angle between P1-P2 will increase and

then disappear, leaving a curved line.

Typical variations in the human population result from incomplete maturation in the
ontogenesis of this portion of the cerebral vasculature. The presence of a fetal PComA
represents a stop in the process of annexation of the PCA territory from P1 (2, 5). The
persistence of a primitive P1 and P2A junction with or without concomitant presence of
a fetal PComA corresponds to the original PComA-PCA arrangement in the embryonic
life (2).

5.4 Aneurysms and distal basilar artery fusion pattern
Comparing the pattern of fusion of the distal basilar artery in the aneurysmal population

with the control group we noted an increased number of patients with an immature

fusional pattern corresponding to symmetric caudal or asymmetric fusion. Among 82
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patients, where the fusional pattern could be recognized in the 3D reconstruction, 34
patients presented a mature pattern versus 48 that showed an immature form. The
opposite was noted in the control group were 37 patients presented a traditional
configuration and 31 some variation. This difference didn’t reach statistical relevance

possibly due to the small sample size P=0.11.

The analysis was repeated dividing the patients in three groups according to the location
of the pathology showing a predominance of an immature pattern in all subgroups
(55.4% of basilar tip, 65% of sl and 80% of Pl aneurysms) without statistical

significance.

A report of Campos, where 47 consecutive basilar-tip aneurysms were reviewed showed
that 9% of patients presented a cranial symmetrical fusion, 51% a caudal symmetrical
and 39.8% an asymmetrical fusion (15). In the same work 47 normal basilar tips were
compared to the aneurysmal group evidencing 30.4% cranial symmetrical, 26.1%

caudal symmetrical and 43.5% asymmetrical disposition.

The data of Campos confirm the trend of our series, with a predominance of an
immature fusional pattern in the patients with basilar tip aneurysms. In our analysis the
control group showed the mature pattern as the most common pattern in 54.4% patients
while in the study by Campos the most common pattern was the asymmetrical fusion.
The discrepancies could be explained by different classification criteria, better
visualization of the basilar tip with modern 3DRA or a difference between the

populations analyzed.

The association between the fusion pattern and dome to neck ratio, AR, presence of
blebs representing parameters of the aneurysm’s complexity and inclination to bleed
respectively showed a slight higher presence of blebs and a greater DNR in the
immature group without statistical significance, failing to demonstrate in our series, a
role of fusion patters of distal BA in the multifactorial evolution of a new formed

aneurysms into a big or complex one.

Comparing the age of the patients with basilar tip aneurysms at rupture, we observed no
difference related to the fusional pattern excluding a more aggressive behavior of

aneurysms growing from a basilar tip with immature morphology.
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To our knowledge no study exists in the medical literature about the presence of
anatomical variations of this or of other portions of intracranial arterial circulation like

PcomA and AComA and the age at presentation of an aneurysm.

5.5 Aneurysms and morphology of P1-P2 junction
The correlation between morphology of the P1-P2 junction and the presence of an

aneurysm in the distal basilar artery was initially performed considering the whole
aneurysmal population. A difference was noted with 40.8% of the control group
presenting an immature junction compared to 48.1% in the aneurysm patients; however

this was statistically not significant.

A separated subanalysis showed similar results for patients with unilateral presence of
an immature junction with 42% of patients in the aneurysm group versus 32.4% in the
control group. Probably the small sample size explains the lack of statistical relevance
of the results (P=0.22). The same analysis in patients with bilateral junction showed no

asymmetric distribution in the group of 13 patients.

The influence of the junction’s morphology was analyzed for each aneurysm location.
All five patients with P1 aneurysm showed a monolateral immature P1-P2A junction on
angiogram. In four patients the anomaly was ipsilateral of the lesion and interestingly
only one of these patients presented a fetal PComA on the side of the aneurysm. In one
patient the ipsilateral junction was not visualized due to the presence of the complex
fusiform aneurysm and the contralateral side presented a junctional anomaly. The

analysis confirmed a statistical relevance of the results (P=0.01).

The hemodynamic effect of an acute direction change in the P1-P2A junction when P2
is not fed by a fetal PComA is obvious, as it produces more turbulence compared to an
artery with a linear or curvilinear course. However, here the side of aneurysm formation
in not the P1-P2A junction but the more proximal P1 junction where the increased
hemodynamic stress due to morphology of the junction is not present because of flow
orientation being the P1 segment proximal to the junction. As postulated by Lasjaunias
(2) this may suggest the presence of other concomitant alterations related to an
embryonal morphology which renders the artery prone to form an aneurysm maybe due

to an immature constitution of the arterial wall.
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The influence of the morphology of P1-P2 junction on basilar tip and sl aneurysms is
reflected in 45.3% of basilar tip aneurysms having an embryological configuration
compared to 40.8% of the control group and 50% of the patients with sl aneurysm
having an embryological configuration compared to 40.8% in the control group. The
subanalysis, dividing the presence of the anatomical variation into monolateral and
bilateral, confirmed the results with exception of the small group of four patients with

basilar tip aneurysm. None of these calculations was statistically relevant.

The size of basilar tip aneurysm, aspect and dome neck ratio was also compared to the

presence of an immature P1-P2 junction. No relevant statistical correlation was noted.

The last analysis regarded the presence of fetal PComA morphology where an

association with the presence of an aneurysm was excluded in all groups.
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6 Conclusions:
The presence of an immature P1-P2A junction should be considered as risk factor for

aneurysms on the P1 segment of the PCA. The reasons for this correlation remain
obscure and have probably to be searched in the vessel wall of this embryological
immature arterial segment. Multicenter trials are required to collect a bigger patient’s
sample to confirm the role of the P1-P2A junction in s1 and basilar tip aneurysms and to

elucidate the impact of immature fusion patterns of the distal basilar artery.
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